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Background: Acute lung injury (ALI) is a severe life-threatening inflammatory disease. Neutrophil activation is a
major pathogenic factor in ALI. Protein kinase B (PKB)/AKT regulates diverse cellular responses, but the signifi-
cance in neutrophilic inflammation and ALI remains unknown.
Methods: Human neutrophils and neutrophil-like differentiated HL-60 (dHL-60) cells were used to examine the
anti-inflammatory effects of 5,7-dimethoxy-1,4-phenanthrenequinone (CLLV-1). The therapeutic potential of
CLLV-1 was determined in a mouse model of lipopolysaccharide (LPS)-induced ALI.
Findings: CLLV-1 inhibited respiratory burst, degranulation, adhesion, and chemotaxis in human neutrophils and
dHL-60 cells. CLLV-1 inhibited the phosphorylation of AKT (Thr308 and Ser473), but not of ERK, JNK, or p38. Fur-
thermore, CLLV-1 blocked AKT activity and covalently reacted with AKT Cys310 in vitro. The AKT309–313 peptide-
CLLV-1 adducts were determined by NMR or mass spectrometry assay. The alkylation agent-conjugated AKT
(reduced form) level was also inhibited by CLLV-1. Significantly, CLLV-1 ameliorated LPS-induced ALI, neutrophil
infiltration, and AKT activation in mice.
Interpretation: Our results identify CLLV-1 as a covalent allosteric AKT inhibitor by targeting AKT Cys310. CLLV-1
shows potent anti-inflammatory activity in humanneutrophils and LPS-inducedmouse ALI. Ourfindings provide
a mechanistic framework for redox modification of AKT that may serve as a novel pharmacological target to al-
leviate neutrophilic inflammation.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Neutrophils are the first line of host defense in the innate immune
response. They are chemoattracted to inflammatory regions in response
to infection, and they subsequently eliminate invading pathogens
atural Products, Chang Gung
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through respiratory burst, degranulation, and neutrophil extracellular
traps (NETs). However, overwhelming neutrophil activation plays a
critical role both in infective and sterile inflammation [1–4]. The reactive
oxygen species (ROS) and proteases released by activated neutrophils
can damage healthy surrounding tissues, resulting in deleterious
inflammatory lung diseases, such as acute lung injury (ALI), chronic
obstructive pulmonary disease, or asthma [5–8].

Pathogen recognition or an inflammatory environment triggers
many critical intracellular signal processes through surface receptors
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

Acute lung injury (ALI) is a severe life-threatening disease with
high mortality. Neutrophil infiltration and activation play a critical
role in ALI. Protein kinase B (PKB)/AKT controls diverse cellular re-
sponses. However, the role of AKT in regulating neutrophil func-
tions is not well understood, and the targeting AKT for ALI
remains unknown.

Added value of this study

We identify that 5,7-dimethoxy-1,4-phenanthrenequinone (CLLV-
1) acts as a covalent allosteric AKT inhibitor by targeting AKT
Cys310. CLLV-1 showed anti-inflammatory effects by suppress-
ing neutrophil respiratory burst, degranulation, adhesion, and che-
motaxis. Significantly, CLLV-1 ameliorated neutrophil infiltration,
AKT activation, and lung injury in LPS-induced mouse ALI
model. These results demonstrated that the targeting AKT in
human neutrophils has the potential to treat ALI, and CLLV-1
may serve as a novel AKT inhibitor by targeting redox regulatory
site of AKT.

Implications of all the available evidence

This study has provided evidences that AKT Cys310 is a pharma-
cological target for treating neutrophilic inflammatory diseases.
CLLV-1 is a novel allosteric AKT inhibitor. CLLV-1 could act as a
lead compound for treating ALI.
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in neutrophils [9–12]. The serine/threonine-specific protein kinase,
protein kinase B (PKB)/AKT, has been reported to regulate the neu-
trophil immune responses, including respiratory burst, degranulation,
and chemotaxis [13–15]. In human neutrophils, activated AKT phos-
phorylates p47phox, a component of nicotinamide adenosine dinucle-
otide phosphate (NADPH) oxidase, to initiate respiratory burst
[16–18]. Pharmacological inhibition of phosphoinositide 3-kinase
(PI3K)/AKT signaling reduces leukocyte degranulation [19,20]. AKT
also stabilizes F-actin polymerization to enhance the chemotaxis of
activated neutrophils [18,21,22]. Therefore, AKT may be a potential
pharmacological target to treat neutrophilic inflammation. In addition
to the well-known regulatory phosphorylation, AKT is inactivated
through an intra-disulfide bond between Cys296 and Cys310 in the
catalytic domain to cause misleading conformation along with de-
phosphorylation [23–26]. However, the mechanistic details of
whether redox-controlled AKT activity contributes to neutrophilic in-
flammation remains to be explored.

