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Increased intracellular Cl− concentration mediates neutrophil
extracellular traps formation in atherosclerotic cardiovascular
diseases
Hui Han1, Chang Liu1, Mei Li2, Jin Wang3, Yao-sheng Liu1, Yi Zhou3, Zi-cheng Li1, Rui Hu1, Zhi-hong Li1, Ruo-mei Wang4,
Yong-yuan Guan1, Bin Zhang2 and Guan-lei Wang1

Neutrophil extracellular traps (NETs) play crucial roles in atherosclerotic cardiovascular diseases such as acute coronary syndrome
(ACS). Our preliminary study shows that oxidized low-density lipoprotein (oxLDL)-induced NET formation is accompanied by an
elevated intracellular Cl− concentration ([Cl−]i) and reduced cystic fibrosis transmembrane conductance regulator (CFTR) expression
in freshly isolated human blood neutrophils. Herein we investigated whether and how [Cl−]i regulated NET formation in vitro and
in vivo. We showed that neutrophil [Cl−]i and NET levels were increased in global CFTR null (Cftr−/−) mice in the resting state, which
was mimicked by intravenous injection of the CFTR inhibitor, CFTRinh-172, in wild-type mice. OxLDL-induced NET formation was
aggravated by defective CFTR function. Clamping [Cl−]i at high levels directly triggered NET formation. Furthermore, we
demonstrated that increased [Cl−]i by CFTRinh-172 or CFTR knockout increased the phosphorylation of serum- and glucocorticoid-
inducible protein kinase 1 (SGK1) and generation of intracellular reactive oxygen species in neutrophils, and promoted oxLDL-
induced NET formation and pro-inflammatory cytokine production. Consistently, peripheral blood samples obtained from
atherosclerotic ApoE−/− mice or stable angina (SA) and ST-elevation ACS (STE-ACS) patients exhibited increased neutrophil [Cl−]i
and SGK1 activity, decreased CFTR expression, and elevated NET levels. VX-661, a CFTR corrector, reduced the NET formation in the
peripheral blood sample obtained from oxLDL-injected mice, ApoE−/− atherosclerotic mice or patients with STE-ACS by lowering
neutrophil [Cl−]i. These results demonstrate that elevated neutrophil [Cl−]i during the development of atherosclerosis and ACS
contributes to increased NET formation via Cl−-sensitive SGK1 signaling, suggesting that defective CFTR function might be a novel
therapeutic target for atherosclerotic cardiovascular diseases.
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INTRODUCTION
The formation of neutrophil extracellular traps (NETs) from
activated neutrophils was originally discovered as a part of the
first line of host defense against microbial invasion in infectious
diseases. In response to a wide variety of stimuli, neutrophils
release NETs that contain histones, nuclear proteases, and granular
enzymes through which neutrophils can entrap microbial patho-
gens. Recent accumulating pieces of evidence demonstrate that
NETs are emerging as crucial components of the pathological
progression of atherosclerotic cardiovascular diseases, including
acute coronary syndrome (ACS) [1–4]. ACS is a critical and severe
form of cardiovascular diseases with high fatality rate caused by
unstable coronary atherosclerotic plaque rupture or invasion and
secondary to thrombosis formation, which includes unstable
angina, non-ST elevated ACS and ST-elevated ACS, but the precise
pathomechanism of ACS is still unclear. An analysis of coronary
thrombus and coronary plasma samples obtained from patients

with ST-elevation ACS (STE-ACS) revealed that the thrombus NET
burden (as detected via biomarkers of NETs, i.e., double-stranded
DNA [dsDNA], myeloperoxidase [MPO], neutrophil elastase [NE], or
histone levels) in culprit arteries was negatively correlated with ST-
segment resolution and positively correlated with infarct size and
the occurrence of in-hospital major adverse cardiovascular events,
suggesting that NETs have a predictive role in ACS [3]. NETs induce
and promote prothrombotic disorder and a proinflammatory
milieu among patients with cardiovascular diseases. Therefore,
therapeutic compounds targeting NET formation (such as reactive
oxygen species [ROS] scavengers, deoxyribonuclease [DNase]
therapeutic agents, and peptidylarginine deiminase 4 [PAD4]
inhibitors) are in development [4]. Understanding the mechanism
underlying NET formation at a molecular level should help identify
novel potential targets for the treatment of cardiovascular disease.
Abnormal chloride (Cl−) transport has been proposed to

contribute to the pathogenesis of cardiovascular diseases [5, 6].
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For example, low serum Cl− level has been implicated as an
independent predictor of mortality among patients with heart
failure and pulmonary arterial hypertension [7, 8]. Alteration in the
intracellular Cl− concentration ([Cl−]i) in neutrophil is crucial to
neutrophil degranulation and intraphagolysosomal production of
hypochlorous acid (HOCl) [9, 10], a potent ROS responsible for the
antimicrobial activity of phagosomes. Obvious changes in [Cl−]i
have also been found in cerebrovascular smooth muscle cell
proliferation and airway epithelial inflammation in patients with
bronchiectasis [11, 12]. Recent studies of airway epithelial cells
demonstrated that increased [Cl−]i induces Cl

−-sensitive signaling
pathways and NF-κB activation and thus promotes airway
inflammation, suggesting an emerging role for [Cl−]i regulation
in pathological processes [12]. However, it is unclear whether the
alteration in neutrophil [Cl−]i can induce NET formation.
Mutations in the cystic fibrosis transmembrane conductance

regulator (CFTR) gene, cause cystic fibrosis (CF), a recessively
inherited and lethal disease among Caucasians. CFTR encodes a
cAMP-dependent Cl− channel. In CF, neutrophils display a delay in
apoptosis that is associated with the disrupted CFTR function, and
the delayed neutrophil apoptosis in CF causes increased NET
production and in turn, promotes inflammation. Treatment with
ivacaftor (a CFTR potentiator) could reverse the survival defect,
suggesting that the CFTR Cl− channel plays a role in NET
formation by regulating apoptotic pathways [13]. However,
whether CFTR-dependent [Cl−]i changes during NET formation
and how [Cl−]i regulates NETs remain unknown. There is no
evidence as yet to indicate the pathophysiological significance of
the alteration in [Cl−]i in relation to NET formation under
pathological conditions.
In this study, we initially observed that oxidized low-density

lipoprotein (oxLDL)-induced NET formation was accompanied by
elevated [Cl−]i and decreased CFTR protein expression in freshly
isolated human blood neutrophils. We, therefore, hypothesized
that the alteration in [Cl−]i resulting from CFTR deficiency may play
an important role in NET formation associated with atherosclerotic
cardiovascular diseases. Our results demonstrated that CFTR is a
Cl− channel responsible for the elevated neutrophil [Cl−]i during
the increased formation of NETs associated with atherosclerotic
cardiovascular diseases by using global CFTR knockout mice
intravenously injected with oxLDL. Moreover, our mechanistic
analysis revealed that serum- and glucocorticoid-regulated kinase
(SGK1) is activated by elevated neutrophil [Cl−]i and CFTR
deficiency and thereby potentiates NET formation via intracellular
ROS production. We also examined whether CFTR dysfunction,
neutrophil [Cl−]i, and Cl−-sensitive SGK1 signaling are associated
with increased peripheral blood NET burden in atherosclerotic
ApoE−/− mice or stable angina (SA) and STE-ACS patients.

