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ARTICLE INFO ABSTRACT

Keywords: NADPH oxidases 2 (NOX2) is the main source of ROS in macrophages, which plays a critical role in the formation
Atherosclerosis of atherosclerosis. However, effects of NOX2 inhibition on established vulnerable plaques and the potential role
Vulnerable plaque involved remain unclear. The purpose of this study is to investigate the latent mechanism of NOX2-triggered
ll;If?e)l(‘icytosis vulnerable plaque development. We generated a vulnerable carotid plaque model induced by carotid branch
Mertk ligation and renal artery constriction, combined with a high-fat diet in ApoE~/~ mice. NOX2 specific inhibitor,

GSK2795039 (10 mg/kg/day by intragastric administration for 8 weeks) significantly prevented vulnerable
plaque, evaluated by micro-ultrasound imaging parameters. A profile of less intraplaque hemorrhage detection,
increased collagen-lipid ratio, fibrous cap thickness and less necrotic core formation were also found in
GSK2795039 treated group. Mechanistically, reduced 4-HNE, in situ lesional apoptosis and enhanced effer-
ocytosis were involved in mice treated with NOX2 inhibitor. Further analysis in mouse macrophages confirmed
the role of NOX2 inhibition in enhancing macrophage efferocytosis by regulating the MertK/PI3K/AKT pathway.
In summary, our data defined previously few recognized roles of NOX2 in vulnerable plaque pathogenesis and an
undescribed NOX2-ROS-MerTK axis acts involved in regulating macrophage efferocytosis in the formation of

rupture-prone vulnerable plaques.

1. Introduction

Myocardial infarctions and ischaemic strokes, which complicate
atherosclerosis arise from thrombosis or formation of blood clots, have
been the leading causes of death worldwide. Most acute thromboses are
provoked by a physical disruption of atherosclerotic plaques. Therefore,
more and more attention has been paid to the so-called “vulnerable
plaque” [1].

One of the most characteristic hallmarks of vulnerable plaque is the
necrotic core, which is caused by impaired removal of apoptotic cells
(AC) in the diseased blood vessel [2]. Macrophages recognize and
internalize oxidized low-density lipoproteins (ox-LDL) to eventually
become lipid-laden foam cells which eventually to be dead. Efferocytosis
refers to the phagocytic engulfment of a cellular corpse. Tabas et al.
concluded in their review that the problem during vulnerable plaque
formation is not the consequence of too much cell death but rather too
little cell clearance [3]. Further, the apoptotic cells facilitate the necrotic
core formation and promoting the interaction among the components in

the plaque, such as oxidative stress and nonresolving inflammation
response. However, the crucial factors regulating the efficiency of
efferocytosis and oxidative stress are not fully elucidated.

Oxidative stress is one of the major mediators of the secondary injury
during atherothrombosis. Though the reactive oxygen species (ROS) can
be produced from many sources in macrophages, NADPH oxidases 2
(NOX2), also called gp91lphox, is the main source of ROS in macro-
phages which is the member of the only family of enzymes solely
devoted to the production of ROS. NOX2 inhibition has been shown to
cause regression of vascularization and the size and stability of athero-
sclerotic plaques [4]. But whether there exists any crosstalk between
NOX2 and efferocytosis, and the consequences of this crosstalk in
mediating plaque vulnerability has not been known.

In this study, we explored the impacts of NOX2 inhibition on
vulnerable plaques, using a mouse model of rupture-prone plaques, and
the role of NOX2 inhibition on the efficiency of macrophage effer-
ocytosis in vitro/in vivo. Furthermore, we conducted mechanistic studies
to elucidate the mechanism by which NOX2-medicated ROS regulated
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the efferocytosis. These efforts may enlarge our knowledge of the
crosstalk between NOX2 and efferocytosis in vulnerable plaque from a
therapeutic perspective.

2. Materials and methods
2.1. Experimental animals

Animal protocols were approved by the Animal Care and Use Com-
mittee of Capital Medical University, and the study was performed ac-
cording to the National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

8-week-old male ApoE™~ mice on a C57BL/6 background (SPF
Biotechnology, Beijing, China) were randomly enrolled into 2 groups:
vehicle and GSK2795039. All the mice received surgery in which the
branch ligation of the left common carotid artery (LCCA) was per-
formed, and the left renal artery was constricted. In brief, as previously
described [5,6], mice were anesthetized with isoflurane via inhalation
through a nose mask and were maintained through-out the surgery at
37 °C on a heating pad. First, the anterior cervical triangles were
accessed by a sagittal anterior neck incision. The LCCA was individu-
alized from circumferential connective tissues by blunt dissection and
the exposed branches of the LCCA but not the superior thyroid artery
was permanently ligated with a surgical suture. Next, after a small flank
incision the left kidney was exposed, and the left renal artery was ligated
with a surgical suture along with a pin gauge (0.12 mm in diameter) to
preserve renal perfusion (Supplementary Fig. 1). After the surgery, the
GSK2795039 and vehicle groups were administered GSK2795039
(HY-18950, MedChem Express, 10 mg/kg per day) and the solvent
(composed with 10% DMSO, 40% PEG300, 5% Tween-80 and 45% sa-
line), respectively, for 8 weeks by intragastric administration. All the
mice were fed with a high-fat diet (0.15% cholesterol and 21% fat, 4
kcal/g) during the 8-week experiment.

2.2. Ultrasound imaging

Ultrasound imaging parameters of left common carotid artery were
measured using the Vevo770 system (Visual Sonics, Canada.) 4 weeks
and 8 weeks after surgery. In brief, mice were anesthetized with inhaled
2% isoflurane (Lunan Pharmaceutical Group, China), neck hair was
defoliated, and echo gel liberally applied. A 30-MHz scan head was
applied to measure lumen diameters in M-mode, extreme values of
intimal-medial thickness (IMT) in M-mode, and center stream peak-
systolic (Vmax) and time-averaged velocities were evaluated in pulse
wave Doppler mode [7]. The eccentric index (EI) was calculated from
the extreme values of IMT using the formula (maximal IMT — minimal
IMT)/maximal IMT to measure the degree of eccentric plaque distri-
bution [8].