In this study, we identified that 5,7-dimethoxy-1,4-
phenanthrenequinone (CLLV-1) (Fig. 1a) is a AKT inhibitor via a redox
reaction with the Cys310 residue of AKT to block its kinase activity.
CLLV-1 has been shown to exhibit anti-cancer activity and anti-
vascular cell migration effect [27,28]. However, the underlying mecha-
nism and direct target of CLLV-1 are unknown. Here, we found that
CLLV-1 has an anti-inflammatory potential to impede respiratory
burst, degranulation, and chemotaxis in activated human neutrophils
or neutrophil-like differentiated HL-60 (dHL-60) cells. Moreover,
administration of CLLV-1 ameliorated the inflammatory lung injury in
lipopolysaccharide (LPS)-induced ALI in mice. Our findings demon-
strate that redox modification of AKT may be a novel pharmacological
strategy for suppressing neutrophil-dominant lung disorders. We also
suggest that CLLV-1 has the potential to be developed as an anti-
inflammatory drug.
2. Materials and methods

2.1. Reagents

CLLV-1 was synthesized by Dr. Chia-Lin Lee, Dr. Fang-Rong Chang,
and Dr. Yang-Chang Wu [28]. The CLLV-1 structure was determined
by 1H nuclear magnetic resonance (NMR) spectrum analysis (Fig. 6c).
The purity of CLLV-1 was higher than 96% as determined by high-
performance liquid chromatography. MK-2206 was purchased from
Selleckchem (Houston, TX, USA).WKYMVmwas purchased from Tocris
Bioscience (Ellisville, MO, USA). FITC-labeled anti-CD11b, anti-Ly-6G,
and anti-myeloperoxidase (MPO) antibodies were purchased from
eBioscience (San Diego, CA, USA). The antibodies against p38 or
p47phox and protein G beads were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). Anti-phospho-p47phox antibodies were
purchased from Abcam (Cambridge, MA, USA). Anti-PIP3 antibodies
were purchased from Echelon Biosciences (Salt Lake City, UT, USA).
Nonradioactive AKT kinase assay kit, anti-Akt (pan), anti-phospho-Akt
(Ser473), anti-phospho-Akt (Thr308), and other antibodies were pur-
chased from Cell Signaling (Beverly, MA, USA). RPMI 1640, DMEM, L-
glutamine, Antibiotic-Antimycotic, dihydrorhodamine 123 (DHR123),
N-formyl-Nle-Leu-Phe-Nle-Tyr-Lys (fNLFNYK), Alexa Fluor 594
Phalloidin, andHoechst 33342were purchased from Thermo Fisher Sci-
entific (Waltham, MA, USA). Fetal bovine serum (FBS) was purchased
from Biological Industries (Beth Haemek, Israel). Other regents were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Neutrophil isolation and cell culture

The procedure of neutrophil isolation was approved by the Institu-
tional Review Board at Chang Gung Memorial Hospital. Neutrophils
were isolated by dextran sedimentation and Ficoll-Hypaque centrifuga-
tion. Blood was obtained from healthy volunteers (20–35 years old),
and written informed consent was obtained from every volunteer. The
purified neutrophils contained N98% viable cells, determined by trypan
blue exclusion assay [29].

bEnd.3 endothelial cells (ECs) were obtained from the Bioresource
Collection and Research Centre (Hsinchu, Taiwan) and cultured in
DMEM media supplemented with 10% FBS and 1× Antibiotic-
Antimycotic. The human promyelocytic leukemic HL-60 cell line was
purchased from ATCC and cultured in RPMI 1640 medium supple-
mented with 20% FBS, 2 mM L-glutamine, and 1× Antibiotic-
Antimycotic. Both cell lines were grown in a humidified atmosphere
(37 °C, 5% CO2). The HL-60 cells were differentiated to neutrophil-like
cells (dHL-60 cells) by a 5-day treatmentwith 1.3%DMSO in the growth
medium.