MATERIALS AND METHODS
Animals
The protocols of all experimental procedures were approved by
the Sun Yat-sen University Animal Care and Use Committee
(approval No. SYSU-IACUC-2020-000446). All procedures were
performed following the “Guide for the Care and Use of
Laboratory Animals” issued by the Ministry of Science and
Technology of China.
CFTRtm1Unc-Tg (FABPCFTR) 1Jaw/J knockout (Cftr−/−) mice were

purchased from the Jackson Laboratory (Bar Harbor, ME, USA)
[14]. The wild-type (Wt) C57BL/6J mice and Cftr−/− mice used in
the present study were 8–16 weeks old and weight-matched.
C57BL/6J mice were obtained from the Laboratory Animal Center
of Sun Yat-sen University (Guangzhou, China) and intravenously
injected with the selective CFTR inhibitor, CFTRinh-172 (2 mg/kg;
Sigma–Aldrich Co. LLC., MO, USA) 24 h before the experiments.
Mice injected with the same volume of saline containing
dimethylsulfoxide (final concentration <0.1%; Sigma-Aldrich)

served as controls. The doses of CFTRinh-172 and oxLDL were
selected based on previous reports [15] and the exacerbating
effects of both reagents on NET formation were confirmed in our
preliminary experiments.
Atherosclerotic ApoE−/− mice were prepared as we previously

described [16]. Male ApoE−/− mice were purchased from the
GemPharmatech Co., Ltd. (Guangzhou, China). All the mice were
housed in microisolator cages under conditions of controlled
temperature (23–26 °C) and humidity (60%) with a 12-h light/dark
cycle with free access to standard chow and sterile water. After 1
week of acclimatization to the environment, ApoE−/− mice were
switched to a high-fat diet (HFD, formulation: 45% of total calories
from fat [D12079B]) for 16 weeks, while healthy male C57BL/6J
mice received a HFD and served as controls. After 16 weeks, all the
mice were sacrificed. Peripheral blood samples were collected for
biochemical analysis.

Patient characterization
The study was conducted following the Declaration of Helsinki.
The study protocol was approved by the Ethics Committee of the
Sun Yat-sen University (approval No. 2020-024) and the Ethics
Committee of Guangdong Provincial People’s Hospital (approval
No. KY-2020-062-01-02). All individuals were enrolled from
Guangdong Provincial People’s Hospital and divided into the
STE-ACS, stable angina (SA), and normal coronary artery (NCA)
groups according to the diagnostic criteria applied after coronary
angiography. All patients provided written informed consent
before enrollment. All participant details are indicated in
Supplementary Table S1. A total of 90 patients were enrolled,
including 36 patients with STE-ACS, 23 with SA, and 31 with NCA.
STE-ACS is acute coronary syndrome (ACS) with ST elevation.

For patients with STE-ACS, the following inclusion criteria had to
be met: (i) characteristic clinical symptoms; (ii) chest pain at the
time of coronary angiography; (iii) electrocardiographic ST-
elevation; and (iv) coronary anatomy suitable for thrombectomy.
SA is defined as symptoms that may be ascribed to myocardial

ischemia, for example, paroxysmal and episodic chest discomfort
induced by myocardial ischemia, which lasts from a few minutes
to 10 more minutes, but no more than half-hour. For patients with
SA, the following inclusion criteria had to be met: (i) characteristic
chest pain; (ii) caused by physical or psychological stress; and (iii)
relieved after rest or nitroglycerine, with typical angina requiring
all three criteria fulfilled, atypical angina two criteria and the
presence of coronary angiograph was defined as site interpreta-
tion of >70% area stenosis in any major epicardial vessel or >50%
stenosis in the left main stem.
The exclusion criteria for patients with STE-ACS or SA included

the following: (i) need for chronic oral anticoagulant therapy,
chronic low-molecular-weight heparin, or long-term treatment
with fondaparinux; (ii) age <18 years; (iii) renal disease; (iv) hepatic
disease; (v) pregnancy or lactation; (vi) advanced cancer or
hemodialysis; (vii) severe inflammatory disease or immune
disorder; (viii) history of thrombocytopenia or neutropenia; and
(ix) patients considered to be at risk of bradycardic events.

Isolation and purification of neutrophils
Human peripheral blood samples were obtained via venipuncture
at Guangdong Provincial People’s Hospital and neutrophils were
isolated as described previously [17]. Briefly, freshly obtained
peripheral blood samples from healthy adult donors and patients
were collected in heparinized tubes and layered onto separating
solution (Beijing Solarbio Science and Technology Co., Ltd.,
Beijing, China), and then centrifuged at 1000 × g for 30min. The
neutrophil layer was retrieved and washed with phosphate-
buffered saline (PBS). Red blood cells were removed using red
blood cell lysis buffer. Neutrophils were washed twice with PBS,
resuspended in Roswell Park Memorial Institute Medium 1640
(2.0 × 106 cells/mL), and incubated at 37 °C and in 5% carbon
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dioxide (CO2) for at least 30min before use. At least 95% of cell
populations were obtained in this way and were subjected to
immunofluorescence staining analysis with anti-Ly6G antibody
(Abcam PLC., Cambridge, UK).

Intracellular Cl− level measurement
[Cl−]i was assessed using N- (ethoxycarbonylmethyl)-6-methoxy-
quinolinium bromide (MQAE) according to a previously reported
procedure with slight modifications [12]. Briefly, neutrophils were
incubated with 5 mM of MQAE (Invitrogen, MA, USA) for 30min at
37 °C in the dark, then washed with Krebs HEPES (128 mM NaCl,
5 mM KCl, 1 mM MgSO4·7H2O, 15 mM glucose, 20 mM HEPES, 2
mM CaCl2, 296–298mMmOsm, pH 7.4) before measurement.
Fluorometric data were obtained at 37 °C using a spectro-
fluorometer (SpectraMax M5; Molecular Devices Corporation, CA,
USA) at excitation and emission wavelengths of 355 and 460 nm,
respectively. The cells were permeabilized using tributyltin (10 μM)
and nigericin (7 μM) in a high-K+ solution. The calibration curve
was obtained by fitting fluorescence intensity corresponding to
known Cl− concentrations, and the neutrophil [Cl−]i was
calculated accordingly.