2.3. Tissue acquisition

Mice were anesthetized with 1% pentobarbital sodium (i.p. 60 mg/
kg) followed by cardiac puncture to collect blood which were placed in
centrifuge tubes containing heparin (10 pl, 1000 IU mL —1). After
centrifugation at 3000 rpm for 15 min at 4 °C, the plasma was collected
and stored at —80 °C for further analysis. Then, after removed the
connected and fat tissues, the common carotid arteries were individu-
alized under a microscope, then a gross picture was taken by a camera.
The left common carotid artery was harvested and stored in 4% para-
formaldehyde for further use or frozen in optimal cutting temperature
(OCT) embedding compound (Sakura, Netherlands) and stored at
—80°C.

2.4. Histological staining of left common carotid artery in ApoE~’~ mice

6-pum cryosections of left common carotid arteries embedded in OCT
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and 5-pm cryosections of left common carotid arteries embedded in
paraffin were taken using Leica for hematoxylin and eosin and Masson’s
trichrome staining. 7-pm cryosections of left common carotid arteries
embedded in OCT were captured into sections for Oil red O staining.

2.5. Immunofluorescence and immunohistochemistry

Paraffin-embedded specimens were sectioned, deparaffinized with
xylene, and rehydrated in decreasing concentrations of ethanol. After
washing with PBS, slides were incubated in 5% BSA for 30 min, stained
with the specific primary antibody (CD68, ab53444, Abcam, 1:200;
MerTK, ab300136, Abcam, 1:200; anti-Phospho-AKT (Ser473) Mono-
clonal antibody, 66444-1-Ig, proteintech, 1:200; a-SMA antibody,
ab7817, Abcam, 1:200; 4-Hydroxynonenal antibody, ab48506, Abcam,
1:200) overnight [9], then stained with the corresponding secondary
antibody and counterstained with DAPI (4,6-dia-
midino-2-phenylindole) or hematoxylin. Images were captured using a
fluorescence microscope (fluorescence microscope BX41, Olympus,
Japan).

2.6. In situ lesional apoptosis and efferocytosis assay

Lesional apoptosis and in situ efferocytosis were visualized by
immunofluorescent staining with TUNEL staining reagents
(11684817910, Roche) and anti- CD68 (ab53444, 1:200, Abcam) anti-
body. Sections were incubated with TUNEL staining reagents at room
temperature for 60 min and then washed three times with PBS. Sections
were then blocked with 5% BSA for 60 min, incubated overnight at 4 °C
with an anti-CD68 antibody. At last, slides were incubated with fluo-
rescently labeled secondary antibodies and counterstained with DAPI.

As a measure of defective efferocytosis, we counted the number of
free versus macrophage-associated apoptotic cells in individual lesional
sections [7]. Free apoptotic cells were defined as TUNEL + cells that
exhibited nuclear condensation, loss of antibody CD68 reactivity, and
were not in contact with neighboring  macrophages.
Macrophage-associated apoptotic cells were defined as cells with
TUNEL + nuclei surrounded by or in contact with neighboring CD68™"
macrophages [10-12]. All analysis was performed by 2 independent
assessors blinded to the experiment details.

2.7. Determination of malonaldehyde, superoxide dismutase and ox-LDL
levels

The levels of malonaldehyde (MDA), superoxide dismutase (SOD)
and ox-LDL in mouse serum were measured using MDA assay kit (A003-
1, Nanjing Jiancheng Bioengineering Institute, China), SOD assay kit
(A001-1, Nanjing Jiancheng Bioengineering Institute, China) and Mouse
ox-LDL ELISA Kit (JYM0050Mo, Colorful-Gene Biotech, China) accord-
ing to the manufacturer’s instructions.

2.8. Primary mouse macrophage and neutrophil isolation and culture

For bone marrow-derived macrophages (BMDM), mice were sacri-
ficed and both femurs and tibias were dissected and flushed with sterile
1X PBS, which was passed through a 100 pM cell strainer and collected.
The cells were spun down (1000xg, 5 min), washed with 1X PBS, and
plated in RPMI (supplemented with 10% FBS, 1% Pen-strep) with M-CSF
(10 ng/mL). Cells were allowed to differentiate into macrophages for 5
days after which media was changed daily for further use [13].

Peripheral blood neutrophils were obtained by first spinning hepa-
rinized blood on Histopaque-1083 (Sigma-Aldrich, USA) according to
the manufacturer’s instructions. Remaining red blood cells were lysed
with RBC Lysis Buffer (multi-species) according to the manufacturer’s
instructions (R1010, Solarbio, China), and the remaining neutrophils
were washed with PBS before use. Cells had the typical segmented nuclei
of mature neutrophils by microscopy [14,15].
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2.9. Cell culture and foam cell formation

The mouse monocyte/macrophage cell line, RAW264.7 (ATCC, USA)
was cultured in RPMI 1640 media supplemented with 10% heat inac-
tivated FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin at 37 °C
in a humidified incubator with a 5% CO2 atmosphere.

RAW264.7 or BMDM differentiated with M-CSF were plated on 12
mm glass coverslips with 0.2% gelatin. Cells were cultured in RPMI
(serum free) supplemented with 1% Pen-strep for 24 h and then treated
with 50 pg/mL oxLDL (YB-002, Yiyuan Biotechnologies, China) for 24 h
to establish foam cell model [16]. Cells were fixed in 4% PFA for 20 min
at room temperature and washed with PBS. For Oil Red O staining,
coverslips were stained with Oil Red O, washed with PBS, counter-
stained with hematoxylin, washed with PBS. (Supplementary Fig. 2).