2.3. Extracellular superoxide anion production

Human neutrophils (6 × 105 cells/mL) or dHL-60 cells (1 × 106 cells/
mL) were equilibrated with 0.5 mg/mL ferricytochrome c and 1 mM
Ca2+ at 37 °C for 5 min. The cells were then preincubated with DMSO,
CLLV-1, or MK-2206 and stimulated with N-Formyl-Met-Leu-Phe
(fMLF), sodium fluoride (NaF), or WKYMVm before being primed
with cytochalasin B (CB; 1 or 2 μg/mL) for 3 min. The superoxide
anion was determined using a spectrophotometer (Hitachi, Tokyo,
Japan) at 550 nm.

2.4. Intracellular ROS formation

DHR123 (2 μM)-labeled human neutrophils or dHL-60 cells (1 × 106

cells/mL) were incubated at 37 °C for 10 min. Subsequently, the cells
were pretreated with DMSO or CLLV-1 for 5 min and activated by
fMLF (0.1 μM)/CB (1 μg/mL) for another 5min. The intracellular ROS for-
mation was determined using a flow cytometer (BD Bioscience).



Fig. 1. CLLV-1 attenuates superoxide anion generation, ROS formation, and p47phox phosphorylation in fMLF-activated human neutrophils. (a) The chemical structure of CLLV-1. (B–C)
Human neutrophils were preincubated with DMSO or CLLV-1 (0.03–3 μM) and then activated with or without fMLF (0.1 μM)/CB (1 μg/mL). (b) Superoxide anion generation was
detected using cytochrome c reduction by a spectrophotometer at 550 nm. (c) The intracellular ROS was monitored by flow cytometry, using cell-permeable DHR123.
(d) Phosphorylation of p47phox was analyzed by immunoblotting, using antibodies against the phosphorylated (S304) and total p47phox. All data are expressed as mean values ± SEM
(n = 3); *p b .05, **p b .01, and ***p b .001 compared with the DMSO + fMLF group (Student's t-test).
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2.5. Elastase release

Human neutrophils (6 × 105 cells/mL) were equilibrated with an
elastase substrate (MeO-Suc-Ala-Ala-Pro-Val-p-nitroanilide; 100 μM)
at 37 °C for 5 min and then incubated with DMSO, CLLV-1, or MK-
2206 for 5 min. The cells were then activated by fMLF, NaF, WKYMVm,
interleukin-8 (IL-8), or leukotriene B4 (LTB4) for a further 10 min. CB
(0.5 or 2 μg/mL) was added 3 min before stimulation. Elastase release
was determined by spectrophotometry at 405 nm.
2.6. CD11b expression

Neutrophils (5 × 106 cells/mL) were preincubated with DMSO or
CLLV-1 for 5 min and activated by fMLF (0.1 μM)/CB (0.5 μg/mL) for
another 5 min. The cell pellets were then resuspended in 5% bovine
serum albumin (BSA) containing FITC-labeled anti-CD11b antibodies
(1 μg) at 4 °C for 90 min. The fluorescence intensity was measured by
flow cytometry.
2.7. Western blotting

Human neutrophils were preincubated with DMSO or CLLV-1 at 37
°C for 5 min and then activated by fMLF, NaF, WKYMVm, IL-8, or LTB4
before being primed with CB. The reaction was stopped using the sam-
ple buffer (62.5 mM pH 6.8 Tris-HCl, 4% SDS, 5% β-mercaptoethanol,
2.5 mM Na3VO4, 0.00125% bromophenol blue, 10 mM di-N-pentyl
phthalate, and 8.75% glycerol) at 100 °C for 15 min. The cell lysates
were separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel
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electrophoresis (PAGE), and assayedby immunoblottingwith the corre-
sponding antibodies, followed by incubation with horseradish
peroxidase-conjugated secondary anti-rabbit or anti-mouse antibodies.
The labeled proteins were measured using an enhanced chemilumines-
cence system (Amersham Biosciences, Piscataway, NJ, USA).

2.8. Phosphatidylinositol (3,4,5)-trisphosphate (PIP3) and F-actin
expression

Neutrophils or dHL-60 cells (5 × 106 cells/mL) were preincubated
with DMSO or CLLV-1 for 5 min and then activated by fMLF (0.1 μM)/
CB (1 μg/mL). The reaction was stopped by 4% paraformaldehyde at
25 °C for 20 min and then permeabilized with 0.1% Triton-X-100. For
F-actin staining, cells were incubated with Alexa Fluor 594 Phalloidin
in Hank's balanced salt solution (HBSS) containing 2% BSA at 25 °C for
60 min. For PIP3 expression, cells were incubated with anti-PIP3 anti-
bodies and FITC-labeled anti-mouse IgG antibodies in HBSS containing
2% BSA at 25 °C for 60 min, respectively. The fluorescence intensity
was monitored using flow cytometry.