Isolation and culture of human umbilical vein endothelial cells
Human umbilical vein endothelial cells (HUVECs) were isolated
and cultured as we described previously [18]. Briefly, HUVECs were
removed from human umbilical veins after collagenase type I
digestion, and maintained at 37 °C in a 5% CO2 humidified
atmosphere in medium 199 containing 20% fetal calf serum,
penicillin (100 U/mL), streptomycin (100 U/mL), and heparin (50
U/mL), supplemented with L-glutamine (2 mM), sodium pyruvate
(1 mM), and beta-endothelial cell growth factor (5 ng/mL), on 0.1%
gelatin-coated culture flasks. Endothelial cells were identified by
their “cobblestone” mosaic appearance when reaching confluence
and the presence of the von Willebrand factor. Endothelial cell
passages between three and six were used in the present study.

Measurement of the plasma dsDNA level
The plasma dsDNA level was quantified using the Quant-iT™
PicoGreen® dsDNA Assay Kit (Invitrogen) according to the
manufacturer’s protocol. Briefly, the diluted plasma was mixed
with PicoGreen Reagent in a 96-well plate, and the dsDNA level
was measured using a SpectraMax M5 microplate reader
(Molecular Devices Corporation) at excitation and emission
wavelengths of 485 and 525 nm, respectively [19–22].

Enzyme-linked immunosorbent assay
Highly sensitive C-reactive protein (hs-CRP) and proinflammatory
cytokines (TNF-α, IL-1β, and IL-6) and NET-associated proteins such
as MPO and NE in human or mouse plasma were quantified using
an enzyme-linked immunosorbent assay (ELISA) kit (MLBio;
Shanghai Enzyme-Linked Biotechnology Co., Ltd., Shanghai, China)
according to the manufacturer’s instructions. For instance, plasma
samples were placed into 96-well plates coated with mouse anti-
human MPO antibody after blocking with 1% casein, followed by
incubation with horseradish peroxide-labeled anti-MPO mono-
clonal antibody and color development using 3,3ʹ,5,5ʹ-tetramethyl-
benzidine substrate. The optical absorbance was measured using
a SunriseTM ELISA plate reader (Tecan, Austria) at 450 nm. The
standard curve was obtained by plotting the average optical
density of the standard samples along the Y-axis versus the
corresponding concentration on the X-axis. Plasma MPO levels
were then determined by comparing the optical density of the
samples to the standard curve [23].

Fluorescent image analysis of NETs
After the neutrophils were stimulated with oxLDL for 4 h at 37 °C
in 5% CO2, the oxLDL-treated neutrophils were washed with PBS
and fixed with 4% paraformaldehyde for 15 min at room

temperature. After blocking with an Immunol Staining Blocking
Buffer (Beyotime Biotechnology, Shanghai, China) for 1 h at room
temperature, the cells were incubated with anti-human MPO
antibody (Abcam PLC) at room temperature for 1 h (or at 4 °C
overnight), followed by a fluorescein isothiocyanate-labeled
secondary antibody (Life Technologies Corporation, CA, USA) for
1 h and then 4ʹ,6-diamidino-2-phenylindole (Sigma-Aldrich) for
another 5 min at room temperature. The cells were washed thrice
in PBS prior to microscopy. NET formation was then observed
under a fluorescent microscope (Carl Zeiss Meditec AG, Oberko-
chen, Germany) [24].

Flow cytometric analysis
To detect the expression of CFTR protein on neutrophils,
neutrophils were resuspended with 100 μL of 1% bovine serum
albumin (BSA)-PBS (containing 0.09% sodium azide as a metabolic
inhibitor). To block Fc receptors, the cell suspension was
incubated with FcBlock in Staining Buffer (BD Biosciences, NJ,
USA) for 15min on ice and then incubated with anti-CFTR
antibody (Novus Biologicals, CO, USA) for another 20min in the
dark at room temperature. After incubation with primary antibody,
the cell pellets were resuspended in 1% BSA-PBS and incubated
with Alexa Fluor 647 labeled-Donkey anti-Rabbit IgG (H+ L)
Highly Cross-Adsorbed Secondary Antibody (Thermo Fisher
Scientific, MA, USA) for 20min in the dark at 4 °C. The background
fluorescence was quantified using an Alexa Fluor® 647 IgG к
isotype control (BioLegend, CA, USA). Cells were then assessed
using a Beckman Coulter Gallios Flow Cytometer and analyzed
using the Kaluza software (Beckman Coulter, Inc., CA, USA) [25].

Western blotting assay
Neutrophils were harvested using radioimmunoprecipitation assay
buffer (Beyotime Biotechnology) and immunoblots were per-
formed as previously described [26]. Briefly, the samples were
separated by 8% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and then transferred to a nitrocellulose mem-
brane. The membrane was incubated with the corresponding
primary antibodies overnight, followed by the appropriate horse-
radish peroxidase-conjugated secondary antibodies for 1.5 h. The
bands were detected using an enhanced chemiluminescence
detection system (Beyotime Biotechnology). Chemiluminescence
images were captured using an imaging system (Bio-Rad
Laboratories, Inc., CA, USA). The optical densities were normalized
to those of glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
and the fold difference for each target protein was calculated as
the ratio of the target protein expression/GAPDH expression
(using ImageJ version 1.42q; National Institutes of Health, MD,
USA). The following primary antibodies were used: anti-CFTR
(1:200; Novus Biologicals), anti-histone H3 (citrulline R17) (1:1000;
Abcam PLC), anti-NF-κB (1:1000; Cell Signaling Technology, MA,
USA), anti-p-NF-κB (1:1000; Cell Signaling Technology), anti-SGK1
(1:500; Santa Cruz Biotechnology Inc., CA, USA), anti-p-SGK1 (1:500;
Santa Cruz Biotechnology), and anti-GAPDH (1:2000; Cell Signaling
Technology).