2.10. Stable transfection

RAW264.7 cells were transfected with pLVX-mNox2-3flag-ZsGreen-
Puro (NM_007807.5) plasmid, control vector, and pLVX-shRNA-Puro-
mNox2 (GeneID:13058) (control shRNA vector) plasmid followed by
5ug/ml puromycin selection and stable clones were maintained in 5 pg/
ml concentration. Successful overexpression and knockdown were
confirmed by Western blot assessments of NOX2 protein levels (Table S1
and Supplementary Fig. 3). All the infections were at multiplicities of
infection (MOI) of 50.

2.11. Invitro efferocytosis assay

Jurkat (human T-lymphocyte) cells (ATCC, USA) were maintained in
RPMI 1640 media supplemented with 15% heat-inactivated FBS, 100 U/
mL penicillin, and 100 mg/mL streptomycin at 37 °C in a humidified
incubator with a 5% CO2 atmosphere. Apoptosis of Jurkat cells was
induced by UV exposure (30 mJ/cm?, 75min), followed by incubation
for 3.6 h (37 °C, 5% CO3 atmosphere), a time sufficient to generate late
apoptosis [17]. As detected by dual annexin V/PI staining and flow
cytometry, more than 70% of the Jurkat population were
annexin-positive and PI-positive. Then the Jurkat cells were co-cultured
with macrophages at a 1:5 ratio for 90 min at 37 °C. After co-culture,
non-engulfed Jurkat cells were extensively washed with cold PBS.
Efferocytosis was quantified by flow cytometry utilizing a previously
described method [18] with a BD LSRFortessa and associated software
(BD FACS Diva Software). The results were expressed as efferocytosis
index, defined as the percentage of macrophages that engulfed apoptotic
cells relative to the total number of macrophages.

2.12. ROS measurement

The intracellular ROS levels were determined using 2',7'-dichloro-
fluorescin diacetate (DCFH-DA, S0033, Beyotime Biotechnology, China)
and dihydroethidium (DHE, S0063, Beyotime Biotechnology, China).
Macrophages cultured in a 6-well plate were incubated in the dark with
10 pM DCFH-DA or DHE at 37 °C for 30 min before being trypsinized,
washed, and resuspended in 0.5 mL of PBS for flow cytometry analysis.
FlowJo software (BD Biosciences, New York, NY, USA) was used to
analyze the results.

2.13. Flow cytometry analysis

Apoptosis assays were performed by exposing cultured Jurkat cells to
UV light as above described, then staining them by Annexin V-fluores-
cein (FITC)/propidium iodide (PI) double-staining assay (556547, Bec-
ton, Dickinson and Company, NJ, USA). Cells were stained with annexin
V-FITC and PI on ice for 20 min in the dark. Then the single-cell sus-
pension was filtered, centrifuged, and resuspended in PBS. The per-
centage of Jurkat apoptosis was analyzed by flow cytometry (BD
LSRFortessa) and associated software (BD FACSDiva Software)
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(Supplementary Fig. 4).

Efferocytosis assays of RAW264.7 and BMDM were performed by
incubating macrophages with CellTrackerTM Deep Red (C34565, Invi-
trogen, CA, USA) and incubating apoptotic cells with Vybrant® CFDA SE
Cell Tracer Kit (V12883, Invitrogen, CA, USA). Efferocytosis assays of
transfected RAW264.7 were performed by incubating macrophages with
Vybrant® CFDA SE Cell Tracer Kit (V12883, Invitrogen, CA, USA) and
incubating apoptotic cells with CellTrackerTM Deep Red (C34565,
Invitrogen, CA, USA). Events were acquired on flow cytometry (BD
LSRFortessa) with more than 10,000 cells per group, and results were
analyzed on FlowJo (BD Biosciences, NY, USA). The results were
expressed as efferocytosis index, defined as the percentage of macro-
phages that engulfed apoptotic Jurkats relative to the total number of
macrophages (relative to the control group) [17,19].

2.14. Reverse transcription polymerase chain reaction

RNA was isolated from RAW264.7 cells with Trizol reagent (Invi-
trogen, USA). The purity of RNA was assessed by absorbance at 260 and
280 nm using the NanoDrop spectrophotometer (Thermo Scientific,
USA) and then reverse transcribed using 1 pg of the total RNA to
generate cDNA (RR047A, Takara, Japan). Quantitative real-time poly-
merase chain reaction (PCR) was performed with SYBR Green Master
Mix (RR820A, Takara, Japan) with primers using a LightCycler® 480
System (Roche, Germany). Samples were amplified for 40 cycles (5 s at
95 °C, 30 s at 60 °C) after an initial enzyme activation for 30 s at 95 °C.
The last cycle was followed by 10 s at 95 °C and 5 s at 65 °C. All samples
were analyzed in triplicate and were normalized to GAPDH. The 27 24Ct
method was used to analyze the relative changes in gene expression.
PCR primers used in this study are listed in Table S2.

2.15. Western blotting analysis

Cells were lysed in complete lysis-M (Roche, Germany) plus the
protease and phosphatase inhibitor (Thermo Scientific, USA) containing
1% B-Mercaptoethanol and heated at 100 °C for 10 min. Protein con-
centration of samples prepared from RAW264.7 cells were evaluated by
utilizing the BCA Protein Assay Kit (23227, Thermo, MA, USA). 30-50
pg of protein per sample was separated via gel electrophoresis, trans-
ferred to a poly-vinylidene fluoride membrane, and blocked with 5%
milk for 1 h. The membrane was incubated overnight with primary
antibodies at 4 °C. After incubation with the Dye 800-conjugated anti-
mouse antibody (1:10,000, 926-32210, LI-COR Biosciences, Lincoln,
USA) or anti-rabbit antibody (1:10,000, 926-32211, LI-COR Biosciences,
Lincoln, USA), the images were visualized and analyzed using Odyssey
infrared imaging system (LI-COR Biosciences, Lincoln, USA).