2.9. AKT kinase assay

The AKT activity was determined using the non-radioactive AKT ki-
nase assay kit according to themanufacturer's protocol. In brief, dHL-60
cells were activated by fMLF (0.1 μM)/CB (1 μg/mL), and the active AKT
in the cell lysate was immunoprecipitated with immobilized AKT
primary antibodies. The precipitated AKT was treated with DMSO,
CLLV-1, or MK-2206 at 30 °C for 15 min and then incubated with ATP
and GSK-3 fusion protein as a kinase substrate at 30 °C for 30 min. The
reaction was stopped by 3 × SDS sample buffer at 100 °C for 5 min.
The phosphorylation of the GSK-3 fusion protein was determined by
western blot.

2.10. Molecular docking

CLLV-1 was docked on AKT proteins by docking optimization
(CDOCKER) and optimized with the CHARMm force field using Discov-
ery Studio 4.1 (DS) (BIOVIA, San Diego, CA). The binding of CLLV-1 and
AKT1 with the most favorable energy was estimated with -CDOCKER
(−kcal/mol). The crystal structure of AKT1 was obtained from the Pro-
tein Data Bank (PDB; accession code 4ekl). The 3D structure of CLLV-1
was drawn using ChemDraw Ultra 9.0.

2.11. NMR spectrum analysis

CLLV-1 (1 mg) or synthetic AKT peptides (1 mg) were dissolved in
0.5 mL DMSO d6. The mixtures of CLLV-1 (0.5 mg) and AKT peptides
(1 mg) were vigorously mixed in 0.6 mL DMSO d6 and incubated at
25 °C for 1 h. The 1H NMR spectra were acquired using a Bruker
AVANCE-400MHz FT-NMR spectrometer (Bruker BioSpin GmbH, Biller-
ica, MA).

2.12. Mass spectrometer (MS) analysis

Synthetic AKT peptides were dissolved in PBS. The mixtures of AKT
peptides (120 μM) and CLLV-1 (60 μM) were incubated at 25 °C for
2 h. The AKT peptides and their CLLV-1 adducts were detected using
matrix-assisted laser desorption/ionization time of flight mass spec-
trometer (MALDI-TOF MS). The AKT peptides and their CLLV-1 adducts
were mixed with α-Cyano-4-hydroxycinnamic acid (CHCA) matrix
(2 mg/mL in 80% acetonitrile containing 0.1% trichloroacetic acid) and
loaded onto an MTP AnchorChip™ 600/384 TF (Bruker Daltonics
GmbH, Bremen, Germany). After the crystallization of the peptides
and the matrix, the samples were analyzed by an Ultraflex™ MALDI-
TOF MS (Bruker Daltonics GmbH), controlled by the FlexControl
software (v.2.2; Bruker Daltonics GmbH). Data processing was
performed and monoisotopic peptide mass was acquired using the
FlexAnalysis 2.4 peak-picking software (Bruker Daltonics GmbH).

2.13. 4-acetamido-4′-maleimidylstilbene-2,2′-disulfonic acid (AMS) label-
ing assay

The redox states of the proteins were examined by conjugating free
thiol with AMS [23]. The cells were lysed in the buffer (50 mM Tris,
pH 7.4, 150 mM NaCl, 0.5% Triton-X-100, and 1× protease inhibitor
cocktail) and centrifuged at 12,000g for 10 min. The supernatants
were incubated with 30 mM AMS at 4 °C for 24 h and then mixed
with non-reducing sample buffer (62.5 mM pH 6.8 Tris-HCl, 4% SDS,
0.00125% bromophenol blue, and 8.75% glycerol) at 37 °C for 10 min.
The redox states of the proteins were determined by immunoblotting.

2.14. Immunoprecipitation

Cells were lysed in the buffer (50 mM Tris, pH 7.4, 150 mM NaCl,
0.5% Triton X-100, 1× protease inhibitor cocktail) and centrifuged at
12,000g for 10min. The supernatantswere incubatedwithAKT antibod-
ies bound to protein G beads. The beads were washed with buffer and
the precipitated proteins were assayed by immunoblotting.