Detection of intracellular ROS
Intracellular ROS was detected as we described previously [18].
Briefly, intracellular ROS levels were measured via flow cytometry
using 2ʹ,7ʹ-dichlorodihydrofluorescein diacetate (DCFH-DA; Dalian
Meilun Biotechnology Co., Ltd., Dalian, China) as a ROS-sensitive
fluorescence probe. DCFH formed within cells would be oxidized
by intracellular ROS and converted to DCF; thus, the detected
fluorescent signal would be proportional to ROS production. In
the present study, neutrophils (2 × 106/mL) were loaded with
DCFH-DA. Following 30 min of incubation, the reaction was
terminated by chilling samples on ice and the fluorescence
intensity was immediately measured via flow cytometry (Beck-
man Coulter, Inc.).
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Statistical analysis
All data are expressed as means ± SEM (Standard Error of Mean).
The statistical analyses were performed using SPSS Statistics
version 25.0 (IBM Corporation, NY, USA). The unpaired Student t
test was used to compare two groups. Three or more groups were
compared via one-way analysis of variance, followed by Bonferro-
ni’s multiple comparison post hoc test and the results expressed in
terms of 95% confidence intervals. Analysis items with P < 0.05
were considered statistically significant.

RESULTS
OxLDL increased [Cl−]i in neutrophils during NET formation
NET formation was induced among human peripheral blood
neutrophils isolated from healthy donors and incubated with 100
μg/mL of oxLDL for 4 h, as described previously (Fig. 1a, b) [27].
OxLDL induces the loss of the typical segmented nuclear
morphology, formation of the DNA fiber network structure, and
increased citrullinated histone H3 (CitH3) protein expression in
neutrophils, as detected via confocal microscopy and Western blot
analysis. CFTR protein expression was significantly decreased in
neutrophils from the oxLDL-treated group compared with those
from the control group, as detected via immunofluorescence
staining (Fig. 1c). We next measured whether the [Cl−]i in
neutrophils changed during oxLDL-induced NET formation. The
analysis with MQAE demonstrated that treatment with 100 μg/mL
oxLDL for 30 min significantly increased the [Cl−]i in human
neutrophils from 63.1 ± 0.6 to 72.9 ± 0.5 mM (Fig. 1d).

Higher neutrophil [Cl−]i induces NET formation
The observation of elevated [Cl−]i in neutrophils with oxLDL-
induced NET formation led us to investigate whether alteration of
[Cl−]i could modulate NET formation. We established an in vitro
model with gradients of [Cl−]i in neutrophils by changing
extracellular Cl− concentrations as previously described (Fig. 1e)
[12]. The [Cl−]i could instantaneously reach the same level as the
extracellular Cl− concentration upon perfusion with 0, 30, 70, and
100mM of Cl−. Neutrophil MPO and NE levels were upregulated
by increasing [Cl−]i in neutrophils in a concentration-dependent
manner (Fig. 1f). There were no significant differences in MPO and
NE levels among neutrophils between the groups with [Cl−]i of 0
and 30mM. When the [Cl−]i was elevated to 70 and 100mM, MPO
and NE levels increased significantly compared with that of the
group with an [Cl−]i of 0 mM. CitH3 protein expression (Fig. 1g)
and the release of dsDNA from the supernatant (Fig. 1h) increased
in the group with an [Cl−]i of 100 mM in a time-dependent
manner. These data indicated that increasing the [Cl−]i in
neutrophils could directly induce NET formation.

Increased neutrophil [Cl–]i secondary to CFTR deficiency promotes
oxLDL-induced NET formation
CFTR mediates transmembrane Cl− outflow and regulates the [Cl-]i
in cells. We, therefore, hypothesized that CFTR deficiency may cause
Cl− outflow obstruction, which would in turn increase [Cl-]i and NET
formation. We next examined the effects of CFTR deficiency on
neutrophil [Cl−]i during NET formation in mice with global CFTR
knockout (Cftr−/−). The [Cl−]i of Cftr

−/− neutrophils was significantly
higher than that of wild-type (C57BL/6J) neutrophils in the resting
state (71.7 ± 0.5 vs 66.1 ± 0.4 mM) (Fig. 2a). Consistent with a
previous report [13], Cftr−/− neutrophils formed more NETs than
corresponding C57BL/6J controls. ELISA showed that neutrophils
isolated from Cftr−/− mice released higher MPO and NE levels than
those isolated from the C57BL/6J mice (Fig. 2b). Immunofluores-
cence images of MPO showed similar results (Fig. 2c). These results
suggested that abnormal heightened neutrophil [Cl–]i secondary to
CFTR deficiency may play a role in NET formation.
As a CFTR Cl− channel blocker, CFTRinh-172 inhibits CFTR Cl−

channel-mediated Cl− transport by binding to the nucleotide-

binding domains of CFTR protein rather than affecting CFTR
protein expression. Consistent with the results obtained from
Cftr−/− mice, pharmacological inhibition of the CFTR Cl− channel
with 2 mg/kg CFTRinh-172 in C57BL/6 J mice also increased
neutrophil [Cl−]i and dsDNA release (Fig. 2d, e). Incubating
healthy human circulating neutrophils with CFTRinh-172 (0.5, 1,
2.5, and 5 μM) increased CitH3 protein expression and dual
acridine orange/ethidium bromide fluorescent staining of dsDNA
in a concentration-dependent manner (Fig. 2f, g). These results
indicate cell type-specific regulation of CFTR-dependent [Cl−]i in
neutrophils and NET formation. Taken together, these data
indicate that genetic interventions involving CFTR or pharmaco-
logical inhibition of CFTR Cl− channels increase neutrophil [Cl−]i
and promote NET formation in vivo and in vitro.
We further investigated the effects of CFTR deficiency on oxLDL-

induced blood NET formation in Cftr−/− mice intravenously
injected with oxLDL. We demonstrated that in vivo administration
of oxLDL induced increases in plasma MPO, NE, dsDNA, and
proinflammatory cytokine (IL-1β, IL-6, and hs-CRP) levels (Supple-
mentary Fig. S2a–c). Compared to the control mice, Cftr−/− mice
injected with oxLDL exhibited a further increase in peripheral
blood NET formation as evidenced by significantly higher levels of
plasma MPO, NE, and dsDNA (Fig. 3a, b). Plasma levels of
proinflammatory biomarkers or cytokines (hs-CRP and IL-1β) were
further increased in oxLDL-injected Cftr−/− mice compared to
corresponding saline-injected Cftr−/− mice (Fig. 3c), while there
was no significant difference in IL-6 level between oxLDL-injected
Cftr−/− mice and corresponding control mice (Fig. 3c). The above
results indicated that the loss of CFTR further enhanced NET
formation and promoted oxLDL-induced inflammation. Of note,
Cftr−/− neutrophils showed increased basal [Cl−]i, which was
further augmented by oxLDL (72.1 ± 0.6 vs 75.9 ± 0.4 mM) (Fig. 3d).
Given that loss of CFTR increases neutrophil [Cl−]i and