The primary antibodies used in this study were: anti-gp91phox
(1:1000,sc130543, Santa Cruz), anti-MERTK (phospho Y749) +
TYRO3 (phospho Y681) antibody (1:1000, ab192649, abcam), anti-
MERTK antibody (1:1000, ab300136, abcam), anti-Phospho-PI3 Ki-
nase p85 (Tyr458)/p55 (Tyr199) antibody (1:1000, #4228, CST), anti-
PI3 Kinase antibody (1:1000, #4257, CST), anti-AKT antibody (1:1000,
10176-2-AP, proteintech), anti-Phospho-AKT (Ser473) Monoclonal
antibody (1:1000, 66444-1-Ig, proteintech), anti-GAPDH antibody
(1:1000, 60004-1-1g, proteintech).

2.16. Statistical analysis

All results in this study are presented as mean + SEM. Data were
analyzed with GraphPad Prism (Version 7.0, CA, USA). Student t-test
was used to assess the effects of parameters between 2 different groups
(unpaired test). P < 0.05 was considered as being statistically
significant.
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3. Results
3.1. NOX2 inhibition reduces vulnerable features in ApoE~'~ mice

To explore the effect of NOX2 inhibition on vulnerable plaque
instability, the mouse model of rupture-prone vulnerable carotid pla-
ques was established at 4 weeks after surgery (Supplementary Fig. 1). In
the model, GSK2795039, a specific NOX2 inhibitor, and its vehicle were
administered to ApoE ™/~ mice for 56 days, and micro-ultrasound scans
of left carotid arteries were taken at day 28 and day 56 (Fig. 1A). At day
28, there is no statistically difference in carotid IMT, EI, maximal sys-
tolic velocity and blood flow between GSK2795039 and vehicle group.
After another 4-week treatment, the plaques from GSK2795039-treated
ApoE~/~ mice showed decreased IMT, EI, maximal systolic velocity and
increased blood flow (Fig. 1B), a lower carotid plaque burden, lipid
burden compared with those from vehicle-treated ApoE’~ mice
(Fig. 1C). The collagen-lipid ratio and fibrous cap thickness, which are
reliable indicators of plaque stability, were also significantly increased
in GSK2795039-treated ApoE/~ mice (Fig. 1C). These data suggested
that NOX2 inhibition stabilizes rupture-prone vulnerable plaques.

3.2. NOX2 inhibition enhanced macrophage efferocytosis in carotid
vulnerable plaques

Macrophage efferocytosis has been recognized as an important step
to remove the apoptotic cells, which facilitate the necrotic core forma-
tion and plaque rupture. To detect apoptosis and efferocytosis in plaque
areas and investigate whether NOX2 was involved in these processes,
sections of carotid plaques were co-stained for DNA fragmentation with
TUNEL staining and macrophage surface marker with CD68 antibody
(Fig. 2A). Compared with the vehicle group, the relative number of
lesional free apoptotic cells decreased on GSK2795039 intervention
(Fig. 2A). Meanwhile, macrophage-associated apoptotic cells, which
underwent efferocytosis, increased in plaque areas of GSK2795039
group (Fig. 2A), suggesting that NOX2 might play a role in the defective
macrophage efferocytosis in carotid vulnerable plaques.

3.3. NOX2 deficiency improves macrophage efferocytosis in response to
ox-LDL in vitro

To further explore the role and potential mechanism of NOX2 in
regulating efferocytosis, we did subsequent experiments focusing on
macrophage efferocytosis in vitro. Model of foam cell was first estab-
lished by pre-exposing RAW264.7 or BMDM cells to 50 pg/ml ox-LDL for
24 h as previously mentioned. Then, in line with animal experiments,
macrophages were first incubated with 50 pM GSK2795039 for 12 h
before incubating with apoptotic cells. We found GSK2795039 also
increased efferocytosis both in RAW264.7 and in BMDM cells
(Fig. 2B-D). Next, we generated a shRNA to mouse NOX2, which was
able to achieve significant knockdown of NOX2 in RAW264.7 cells. Of
note, the efferocytosis index was also significantly increased by NOX2
knockdown, consistent with previous results (Fig. 2E). Together, these
data indicate that, consistent with GSK2795039 treatment in vivo, NOX2
knockdown improved efferocytosis in vitro.

3.4. NOX2 induces defective macrophage efferocytosis through regulating
ROS

We further investigated whether ROS decrease mediated the bene-
ficial effects of NOX2 inhibition against vulnerable plaque rupture. First,
we demonstrated the functional validity of NOX2 inhibitor in vivo. We
detected ROS in the carotid plaques using 4-HNE immunostaining and
determined the serum biochemistry, oxLDL, MDA and SOD concentra-
tion. We found that GSK2795039 treatment resulted in a remarkable
decrease of 4-HNE positive area in the plaque, decrease of serum oxLDL,
decrease of serum MDA, and increase of serum SOD in mice (Fig. 3A).
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Then we detected ROS and efferocytosis by flow cytometry in vitro. It
showed that GSK2795039 treatment could decrease the level of ROS
both in RAW264.7 and BMDM cells (Fig. 3B and C). NOX2 knockdown
could also decrease the level of ROS, consistent with previous results
(Fig. 3D). Next, we generated NOX2 overexpression RAW264.7 cells
(Supplementary Fig. 3) with increased ROS. Treatment with 10 nM N-
Acetyl-1-cysteine (NAC), which is ROS scavenger, could alleviate
defective macrophage efferocytosis induced by NOX2 overexpression,
accompanying with decreased ROS (Fig. 3E and F). These data indicated
that ROS is the medium of NOX2 inducing defective macrophage
efferocytosis.