2.15. Neutrophil adhesion and chemotactic migration assays

The bEnd.3 ECs were activated with LPS (2 μg/mL) for 4 h. Hoechst
33342-labeled neutrophils were preincubated with DMSO or CLLV-1
for 5 min and activated by fMLF (0.1 μM)/CB (1 μg/mL) for another
5 min. Activated neutrophils were then co-cultured with LPS-pre-acti-
vated bEnd.3 ECs for 30min. After gentlywashing, neutrophils adhering
to bEnd.3 ECs were randomly counted in 4 fields by microscopy (IX81;
Olympus, Center Valley, PA, USA) [29].

DMSO- or CLLV-1-pretreated neutrophils in the top
microchemotaxis chamber (Merck Millipore, Darmstadt, Germany)
were placed into the bottom well containing 0.1 μM fMLF. After
90 min, the migrated neutrophils were counted.

2.16. LPS-induced ALI

ALI was induced by intra-tracheal spray of 2 mg/kg LPS (Escherichia
coli 0111:B4) in seven to eight weeks old C57BL/6 male mice, according
to the guidelines and approved by Institutional Animal Care and Use
Committee of Chang Gung University, Taiwan. Mice were fasted over-
night and then intraperitoneally injected with CLLV-1 (10 mg/kg),
MK-2206 (10mg/kg) or an equal volume of DMSO (50 μl). After 1 h, tra-
cheostomy was performed under anesthesia (30 mg/kg Zoletil 50 and
6 mg/kg xylazine). Mice were instilled with an intra-tracheal spray of
2 mg/kg LPS (dissolved in 40 μl 0.9% saline) or 0.9% saline and kept in
a warm chamber to keep body temperature. After 6 h, the lungs were
fixed in 10% formalin for immunohistochemistry or frozen for MPO
activity.

2.17. MPO activity

The lung tissues were immersed in 10 mM PBS, pH 6.0, with 0.5%
hexadecyltrimethylammonium bromide and sonicated by a homoge-
nizer. The MPO activity was determined using MPO substrate buffer
(PBS, pH6.0, 0.2mg/mL o-dianisidine hydrochloride, and 0.001%hydro-
gen peroxide) and monitored the absorbance at 405 nm by a spectro-
photometer. The serial concentration of human MPO was used as a
standard curve to calculate the MPO activity. Total protein levels were
measured by the Bradford protein assay (Bio-Rad, Hercules, CA, USA).
The final MPO activity was normalized to the corresponding protein
concentration (U/mg).
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2.18. Immunohistochemistry (IHC)

Formalin-fixed paraffin-embedded tissue sections were used for
IHC. All slides were stained with hematoxylin and eosin (H&E) for mor-
phologic determination. The anti-MPO antibodies, anti-Ly6G antibodies,
anti-pAKT (S473) antibodies, or the SuperPicture kit (Thermo Fisher
Scientific) were used as the primary or secondary antibodies, following
a previously published protocol by Pathology Core of Chang Gung
University [30].

2.19. Statistical analysis

Data are presented as means ± SEM. Statistical analysis was per-
formed with SigmaPlot (Systat Software) using Student's t-test. P b .05
was considered statistically significant.

3. Results

3.1. CLLV-1 suppresses the inflammatory responses in fMLF-activated hu-
man neutrophils

To investigate the anti-inflammatory ability of CLLV-1, we first ex-
amined the effects of CLLV-1 on fMLF-induced respiratory burst, includ-
ing superoxide anion production, ROS formation, and NADPH oxidase
activation (p47phox phosphorylation) in human neutrophils. CLLV-1
dose-dependently inhibited superoxide anion generation and ROS for-
mationwith IC50 values of 0.058± 0.006 and 0.106± 0.022 μM, respec-
tively (Fig. 1b and c). Importantly, it did not induce LDH release,
suggesting that it did not cause membrane damage and cytotoxicity
(Fig. S1a). We further evaluated how CLLV-1 inhibited the superoxide
anion generation in fMLF-activated human neutrophils. In a cell-free
xanthine/xanthine oxidase system, CLLV-1 (0.1–3 μM) did not exhibit
a superoxide anion-scavenging ability. Superoxide dismutase (SOD)
was a positive control. Superoxide anion is produced byNADPHoxidase
in human neutrophils [17]. The isolated neutrophil membrane
and cytosol fractions were used to examine the inhibitory effect of
CLLV-1 onNADPHoxidase: CLLV-1 (0.3 and 3 μM)did not reduce super-
oxide anion production in SDS-reconstituted NADPH oxidase.
Diphenyleneiodonium (DPI; 10 μM), an NADPH oxidase inhibitor, was
a positive control (Fig. S1b-c). The phosphorylation of p47phox, a compo-
nent of NADPH oxidase, was repressed by CLLV-1 in fMLF-activated
human neutrophils (Fig. 1d), suggesting that the anti-inflammatory ef-
fect of CLLV-1 on respiratory burst may be through modulating up-
stream signaling of NADPH oxidase in human neutrophils.