promotes oxLDL-induced NET formation and production of
inflammatory cytokines, we hypothesized that clinical use of the
CFTR corrector, VX-661 [9], may reduce the oxLDL-induced
increase in neutrophil [Cl−]i and NET formation and inflammation
by improving processing and trafficking of CFTR Cl− channels to
the cell membrane. The oxLDL-induced increases in neutrophil
[Cl−]i and plasma MPO and NE levels were significantly reduced
via intravenous injection of 2 mg/kg VX-661 before stimulation
with oxLDL (Fig. 3e, f). VX-661 administration also significantly
reduced oxLDL-induced production of inflammatory mediators,
including hs-CRP and IL-1β (Fig. 3g). Furthermore, preincubation
of freshly isolated wild-type (Wt) mouse neutrophils with 5 μM
VX-661 for 30 min significantly abrogated the increased [Cl−]i in
neutrophil and NET formation induced by oxLDL in vitro (Fig. 3h,
i). Collectively, these findings indicated that oxLDL potently
increased neutrophil [Cl−]i, NET formation, and production of
proinflammatory mediators, which were attenuated by a CFTR
corrector, but were further potentiated by genetic ablation of
CFTR or pharmacological inhibition of CFTR Cl− channels,
suggesting that CFTR-mediated neutrophil [Cl−]i dynamics play
an important role in regulating oxLDL-induced NET formation;
while controlling neutrophil [Cl−]i would retard oxLDL-induced
NET formation.

Higher neutrophil [Cl−]i activates SGK1 and ROS production during
NET formation
SGK1 has been identified as a Cl−-sensitive kinase in a variety of
cell types including vascular smooth muscle cells and airway
epithelial cells. We thus assessed whether SGK1 could be
activated by elevated [Cl−]i during NET formation. Neutrophil
SGK1 was activated instantly (as shown by phosphorylation at
Ser422) when [Cl−]i was clamped at a higher level of 100 mM
(Fig. 4a). There was no significant difference in total SGK1 protein
expression among all groups. Because the loss of CFTR increases
neutrophil [Cl−]i, we next confirmed that SGK1 activity is
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upregulated upon exposure to higher [Cl−]i in Cftr−/− neutrophils
compared with corresponding C57BL/6J controls (Fig. 4b). We
also confirmed upregulation of SGK1 activity in in vivo and
in vitro oxLDL-induced NET formation models (Fig. 4c, d). Since
SGK1 has been shown to regulate CFTR-mediated Cl− transport in
nasal mucosal epithelial cells [28], we explored whether SGK1
regulates oxLDL-induced neutrophil CFTR expression and [Cl−]i

via feedback. Preincubation with GSK650394 (a specific SGK1
inhibitor) abolished in vitro oxLDL-induced NET formation, but
did not affect the elevated [Cl−]i (Fig. 4e–g). Addition of
GSK650394 did not affect elevations in [Cl−]i among Cftr−/−

neutrophils (Fig. 4h).
NET formation is elicited via signaling pathways involving ROS

production; we, therefore, examined whether ROS production

Fig. 1 OxLDL increased [Cl−]i and decreased CFTR expression in neutrophils during NET formation, and 100mM [Cl−]i induces NET
formation. Neutrophils isolated from the peripheral blood of healthy donors were treated with oxLDL (100 μg/mL) for 4 h to form NETs.
a Fluorescence staining of DAPI (blue) showing NET structures. Scale bar = 100 µm. b Western blotting showing CitH3 protein expression.
c CFTR expression was analyzed via immunofluorescence staining with Cy3-labeled secondary antibody (red). Scale bar = 10 µm. d The [Cl−]i
was measured using the chloride indicator MQAE probe. e In vitro model with gradients of [Cl−]i in neutrophils by changing extracellular Cl−

concentrations (0, 30, 70, and 100mM). f ELISA of MPO and NE released from neutrophils in the presence of different [Cl−]i (0, 30, 70, and 100
mM). n= 5. Isolated neutrophils were stimulated with an [Cl−]i of 100mM to form NETs in a time-dependent manner. CitH3 protein expression
was analyzed via Western blotting (g) and the release of dsDNA from neutrophils was analyzed using a Pico-Green dsDNA fluorescence probe
(h). n= 5. ns, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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plays a role in NET formation induced by higher [Cl−]i. Higher
[Cl−]i (100mM) significantly enhanced intracellular ROS produc-
tion in freshly isolated human peripheral blood neutrophils
(Fig. 5a). Preincubation with 15 mM N-acetyl cysteine (NAC; an
inhibitor of ROS production) for 30min significantly decreased the
increased CitH3 protein expression and dsDNA release induced by
higher [Cl−]i (Fig. 5b, c). In addition, preincubation with the SGK1
inhibitor, GSK650394, significantly attenuated the increased
intracellular ROS production induced by higher [Cl−]i (Fig. 5d).
Collectively, these results suggested that SGK1 activity regulates
NET formation induced by higher [Cl−]i by enhancing intracellular
ROS production.

Elevated NET formation in peripheral blood of atherosclerotic
ApoE−/− mice and SA and STE-ACS patients via alteration of
neutrophil CFTR, [Cl−]i, and SGK1 activity
Given that oxLDL-induced increase in neutrophil [Cl−]i led to NET
formation by regulating the activation of SGK1 and ROS
production, we hypothesized that this [Cl−]i-dependent
SGK1 signaling pathway is required for increased NET levels in
atherosclerotic disease models with elevated plasma oxLDL levels.
We fed C57BL/6J mice and ApoE−/− mice with HFD for 16 weeks as
we previously described (Supplementary Table S2) [16]. After
16 weeks of HFD, atherosclerotic plaques in the aortic sinus were
obvious in ApoE−/− mice (Supplementary Fig. S4a, b). The ApoE−/−