However, in addition to macrophages, NOX2 is also highly expressed
in neutrophils, which is also get defective due to high ROS production
and contributes to the increased mass of vulnerable plaques [20-22]. To
demonstrate the effect of ROS decrease on macrophage efferocytosis is
not disturbed by ROS decrease of neutrophils, we induced neutrophil
apoptosis and treated them with vehicle or 50 pM GSK2795039. BMDMs
in Vehicle and GSK2795039 group were then co-incubated with
apoptotic neutrophils respectively. It is found that when NOX2 was
inhibited in neutrophils, GSK2795039 can still enhance efferocytosis of
BMDM:s (Fig. 3G). These data indicate that the systemic effects seen in
ApoE ™/~ mice can be owing to macrophage-specific inhibition of NOX2
despite GSK2795039 also inhibited NOX2 in other cell types.

3.5. Deletion of NOX2 upregulates MerTK expression to improve
macrophage efferocytosis

Since the process of efferocytosis can be mainly divided into three
parts: apoptotic cell finding, apoptotic cell binding, apoptotic cell
internalization and degradation. To clarify the underlying mechanism of
NOX2 inhibition on promoted efferocytosis, we focused on the well-
known important macrophage-associated signal during these pro-
cesses, including MerTK, SRBI, LRP1, growth arrest-specific protein 6
(Gas6) and milk fat globule-eGF factor 8 (Mfge8), taking part in binding
molecules on the apoptotic cell surface or binding bridging molecules
that interact with the apoptotic cell surface [2,23]. After NOX2 knock-
down or overexpression in RAW264.7, we performed RT-PCR to eval-
uate the mRNA expression of MerTK, SRBI, LRP1, Gas6 and Mfge8 and
found that MerTK was most affected by NOX2 (Fig. 4A). Furthermore,
using western blotting, we confirmed the increased expression of
phospho-MerTK combining with NOX2 knockdown in RAW264.7
(Fig. 4B) and NOX2 inhibition in BMDMs (Fig. 4C). The decreased
expression of phospho-MerTK was also found after NOX2
over-expression. ROS scavenger, NAC, could also prevented the inacti-
vation of MerTK induced by NOX2 over-expression (Fig. 4D). Mean-
while, inhibiting the phosphorylation of MerTK with UNC2025, the
protecting role of NOX2 knockdown in the efferocytosis of RAW264.7
faded (Fig. 4E).

Furthermore, we verified the effects of NOX2 inhibition on macro-
phage MerTK in vivo. Increased MerTK expression of macrophages was
observed in the carotid plaques of ApoE’~ mice treated with
GSK2795039 (Fig. 4F). Overall, these results indicate that NOX2 inhi-
bition decreases ROS, increases MerTK expression and finally promotes
efferocytosis.

3.6. Deletion of NOX2 in macrophages enhanced efferocytosis via the
PI3K/AKT pathway

The PIBK/AKT pathway has been identified as a critical regulatory
factor in macrophage efferocytosis, and the phosphorylation of PI3K and
AKT is one of the several downstream signaling pathways of MerTK
activation [24,25]. Thus, we further investigated the effects of NOX2 on
PI3K/AKT phosphorylation/activation in macrophages. GSK2795039
significantly promoted PI3K/AKT phosphorylation in BMDMs (Fig. 5A).
Sh NOX2 significantly promoted PI3K/AKT phosphorylation (Fig. 5B)
and NOX2 over-expression decreased the activation of PI3K/AKT
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Fig. 1. NOX2 inhibition reduces vulnerable features in ApoE ™ mice.

A. Schematic protocol: ApoE ™~ mice received surgery to establish the model of rupture-prone vulnerable carotid plaques and were intragastric administrated with
Vehicle or GSK2795039 (a specific NOX2 inhibitor, 10 mg/kg per day) for 8 weeks (n = 10 per group). Micro-ultrasound images were obtained at day 28 and 56. B.
Long-axis views of the left common carotid arterial segments by micro-ultrasound 4 weeks and 8 weeks after surgery. Ultrasound-derived maximal systolic velocity
(Vmax), ultrasound-derived plaque intimal-medial thickness (IMT), eccentric index (EI) and blood flow were quantified in the vehicle- and GSK2795039-treated
ApoE~/~ mice. n = 6 per group. *P < 0.05 versus Vehicle. C. Representative photomicrographs of the left common carotid arterial segments at 8 weeks after
surgery. Representative carotid artery cross-sections were stained with HE, Masson, Oil red O and «-SMA staining. In HE staining, dashed lines encircle intraplaque
hemorrhage and the asterisks indicate necrotic cores. Quantification of the atherosclerotic lesion area, necrotic core area, plaque collagen and lipid content were
displayed in the corresponding histogram. Plaque stability was assessed by the collagen-to-lipid ratio and minimal cap thickness. Minimal cap thickness was
measured at the thinnest region of the fibrotic cap (indicated by the red arrows in a-SMA staining) surrounding the necrotic core (encircled by the dashed lines) in
a-SMA staining. n = 6 per group. *P < 0.05 versus Vehicle. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
\:ersion of this article.)
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Fig. 2. NOX2 inhibition enhanced macrophage efferocytosis in vivo and in vitro.