Next, the effects of CLLV-1 on human neutrophil degranulation and
chemotaxis were determined. CLLV-1 repressed fMLF-induced elastase
release with an IC50 value of 0.172 ± 0.011 μM (Fig. 2a). In contrast, it
failed to alter the activity of elastase in a cell-free assay (Fig. S1d), sug-
gesting that it inhibited human neutrophil degranulation via the regula-
tion of intracellular signaling pathways. In addition, integrin CD11b
activation leads to neutrophils adhering to endothelial cells and subse-
quently induces neutrophil migration and infiltration. F-actin polymer-
ization at the leading edge in polarized neutrophils governs the
chemotaxis [22]. CLLV-1 decreased CD11b expression and F-actin as-
sembly in fMLF-activated human neutrophils and suppressed fMLF-
induced neutrophil adhesion to bEnd.3 ECs and migration (Fig. 2b-e
and Fig. S2). Together, CLLV-1 exhibits an anti-inflammatory potential
to alleviate neutrophilic inflammation, including respiratory burst, de-
granulation, and chemotaxis.

3.2. CLLV-1 ameliorates AKT activation in response to various stimuli in hu-
man neutrophils

This study aimed to identify the target protein of CLLV-1 in human
neutrophils. The fMLF mainly binds to formyl peptide receptor 1
(FPR1) to activate neutrophils through multiple intracellular signaling
pathways such as AKT and mitogen-activated protein kinases
(MAPKs) [31,32]. CLLV-1 (0.1–3 μM) did not compete with the fluores-
cently labeled fMLF analog fNLFNYK for FPR1 binding (Fig. S1e), ruling
out the effect of CLLV-1 on FPR1. Therefore, the activation of AKT, ERK,
JNK, and p38 was examined in fMLF-activated human neutrophils.
CLLV-1 inhibited the phosphorylation of AKT (Thr308 and Ser473),
but not of ERK, JNK, or p38 (Fig. 3). Because CLLV-1 selectively re-
strained AKT activation, we wondered whether CLLV-1 suppressed
AKT activation and inflammatory responses in different stimuli-
activated human neutrophils, includingNaF (direct G protein activator),
WKYMVm (FPR2 agonist), IL-8, and LTB4 [33]. Further, CLLV-1 signifi-
cantly inhibited NaF- andWKYMVm-induced superoxide anion genera-
tion in human neutrophils. It also showed an inhibitory effect on
elastase release in NaF-, WKYMVm-, IL-8-, and LTB4-activated human
neutrophils (Fig. S3). Notably, it significantly suppressed the activation
of AKT in human neutrophils activated by all tested stimuli (Fig. S4),
suggesting that AKT may be the target of CLLV-1 in human neutrophils.
Another potent AKT inhibitor, MK-2206 [34], also inhibited the super-
oxide anion generation and elastase release in fMLF-activated human
neutrophils (Fig. S5), supporting that inhibition of AKT is a potential
strategy to attenuate neutrophilic inflammation.

3.3. CLLV-1 inhibits the inflammatory responses and AKT activation in
fMLF-activated dHL-60 cells

HL-60 cells were exposure to DMSO for 5 days to differentiate into
neutrophil-like cells (dHL-60 cells). Usage of dHL-60 cells provided
enough cells for several biochemical experiments instead of limited pri-
mary human neutrophils. The increased FPR1 expression and cellular
morphology of dHL-60 were observed to represent the neutrophil-like
status (Fig. S6). CLLV-1 diminished superoxide anion generation and
intracellular ROS formation in fMLF-induced dHL-60 cells. It also
repressed the p47phox phosphorylation and F-actin polymerization in
fMLF-activated dHL-60 cells (Fig. S7), suggesting that dHL-60 cells
provide a good inflammatory model and that CLLV-1 still restrains the
respiratory burst and chemotaxis in fMLF-activated dHL-60 cells.
Importantly, CLLV-1 also attenuated fMLF-induced activation of AKT in
dHL-60 (Fig. 4f).