Fig. 2 CFTR dysfunction induces NET formation by regulating neutrophil [Cl−]i. Neutrophils were isolated from wild-type (Wt) mice and
Cftr−/− mice. a Measurement of [Cl−]i with an MQAE probe. b ELISA of plasma MPO and NE levels in peripheral blood. c MPO expression on
neutrophils was analyzed by immunofluorescence staining with FITC-labeled secondary antibody (green). Scale bar = 100 µm. d Neutrophils
in peripheral blood were isolated from Wt mice following injection with CFTRinh-172 (2 mg/kg) for 24 h. Measurement of [Cl−]i with an MQAE
probe. e Fluorescence probe analysis of plasma dsDNA levels. n= 8. f Neutrophils isolated from Wt mice were treated with different
concentrations of CFTRinh-172 (0.5, 1, 2.5, and 5 μM) for 4 h to form NETs. Western blotting assay of CitH3 protein. n= 5. g Neutrophil formation
stimulated by CFTRinh-172 was analyzed via fluorescence staining with AO/EB (dual acridine orange/ethidium bromide), DNA in neutrophils
with complete membrane was stained by AO (green), dsDNA in neutrophil with uncomplete membrane was stained by EB (orange). Scale bar
= 200 µm. ns, P > 0.05; *P < 0.05; **P < 0. 01; ****P < 0.0001.
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Fig. 3 Increased neutrophil [Cl−]i resulting from CFTR deficiency aggravates oxLDL-induced NET formation, whereas VX-661 reverses it.
Wt mice and Cftr−/− mice were intravenously injected with 3mg/kg oxLDL for 24 h. a ELISA of plasma MPO and NE levels in peripheral blood.
b Analysis of plasma dsDNA level using a fluorescence probe. c ELISA of plasma levels of hs-CRP, IL-1β, and IL-6. d Measurement of [Cl−]i with
an MQAE probe. n= 5–12 mice per group. e Wt mice were injected with 2mg/kg VX-661 before the addition of oxLDL for another 24 h.
Measurement of [Cl−]i with MQAE. ELISA of MPO and NE levels (f) or IL-1β and hs-CRP (g) levels in plasma. h Isolated Wt mouse neutrophils
were preincubated with VX-661 before stimulation with oxLDL. Measurement of [Cl−]i with MQAE. i ELISA of MPO and NE levels. n= 5–12 mice
per group. ns, P > 0.05; *P < 0.05; **P < 0. 01; ***P < 0.001; ****P < 0.0001.
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atherosclerotic mice have higher plasma level of oxLDL compared
to that of age-matched HFD C57BL/6J mice (Supplementary
Fig. S4c), indicating that we successfully established the ApoE−/−

atherosclerotic mouse model. [Cl−]i and phosphorylated SGK1
protein expression were significantly increased and CFTR protein
expression was decreased in circulating neutrophils obtained from
ApoE−/− mice after a 16-week HFD compared with age-matched
HFD C57BL/6J mice (Fig. 6a–c). In line with a previous report [29],

the peripheral blood of ApoE−/− atherosclerotic mice exhibited a
significant increase in plasma NET marker (MPO and NE) and
inflammatory marker (IL-1β and hs-CRP) levels (Fig. 6d, e).
Moreover, [Cl−]i elevation in neutrophils of ApoE−/− atherosclero-
tic mice could be significantly reduced by in vitro VX-661
treatment (Fig. 6f). VX-661 significantly reduced NET formation
in peripheral blood samples obtained from ApoE−/− atherosclero-
tic mice (Fig. 6g).

Fig. 4 Phosphorylated SGK1 levels are augmented in neutrophils upon stimulation with high [Cl−]i or oxLDL. Western blotting assay of
total and phosphorylated SGK1 (S422) in isolated human peripheral blood neutrophils stimulated with an [Cl−]i of 100mM (a), or Cftr−/
−neutrophils (b), or neutrophils isolated from Wt mice injected with oxLDL (c), or isolated human peripheral blood neutrophils stimulated with
oxLDL (d). n= 5 independent experiments. (e) Neutrophils isolated from Wt mice were pre-treated with 1 μM GSK650394 for 30min before the
addition of 100 μg/mL oxLDL for another 4 h. Western blotting assay of CitH3 protein levels. (f) Fluorescence probe analysis of dsDNA released
from neutrophils. The effect of GSK650394 on [Cl−]i of isolated Wt mouse neutrophils stimulated with oxLDL (g) or [Cl−]i of Cftr

−/−neutrophils (h).
ns, P > 0.05; *P < 0.05; **P< 0. 01; ***P < 0.001, n= 5–7 per group.
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We found that the [Cl−]i in peripheral circulating neutrophils of
both STE-ACS patients (73.6 ± 0.9 mM) and SA patients (68.5 ± 0.4
mM) was significantly increased compared to that of subjects with
NCA (62.6 ± 1.1 mM) (Fig. 7a), while neutrophils in STE-ACS
patients displayed the highest [Cl−]i. Correspondingly, CFTR
protein expression in neutrophils of STE-ACS and SA patients
was significantly lower than that of subjects with NCA, while
neutrophils of STE-ACS patients displayed the lowest CFTR protein
level (Fig. 7b). Plasma levels of dsDNA, MPO, and NE and
neutrophil CitH3 protein expression were significantly increased
in peripheral blood samples obtained from patients with STE-ACS
and SA compared to those obtained from subjects with NCA.
However, there were no significant differences in the levels of
these four NET markers between the STE-ACS and SA groups
(Fig. 7c–e). In line with increased NET levels observed in the
peripheral blood of STE-ACS patients, we confirmed that proin-
flammatory activity within the vasculature was significantly
enhanced among STE-ACS patients (Supplementary Fig. S3a–d).

Peripheral circulating neutrophils obtained from STE-ACS patients
expressed higher TNF-α and IL-1β levels than those from subjects
with NCA, but there was no significant change in IL-6 level
(Supplementary Fig. S3a). STE-ACS patients have higher plasma
levels of hs-CRP, IL-1β, and oxLDL than subjects with NCA
(Supplementary Fig. S3b). TNF-α and phosphorylated NF-κB
protein expressions in neutrophils of STE-ACS patients were
significantly increased compared with those in neutrophils of
subjects with NCA (Supplementary Fig. S3c, d). Moreover,
phosphorylated SGK1 protein expression in peripheral circulating
neutrophils of STE-ACS patients was significantly increased
compared to that of subjects with NCA (Fig. 7f). In addition,
GSK650394 administration did not affect the [Cl−]i of freshly
isolated peripheral circulating neutrophils in the NCA and STE-ACS
groups (Fig. 7g), suggesting that constitutive activation of SGK1
may be a downstream signaling step of higher [Cl−]i in neutrophils
associated with STE-ACS. Moreover, [Cl−]i elevation in neutrophils
of SA or STE-ACS patients could be partially reversed by in vitro

Fig. 5 Higher neutrophil [Cl−]i promotes ROS production during NET formation. a The effects of an [Cl−]i of 100mM on intracellular ROS
generation in isolated human peripheral blood neutrophils were detected using DCFH-DA via flow cytometry. n= 5. Effects of pre-treatment
with 15 mM N-acetyl cysteine (NAC) on the increased CitH3 protein expression (b) and release of dsDNA in human neutrophils (c) induced by
a higher [Cl−]i. d Effects of pre-treatment with 1 μM GSK650394 on the increased intracellular ROS generation induced by a higher [Cl−]i. n= 5
per group. ns, P > 0.05; *P < 0.05; **P < 0. 01; ****P < 0.0001.
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VX-661 treatment (Fig. 7h). VX-661 could significantly reduce NET
formation (assessed via dsDNA) in peripheral blood samples
obtained from patients with STE-ACS (Fig. 7i).