A. Representative immunofluorescence staining of apoptosis and efferocytosis in carotid sections. Apoptotic cells were stained with TUNEL (green) and macrophages
were stained with an anti-CD68 antibody (red). Dashed lines encircle the lumen in the first column of A. Dotted squares (the second column in A) indicate the
corresponding part of the enlarged pictures (the third column in A). In the third column, yellow asterisks show examples of macrophage-associated apoptotic cells,
whereas green asterisks indicate free apoptotic cells. Quantification of lesional apoptotic cells (percentage of total cells) and quantification of lesional efferocytosis
index were shown in the histograms. The efferocytosis index is the free apoptotic cells/macrophage-associated apoptotic cells. n = 6 per group. *P < 0.05 versus
Vehicle. B. Representative probe staining of efferocytosis in RAW264.7. Macrophage labeled by CellTrackerTM Deep Red (red) was cocultured with CFDA SE (green)
labeled apoptotic Jurkat. Arrows in the fourth column of B indicates efferocytosis - macrophages with engulfed apoptotic Jurkats. C. Representative flow cytograms
of efferocytosis in Vehicle and GSK2795039 group, with RAW264.7 labeled with CellTrackerTM Deep Red and Jurkats labeled with CFDA SE. Quantification of
efferocytosis index in RAW264.7. The efferocytosis index is the double positive cells (Q2)/macrophage cells (Q2+ Q3) and relative to the Vehicle. n = 6 per group.
*P < 0.05 versus Vehicle. D. Representative flow cytograms of efferocytosis in Vehicle and GSK2795039 group, with BMDM labeled with CellTrackerTM Deep Red
and apoptotic cells labeled with CFDA SE. Quantification of efferocytosis index in BMDM. The efferocytosis index is the double positive cells (Q2)/macrophage cells
(Q2+ Q3) and relative to the Vehicle. n = 6 per group. *P < 0.05 versus Vehicle. E. Representative flow cytograms of efferocytosis in Sh Control and Sh NOX2 group,
with RAW264.7 labeled with CFDA SE and Jurkats labeled with CellTrackerTM Deep Red. Quantification of efferocytosis index. The efferocytosis index is the double
positive cells (Q2)/macrophage cells (Q2+ Q3) and relative to the Sh Control. n = 6 per group. *P < 0.05 versus Sh Control. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. NOX2 induces defective macrophage efferocytosis through regulating ROS.

A. Representative immunofluorescence staining of 4-HNE in mouse carotid sections. Quantification of fluorescence intensity of 4-HNE in mouse carotid plaque.
Quantification of oxLDL, MDA and SOD concentration in mouse serum. n = 6 per group. *P < 0.05 versus Vehicle. B. Representative flow cytograms of ROS level
with DCFH-DA staining of RAW264.7. Quantification of ROS relative to Vehicle. C. Representative flow cytograms of ROS level with DCFH-DA staining of BMDMs.
Quantification of ROS relative to Vehicle. n = 6 per group. *P < 0.05 versus Vehicle. D. Representative flow cytograms of ROS level with DHE staining in group of Sh
Control and Sh NOX2. Quantification of ROS relative to Sh Control. n = 6 per group. *P < 0.05 versus Sh Control. E. Representative flow cytograms of efferocytosis in
RAW264.7 (treated with Control vector or NOX2 plasmid) with macrophages labeled with CFDA SE and Jurkats labeled with CellTrackerTM Deep Red. Quantifi-
cation of efferocytosis index. The efferocytosis index is the double positive cells (Q2)/macrophage cells (Q2+Q3) and relative to the Control Vector Vehicle. n = 6 per
group. *P < 0.05 versus Control Vector Vehicle. *P < 0.05 versus NOX2 Plasmid Vehicle. F. Representative flow cytograms of ROS level with DHE staining of
RAW264.7. Quantification of ROS relative to Control Vector Vehicle. n = 6 per group. *P < 0.05 versus Control Vector Vehicle. *P < 0.05 versus NOX2 Plasmid
Vehicle. G. Representative flow cytograms of efferocytosis in BMDMs with macrophages labeled with CellTrackerTM Deep Red and neutrophils labeled with CFDA
SE. Neutrophils were treated with vehicle or 50 uM GSK2795039 for 12 h. Then apoptosis of neutrophils was induced by UV exposure (30 mJ/cm?, 75min), followed
by incubation for 3.6 h (37 °C, 5% CO, atmosphere), a time sufficient to generate late apoptosis. Finally, apoptotic neutrophils were co-cultured with BMDMs.
Quantification of efferocytosis index. The efferocytosis index is the double positive cells (Q2)/macrophage cells (Q2+Q3) and relative to the neutrophil Vehicle and
BMDM Vehicle. n = 6 per group. *P < 0.05 versus neutrophil Vehicle and BMDM Vehicle. #P < 0.05 versus neutrophil GSK2795039 and BMDM Vehicle. (For

interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

(Fig. 5C). Exposing macrophages to UNC2025, a novel MerTK-selective
small-molecule tyrosine kinase inhibitor, significantly reduced
PI3K/AKT activation, which indicates PISK/AKT activation being
MerTK-mediated downstream signaling (Fig. 5B). Then to clarify the
role of ROS as a medium in NOX2 regulating efferocytosis, the effect of
NAC treatment on PI3K/AKT activation was explored in RAW264.7 with
NOX2 overexpression. NAC treatment could alleviate decreased
PI3K/AKT activation in NOX2 overexpressed macrophage (Fig. 5C).
Furthermore, we verified the effects of NOX2 inhibition on pAKT in
vivo. Accordingly, increased pAKT expression was observed in the ca-
rotid plaques of ApoE ™~ mice treated with GSK2795039 (Fig. 5D).

4. Discussion

Vulnerable plaques in atherosclerosis often cause acute cardio-
cerebral vascular events. It has been emphasized the need for a deeper
understanding on the mechanism of vulnerable plaques and a new
therapeutic strategy. Though the roles of NOX2 in atherosclerosis have
been well established, whether there exists any crosstalk between NOX2
and efferocytosis, and the consequences of this crosstalk in mediating
plaque vulnerability has not been known. In this study, we provided new
insights into the regulatory role of NOX2-ROS-MerTK axis in the
macrophage efferocytosis and demonstrated the therapeutic potential of
NOX2 inhibition in stabilizing rupture-prone plaques (see the scheme in
Fig. 6). We demonstrated that NOX2 inhibition alleviated vulnerable
characteristics, such as lipid-rich plaque, intraplaque hemorrhage, a thin
fibrous cap and necrotic core formation. Moreover, NOX2 inhibition
stabilized rupture-prone plaques by facilitating efferocytosis of intra-
plaque macrophages through MerTK. Further analysis in mouse
macrophage confirmed the role of NOX2-ROS-MerTK axis in regulating
macrophage efferocytosis by regulating the PI3K/AKT pathway. In
summary, our data provided novel evidence that NOX2 inhibition pro-
tects against vulnerable plaque rupture by regulating macrophage
efferocytosis, of which MerTK is an important mediator.