3.4. CLLV-1 directly alleviates AKT activity

We tested whether the CLLV-1-inhibited AKT activation is based on
altering the upstream kinases of AKT, including phosphoinositide-
dependent protein kinase 1 (PDK1), mammalian target of rapamycin
C2 (mTORC2), and PI3K [35,36]. CLLV-1 (0.3–3 μM) failed to affect the
phosphorylation of PDK1 (S241), mTORC2 (S2481), and PI3K (Y199 of
p85 subunit) in fMLF-activated dHL-60 cells and human neutrophils
(Fig. 5a and Fig. S8). The level of PI3K-generated PIP3 was also not
changed by CLLV-1 in fMLF-activated dHL-60 cells (Fig. 5b and
Fig. S7c). Protein kinase A (PKA) has been shown to attenuate neutro-
philic inflammation through inhibiting AKT activation [37,38]. How-
ever, CLLV-1 did not increase the level of cAMP. The PKA inhibitor,
H89, did not reverse the CLLV-1-inhibited superoxide anion generation
and elastase release in activated human neutrophils (Fig. S9).

We suggest that CLLV-1may directly target AKT per se to repress in-
flammation in human neutrophils. To explore this hypothesis, the non-
radioactive AKT kinase assay was performed in vitro. Clearly, our data
showed that CLLV-1 (0.3–3 μM) blocked the kinase activity of AKT
in vitro. MK-2206 was used as a positive control to inhibit AKT activity
(Fig. 5 and Fig. S5c). Therefore, CLLV-1 acts as a novel AKT inhibitor to
restrict the enzymatic activity of AKT.

3.5. CLLV-1 covalently reacts with AKT Cys310

To determine how CLLV-1 blocked the AKT activity, the molecular
docking of CLLV-1 with AKT was performed. Based on CDOCKER and



Fig. 2. CLLV-1 inhibits elastase release, CD11b/F-actin expression, and neutrophil adhesion/migration in fMLF-activated human neutrophils. (a-c) Human neutrophils were incubatedwith
DMSO or CLLV-1 (0.3–3 μM) for 5min before stimulation with or without fMLF (0.1 μM)/CB (0.5 or 1 μg/mL). (a) Elastase release wasmeasured by a spectrophotometer at 405 nm, using
elastase substrate. (b) The CD11b levels on cell surface were detected by flow cytometry, using FITC-labeled anti-CD11b antibodies. (c) The F-actin levelswere assayed by flow cytometry,
using Alexa Fluor 594 Phalloidin. (d) Hoechst 33342-labeled neutrophils were pretreated with DMSO or CLLV-1 (0.1–3 μM) for 5 min and stimulated with fMLF (0.1 μM)/CB (1 μg/mL).
Sequentially, neutrophilswere incubatedwith LPS-preactivated ECs for another 30min. After gentlywashing, EC-associatedneutrophilswere counted under amicroscope. (e)Neutrophils
were preincubatedwith DMSO or CLLV-1 (0.3–3 μM) for 5min in the top chamber.Migrated neutrophils in the bottomwells with orwithout fMLFwere counted after 90min. All data are
expressed as mean values ± SEM (n = 3); *p b .05, **p b .01, and ***p b .001 compared with the DMSO+ fMLF group (Student's t-test).
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Fig. 3. CLLV-1 decreases the phosphorylation of AKT but not MAPKs in fMLF-activated human neutrophils. Human neutrophils were incubated with CLLV-1 (0.3–3 μM) for 5 min before
stimulation with or without fMLF (0.1 μM)/CB (1 μg/mL). Phosphorylation of (a) AKT, (b) ERK, (c) JNK, or (d) p38 MAPK was analyzed by immunoblotting using antibodies against the
phosphorylated form and the total of each protein. All data are expressed as mean values ± SEM (n = 3); ***p b .001 compared with the DMSO+ fMLF group (Student's t-test).
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the CHARMm force field, the CLLV-1-AKT binding modes were gener-
ated in receptor cavities with 10 poses. The binding of CLLV-1 and AKT
with the most favorable energy was estimated with -CDOCKER
(−474.532 kcal/mol). The p-benzoquinone, aromatic ring, or carboxyl
group of CLLV-1 were proposed to interact with the R273, D274, L275,
C310, G311, A317, L316, Y315, V320, or V330 residues of AKT (Fig. 6a–
b), suggesting that CLLV-1 may preferably and specifically associate
with this proposed “pocket” of AKT. Interestingly, the Cys310 residue
of AKT was appeared in the predicted CLLV-1-binding site, and the
redox modification of Cys310 in AKT is important for AKT enzymatic
activity [23,39]. Hence, CLLV-1 may bind to the thiol group of Cys310
to interfere with the AKT activity. To address this hypothesis, the reac-
tion between CLLV-1 and synthetic AKT peptides, AKT304–308
(ATMKT), AKT309–313 (FCGTP), AKT314–318 (EYLAP), and AKT307–328
(KTFCGTPEYLAPEVLEDNDYGR) were determined by NMR or MS
(Fig. 6c–e): CLLV-1 covalently reacted with the AKT309–313, exhibiting
a new singlet peak at δ 7.00, but did not react with the adjacent
AKT304–308 and AKT314–318, which lacked cysteine residues according
to the 1H NMR analysis (Fig. S10a). The AKT peptide-CLLV-1 adducts
were also examined by MS (Fig. S10b): the molecular masses of
AKT309–313, AKT307–328, and CLLV-1 were 524, 2389, and 268 Da, respec-
tively. If CLLV-1 reacted with the AKT peptides, the proposed molecular
masses of the adducts would be 792 Da (AKT309–313-CLLV-1) and
2657Da (AKT307–328-CLLV-1). The corresponding signalswere observed
by MS, including AKT309–313 ([M + H]+; 524.079), AKT307–328 ([M
+ H]+; 2389.124), AKT309–313-CLLV-1 ([MCLL + H]+; 792.244), and
AKT307–328-CLLV-1 ([MCLL + H]+; 2655.102). In addition, the sodium
adducts (plus 23 Da) were also found, AKT309–313-Na ([M + Na]+;
546.145), AKT307–328-Na ([M + Na]+; 2411.258), and AKT309–313-
CLLV-1-Na ([MCLL + Na]+; 812.264). Similarly, the results of MS con-
firmed that CLLV-1 did not react with the adjacent peptides
AKT304–308 and AKT314–318, which do not contain Cys310. These results
suggested that CLLV-1 covalently reacted with Cys310 in AKT via an
electrophilic addition.