DISCUSSION
This is the first study to report that [Cl−]i is increased, while CFTR
protein expression is decreased, in peripheral circulating neutro-
phils of SA and STE-ACS patients with coincidentally enhanced
NET formation, suggesting that the [Cl−]i resulting from oxLDL
stimulation or reduced CFTR function may be a novel trigger for
NET formation associated with atherosclerotic cardiovascular
diseases.

Recent accumulating pieces of evidence have recognized
aggravated NET formation as a key driver in the pathology of
ACS, where excessive NET levels contribute to the development of
proinflammatory and prothrombotic milieu [4]. Therapeutic
approaches that reduce NET formation, such as DNase 1 therapy
and PAD4 inhibition, were found to experimentally reduce
thrombosis and inflammatory responses, suggesting that NETs
are important therapeutic targets for the treatment of athero-
sclerotic cardiovascular diseases. Although previous studies have
suggested the intimate association between the Cl− transport and
neutrophil functions [30, 31], whether the alteration of [Cl−]i
occurs in neutrophils in the pathogenesis of atherosclerotic
cardiovascular diseases has not been fully understood. In this

Fig. 6 Elevated neutrophil [Cl−]i, NET burden, and proinflammatory cytokine levels in the peripheral blood of atherosclerotic ApoE−/−

mice on a high-fat diet. Atherosclerotic ApoE−/− mice and age-matched C57BL/6J mice were fed a high-fat diet for 16 weeks. a Western
blotting assay of total and phosphorylated SGK1 (S422) on mouse neutrophils. b Measurement of [Cl−]i with MQAE. c CFTR expression was
analyzed via immunofluorescence staining with FITC-labeled secondary antibody (green). Scale bar = 100 µm. ELISA of plasma levels of MPO
and NE (d) or hs-CRP and IL-1β (e). Effects of VX-661 (5 μM) on neutrophil [Cl−]i (f) and plasma level of MPO and NE (g) in peripheral blood
samples obtained from ApoE−/− mice. ns, P > 0.05; *P < 0.05; ***P < 0. 001; ****P < 0.0001, n= 5–10 mice per group.
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Fig. 7 Elevated NET burden in peripheral blood of SA and STE-ACS patients with alterations of neutrophil CFTR, [Cl−]i, and SGK1 activity.
Peripheral blood neutrophils were collected from subjects with NCA and SA and STE-ACS patients. a Measurement of [Cl−]i with MQAE (NCA,
n= 7; SA, n= 7; STE-ACS, n= 9). b Flow cytometric analysis of CFTR protein expression. n= 5 per group. c Western blotting of CitH3 protein
expression (NCA, n= 6; SA, n= 14; STE-ACS, n= 15). d Fluorescence probe analysis of plasma dsDNA level (NCA, n= 15; SA, n= 9; STE-ACS,
n= 15). e ELISA of plasma levels of MPO and NE. f Western blotting assay of total and phosphorylated SGK1 on neutrophils in the NCA and
STE-ACS groups. n= 5 per group. g Effects of GSK650394 (1 μM) on [Cl−]i in neutrophils isolated from the NCA and STE-ACS groups. n= 9 per
group. Effects of VX-661 (5 μM) on neutrophil [Cl−]i (h) and plasma level of dsDNA (i) in peripheral blood samples obtained from STE-ACS
patients. n= 12 per group. ns, P > 0.05; *P < 0.05; **P < 0.01, ***P < 0.001; ****P < 0.0001.
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study, we found for the first time that peripheral circulating
neutrophils from SA or STE-ACS patients have dramatically
elevated [Cl−]i, accompanied by elevated plasma oxLDL level
and NETs within the vasculature. We also observed that neutrophil
[Cl–]i was significantly increased when more NETs were formed
upon stimulation with oxLDL, which could be aggravated by CFTR
deficiency but abolished by the CFTR corrector VX-661. Finally,
increased neutrophil [Cl−]i directly triggered NET formation. These
results suggest that elevated [Cl−]i secondary to oxLDL stimulation
and CFTR dysfunction may be a cause of inflammatory responses
in non-infectious diseases such as cardiovascular diseases. More-
over, increased neutrophil [Cl−]i or heightened [Cl−]i by CFTRinh-
172 or CFTR knockout triggered NET formation through the
upregulation of SGK1 and intracellular ROS production, while
GSK650394 or NAC significantly decreased NET formation induced
by oxLDL or higher [Cl−]i. These results suggest that elevated [Cl−]i
may serve as a novel “intracellular second messenger” linking
extracellular disease-relevant stimuli to the downstream [Cl−]i-
sensitive signaling pathways for NET formation. Our findings
among patients with SA or STE-ACS support this postulation,
although further investigations confirming the role of [Cl−]i-
sensitive signaling in the atherosclerotic cardiovascular disease
model are needed.
The alteration of [Cl−]i resulting from defective CFTR Cl−

channel function has been reported to be important in the innate
host defense against infection. As the first line of protection in the
immune system, phagocytes require a continuous supply of Cl−

from neutrophils to generate a key antimicrobial ROS, HOCl
[30, 31]. CF neutrophils thus exhibited reduced CFTR-mediated
influx of Cl− into phagosomes and led to subnormal levels of Cl−

in phagosomes, while pharmacological inhibition of CFTR in
normal neutrophils yielded similar results. Another report of a
study of CF neutrophils reinforces the important role of CFTR in
neutrophil-mediated host defense [9]. Defective CFTR-mediated
Cl− transport resulted in elevated [Cl–]i and thereby impaired
degranulation and extracellular pseudomonal killing. CFTR poten-
tiator (ivacaftor) treatment could intrinsically normalize [Cl−]i and
thereby improve degranulation and microbial killing. The results of
the present study are in line with these reports, and we extended
investigations into the role played by [Cl–]i in regulating NET
formation other than via phagocytosis. Our findings also extended
the previously recognized pathological roles of the CFTR Cl−

channel that is not only associated with the CFTR gene mutant but
also due to decreased endogenous CFTR expression. In our in vitro
studies, oxLDL could decrease CFTR protein expression in healthy
human neutrophils during NET formation, indicating that normal
CFTR Cl− channel could be altered not only by genetic CFTR
defects, but also by cardiovascular risk factors.
Defective CFTR function due to CFTR mutation has been