NOX2 (also known as gp91phox or cytochrome b-245 heavy chain)
was the first member of the NOX family to be discovered [26]. So far, it
has also been recognized as the predominant source of ROS in athero-
sclerosis [27]. Roles of NOX2 in atherosclerosis have been investigated
in genetically modified animal models on the background of ApoE ™",
indicating that selective inhibition of NOX2 decreases aortic superoxide
production and causes regression of vascularization and the size of
atherosclerotic plaques [4,28,29]. However, the size of atherosclerotic
plaques could not satisfied predict the risk of atherosclerotic plaques. It
is of great importance to understand the mechanisms that induce plaque
vulnerability [30,31]. Therefore, it is necessary to evaluate the ability of
NOX2 inhibition to stabilize unstable plaques and prevent plaque
rupture. In this study, we inhibited NOX2 with its novel small molecule
inhibitor, GSK2795039, in a mouse model of rupture-prone vulnerable
carotid plaques. GSK2795039 is the first small molecule identified that

selectively inhibits NOX2 over other NOX isoforms in vivo [32,33].
Hirano K, et al. has proved that GSK2795039 inhibited both the for-
mation of ROS and the utilization of the enzyme substrates, NADPH and
oxygen [32]. It inhibited both NOX2 and ROS produced by NOX2 and
was selective over other NOX isoforms, xanthine oxidase, and endo-
thelial nitric oxide synthase enzymes. GSK2795039 showed activity in a
murine model of acute pancreatitis, but it has been not used in athero-
sclerotic model yet [32]. Therefore, GSK2795039 is a good choice for
this study to selectively inhibit NOX2 and explore the function of NOX2
inhibition. Here, we extended upon the established vasoprotective ef-
fects of NOX2 inhibition on atherosclerosis, by demonstrating that
NOX2 inhibition stabilized vulnerable plaque by micro-ultrasound im-
aging and pathological staining.

Of note, endothelium-specific overexpression of NOX2 did not
further accelerate the progression of atherosclerosis in ApoE ™/~ mice
[34]. These results indicate that NOX2 has critical roles in atheroscle-
rosis and cell type-specific contributions, except for endothelium, of
NOX2-derived ROS warrant further investigation. Then we focused on
the macrophages in the plaque, which play an important role during the
process of oxidative stress. It is known that programmed cell death
increased during atherosclerosis. But initially, macrophage has suffi-
cient capacity to deal with this increase in apoptosis, which is so-called
efferocytosis. Efferocytosis begins to fail in advanced plaques, leading to
an accumulation of secondarily necrotic cells in an area of the plaque
called the necrotic core [12,35]. Given macrophage both taking part in
oxidative stress and efferocytosis, we suspect that NOX2 inhibition may
affect macrophage efferocytosis and we indeed found that NOX2 inhi-
bition alleviates defective efferocytosis in the carotid plaque by in situ
lesional apoptosis and efferocytosis assay. Further, we conducted NOX2
gene knockdown and overexpression in cell line to validate its effect on
efferocytosis. For the first time, we provide evidence that NOX2 inhi-
bition promotes the stability of plaque by alleviating defective macro-
phage efferocytosis.

Though genetically modified hyperlipidemic mouse models have
extensively been used to understand the mechanisms underlying the
formation of atherosclerosis. These models only develop atherosclerosis
and exhibit features similar to those of early human atherosclerosis and
some features of advanced plaques [31]. The formation of necrotic core,
intraplaque hemorrhage and plaque rupture are rarely observed in these
genetically modified hyperlipidemic mouse models. Therefore, to
explore the stability of atherosclerotic plaque, approaches to generate
plaque de-stabilization based on surgical manipulation have been used
in this study. The alteration of blood flow by performing the branch
ligation of the LCCA induces local low shear stress in the carotid arteries
and accelerates atherosclerosis and plaque vulnerability. Moreover, Jin
SX, et al. proved that partly ligating the left renal artery can induce
renovascular hypertension with endogenously increased angiotensin II
production and accelerate plaque vulnerability [6]. Finally, at 4 weeks
after surgery, the vulnerable plaque model was established and was
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Fig. 4. NOX2 inhibition enhanced macrophage efferocytosis by regulating MerTK.
A. mRNA expression of MerTK, Mfge8, Gas6, SRB1 and LRP1 in RAW246.7 with NOX2 knockdown or overexpression. n = 6 per group, *P < 0.05 versus Sh Control or
Control Vector. B, C and D. Western blotting was conducted on cell lysates with antibodies against p-MerTK, total MerTK (t-MerTK) and GAPDH. Relative densities of
phosphorylated MerTK compared with total MerTK are shown as histograms. Relative densities of total MerTK compared with GAPDH are shown as histograms. n = 3
per group, *P < 0.05 versus Sh Control in B. *P < 0.05 versus Vehicle in C. *P < 0.05 versus Control Vector Vehicle in D, *P < 0.05 versus NOX2 Plasmid Vehicle in
D. E. Representative flow cytograms of efferocytosis in Sh NOX2 RAW264.7 with macrophages labeled with CFDA SE and Jurkats labeled with CellTrackerTM Deep
Red. Efferocytosis index was shown in the histograms. n = 6 per group, *P < 0.05 versus Sh NOX2. F. Representative photographs of carotid artery sections that were
immunostained with CD68 antibodies (red) to label macrophages, and MerTK antibodies (green) to identify MerTK + macrophages. Quantification of the percentage
of MerTK" cells in the CD68" area of arteries from GSK2795039-treated mice compared with that from vehicle-treated mice. n = 6 per group, *P < 0.05 versus
Vehicle. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

verified by ultrasound imaging parameters.