associated with increased NET formation in lung inflammation in
a CF animal model via the suppression of neutrophil apoptosis
[13]. Our results demonstrated that CFTR-dependent alteration of
[Cl−]i plays a role in NET formation at least partially through a
[Cl−]i-SGK1 dependent signaling pathway. Therefore, our findings
may provide a novel [Cl−]i-SGK1 dependent mechanism explain-
ing how CFTR regulates NET formation.
Notably, oxLDL injection further augmented the increased [Cl−]i

in Cftr−/−neutrophils (72.1 ± 0.6 vs 75.9 ± 0.4 mM) (Fig. 3d) and the
production of proinflammatory cytokines and NET formation
within the vasculature in Cftr−/− mice. These results suggested
that other transmembrane Cl− channels may play a role in NET
formation. Some Cl− channel proteins such as chloride voltage-
gated channel 3 (ClC-3) and leucine-rich repeat-containing 8 VRAC
subunit A (LRRC8A) are expressed in neutrophils [32–34]. For
example, the ClC-3 Cl− channel is important for oxidative burst
and phagocytosis, suggesting that it might play a role in NET
formation [35]. LRRC8A-dependent Cl− channels largely account
for the “swelling-activated” Cl− currents in neutrophils [34], and

we do not know yet whether it plays a role in regulating functional
[Cl−]i dynamics. Therefore, further investigation may be required
to examine the influence of other Cl− channels or Cl− transporters
on NET formation during the progression of cardiovascular
diseases.
SGK1 is activated in inflammatory responses in some inflam-

matory or fibrotic diseases, including Crohn’s disease and lung
fibrosis [36]. In a variety of cell types, SGK1 is activated mainly
through phosphorylation of Thr256 or Ser422. Recent evidence
has shown that SGK1 is also a Cl−-sensitive kinase in the
regulation of vascular smooth muscle cell apoptosis and airway
epithelial inflammation [11, 12]. These studies reported that low
[Cl−]i or high [Cl−]i activates SGK1, thus regulating downstream
signaling pathways. SGK1 deficiency and the SGK1 inhibitor,
GSK650394, were shown to play an anti-inflammatory role in
neutrophils by delaying apoptosis; therefore, SGK1 may be a
potential target against neutrophil-mediated inflammatory
responses. In the present study, we found that an [Cl−]i of 100
mM significantly increased phosphorylated SGK1 (Ser422) but not
total SGK1 protein expression during NET formation. Furthermore,
the upregulation of phosphorylated SGK1 (Ser422) was found in
oxLDL-treated human neutrophils, Cftr−/− neutrophils, and STE-
ACS neutrophils. We, therefore, postulated that SGK1 activation
could be triggered by increased [Cl−]i resulting from oxLDL or
defective CFTR function and plays a regulatory role during NET
formation. We found that oxLDL-induced excessive NET formation
or increase in ROS production induced by a higher [Cl−]i in human
neutrophils was almost abolished by pretreatment with
GSK650394. However, the addition of GSK650394 did not affect
the elevated [Cl−]i in Cftr−/− neutrophils or increased [Cl−]i
following oxLDL treatment. Together, these findings suggested
that SGK1 may be a mechanistic link between abnormally higher
[Cl−]i and excessive NET formation induced by oxLDL or loss of
CFTR. Because the pharmacological approaches using GSK650394
may produce non-specific changes, further investigations of SGK1
knockout mouse models will help elucidate the role played by
SGK1 in neutrophil-mediated inflammatory responses in cardio-
vascular disease.
There is accumulating evidence that NETs are a potent

proinflammatory signal in the development of atherosclerosis
and ACS. Levels of markers of NET formation (e.g., dsDNA) are
increased in the coronary thrombi of STE-ACS patients with
coincidentally enhanced infarct size and occurrence of in-hospital
major adverse cardiovascular events [3, 4]. Therefore, the coronary
NET burden plays a role in predicting acute coronary events.
However, our results demonstrated no significant difference
between the SA and STE-ACS groups in terms of NET levels in
peripheral blood samples, although neutrophils in STE-ACS tended
to form more NETs than those in SA. This result may be due to the
small number of STE-ACS patients enrolled or the lower
inflammatory activity in peripheral blood than in coronary sinus
blood. Notably, there were significant differences in neutrophil
[Cl−]i and CFTR protein expression between the two groups,
suggesting that the hyper-inflammatory state in SA and STE-ACS
might be associated with elevated [Cl−]i. Although not specifically
addressed in the present study, CFTR deficiency or defective CFTR
function are closely related to the development of neutrophil-
mediated inflammation in infectious diseases; thus, the role of
CFTR-mediated NET formation in cardiovascular disease models
may provide interesting directions for future studies.
Recently, the Canakinumab Anti-inflammatory Thrombosis

Outcomes Study provided compelling evidence of proinflamma-
tory cytokines in cardiovascular diseases as potential therapeutic
targets [37–40]. VX-661 (a CFTR corrector) has been demonstrated
to promote processing and trafficking of the CFTR Cl− channel to
the cell membrane and thereby enhance CFTR-mediated Cl−

transport on CF and non-CF tissues [41, 42]. Our in vivo and
in vitro studies found that VX-661 significantly reduced the NET
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formation in peripheral blood samples obtained from oxLDL-
injected mice, ApoE−/− atherosclerotic mice or patients with STE-
ACS by restoring CFTR function and lowering [Cl−]i. This result may
extend the pharmacological actions of CFTR correctors previously
used solely in CF. Decreased endogenous CFTR protein expression
in SA and STE-ACS neutrophils may provide a novel target for the
development of anti-inflammatory therapies regulating abnormal
[Cl−]i and subsequent changes. However, we only measured
neutrophil [Cl−]i and CFTR in the peripheral blood of SA and STE-
ACS patients in the present study. Further investigations using
CFTR conditional knockout mice in combination with cardiovas-
cular disease models would help address the role of CFTR-
mediated [Cl−]i in the pathological progression of cardiovascular
diseases.
In summary, we demonstrated that oxLDL promoted NET

formation secondary to increased neutrophil [Cl−]i. Increased [Cl−]i
or heightened [Cl−]i induced by CFTR Cl− channel inhibitor or
CFTR knockout are hyper-responsive to NET formation through a
[Cl−]i-sensitive SGK1 signaling pathway. Consistently, abnormally
increased [Cl−]i and decreased CFTR expression were observed in
peripheral circulating neutrophils of SA and STE-ACS patients with
coincidentally enhanced NET formation and proinflammatory
milieu within the vasculature. Conversely, VX-661 confers anti-
inflammatory activity and attenuates NET formation by reducing
[Cl−]i. In conclusion, elevated [Cl−]i functions as a novel trigger for
NET formation in SA and STE-ACS patients, while defective CFTR
may represent an appealing target for the development of future
anti-inflammatory therapies in patients with atherosclerotic
cardiovascular diseases.
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