To further explore the mechanism of NOX2 mediating macrophage
efferocytosis, we first measured the level of ROS in macrophages with
NOX2 knockdown and overexpression. Then we found that ROS scav-
enger NAC treatment, could alleviate defective macrophage

efferocytosis induced by NOX2 overexpression. All these results linked
ROS directly to the defects in efferocytosis. Since the process of effer-
ocytosis involves several phases: AC finding, AC binding, AC internali-
zation and AC degradation. AC finding is mainly regulated by
chemokines released from AC to induce rapid mobilization of efferocytic
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Fig. 5. Deletion of NOX2 in macrophages enhanced defective efferocytosis via the PI3K/AKT pathway

A, B and C. Western blotting was conducted on cell lysates with antibodies against p-PI3K, total PI3K (t- PI3K), p-AKT, total AKT (t- AKT), and GAPDH. Relative
densities of phosphorylated PI3K compared with total PI3K are shown as histograms. Relative densities of phosphorylated AKT compared with total AKT are shown as
histograms. Relative densities of total PI3K and total AKT compared with GAPDH are shown as histograms. n = 3 per group, *P < 0.05 versus Vehicle in A. *P < 0.05
versus Sh Control Vehicle in B. #P < 0.05 versus Sh NOX2 Vehicle in B. *P < 0.05 versus Control Vector Vehicle in C, P < 0.05 versus NOX2 Plasmid Vehicle in C.
The phosphorylated site of AKT was Ser473 and the phosphorylated site of PI3K was p85 (Tyr458). D. Representative photographs of carotid artery sections that were
immunostained with pAKT antibodies (green). Quantification of pAKT positive area in the plaque. n = 6 per group, *P < 0.05 versus Vehicle. (For interpretation of

the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. The effect of NOX2 on efferocytosis and its
inhibition stabilizes vulnerable plaque.

One of the most characteristic hallmarks of vulner-
able plaque is the necrotic core, which is caused by
impaired removal of apoptotic cells in the diseased
blood vessel. Macrophages recognize and internalize
ox-LDL to eventually become lipid-laden foam cells
and NOX2 is inhibited to produce ROS. Excess ROS
inhibits MerTK activation, which is an important
macrophage receptor to facilitate binding apoptotic
cells in efferocytosis. Finally, foam cells accumulate
to promote lesion expansion, and apoptotic cells un-
dergo secondary necrosis to accelerate lesion
instability.

Macrophage

immune cells. Then, phagocytes engage AC through cell-surface re-
ceptors that either directly bind molecules on the AC surface or bind
bridging molecules that interact with the AC surface. Finally, the liga-
tion of efferocytosis receptor triggers intracellular signaling leading to
Racl activation, actin polymerization, and AC engulfment [23,36,37].
AC binding is an important process bridging ACs and efferocytes [2],
during which MerTK [38,39], LRP-1 [40], SR-B1 [24] and their bridging
molecules, such as Gas6 [41], Mfge8 [42] have been suggested to have a
role in atherosclerosis. So, the interaction between NOX2 and
efferocytosis-related molecules need to be further explored.

MerTK, which has been shown expressing predominantly in phago-
cytic cells, has been identified a decreased macrophage expression in
advanced plaques, and defective macrophage MerTK function impairs
efferocytosis and promotes plaque necrosis [7,38]. After intervention of
NOX2 expression, we also found that MerTK was affected by NOX2 in
efferocytosis both in vivo and in vitro. Importantly, we provided evidence
that loss of NOX2 increases efferocytosis and MerTK inhibitor reverses
the protection of NOX2 inhibition in vitro, demonstrating a critical role
for NOX2 inhibition in efferocytosis, which may be mediated by its

11

impact on MerTK expression. Furthermore, inhibiting phosphorylation
of MerTK with UNC2025, a novel MerTK-selective small-molecule
tyrosine kinase inhibitor, reduced activation of MerTK-mediated
downstream signaling, PI3K/AKT pathway [43,44], and impaired
efferocytosis of macrophage. This supports a mechanism in which NOX2
inhibition promotes efferocytosis by activating MerTK and its down-
stream signaling to stabilize vulnerable plaques.

However, the present study has several limitations. First, in the
study, we observed that NOX2 inhibition enhanced plaque stability and
the interplay between NOX2 and macrophage efferocytosis. But the
molecular basis of ROS-MerTK inter-connectivity remains to be
addressed. Previous studies showed that the ectodomain of MerTK could
be cleaved by the metalloproteinase ADAM17 [45,46]. This process
disables MerTK, and the cleavage product, soluble Mer, would
competitively inhibit the interaction of intact MerTK with its ligands
which binds externalized phosphatidylserine on AC [47]. MerTK
engagement triggers AC internalization via cytoskeletal signaling [48].
Whether these process, MerTK cleavage and cytoskeletal signaling, are
regulated by NOX2 and ROS to interfere in efferocytosis needs further
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investigation. Second, though NOXs are the predominant sources of ROS
in cardiovascular system, different NOX isoforms have their specific
effects on atherosclerosis. The role of other isoforms, NOX1 and NOX4 in
efferocytosis still need to be further explored. Also, there are mainly
three parts of efferocytosis: apoptotic cell finding, apoptotic cell bind-
ing, apoptotic cell internalization and degradation. This study explored
NOX2 mediates MerTK which plays an important role in binding AC.
Whether NOX2 takes part in the process of AC internalization and AC
degradation still need to be further explored.

5. Conclusion

The present study unveils a previously unrecognized role of NOX2 in
modulating macrophage efferocytosis in rupture-prone vulnerable pla-
ques by mediating ROS and MerTK. In conclusion, the identification of
NOX2 as a novel mediator regulating macrophage efferocytosis in
vulnerable plaques might broaden our understanding of the therapeutic
value of oxidative stress inhibition in stabilizing rupture-prone vulner-
able plaques.
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