To confirm the effect of CLLV-1 on AKT redox status in cells, we used
the alkylation agent, AMS, to label reduced form of protein along with
increasing molecular weight [23]. The level of AMS-labeled AKT (re-
duced form) was increased in fMLF-activated dHL-60 cells. CLLV-1
(0.3–3 μM) dose-dependently decreased the levels of AMS-labeled
AKT in fMLF-activated dHL-60 cells (Fig. 7a). It has been reported that
oxidization of Cys310 residue in AKT diminished its enzymatic activity
and increased the AKT-protein phosphatase 2A (PP2A) interaction
along with inhibition of AKT phosphorylation [23,24]. CLLV-1 induced
the AKT-PP2A interaction in fMLF-activated dHL-60 cells (Fig. 7b).
These results suggest that CLLV-1 covalently targets Cys310 of AKT to al-
leviate AKT activity as well as phosphorylation.

3.6. CLLV-1 attenuates LPS-induced ALI in mice

LPS/endotoxin is a critical pathogen to trigger ALI [40,41]. However,
the role of AKT as a potential drug target in ALI needs to be studied. To
examine the anti-inflammatory potential of CLLV-1 in vivo, the protec-
tive effects of CLLV-1 on LPS-induced ALI was tested in mice.
Intratracheal instillation of LPS showed an increase in pulmonary



Fig. 4. CLLV-1 suppresses fMLF-induced inflammatory responses in differentiated HL-60 (dHL-60) cells. (a) The HL-60 cells were exposed to 1.3% DMSO for 5 days. The differentiation of
HL-60 cells by DMSOwas examined by flow cytometry, using anti-FPR1 antibodies. (B–F) The dHL-60 cells were preincubatedwith DMSO or CLLV-1 (0.03–1 μM) and then activatedwith
or without fMLF (0.1 μM)/CB (1 μg/mL). (b) Superoxide anion generation was detected by spectrophotometry at 550 nm, using cytochrome c reduction. (c) The intracellular ROS was
monitored by flow cytometry, using cell-permeable DHR123. (d) Phosphorylation of p47phox was analyzed by immunoblotting, using antibodies against the phosphorylated (S304)
and total p47phox. (e) F-actin levels were assayed by flow cytometry, using Alexa Fluor 594 Phalloidin. (f) Phosphorylation of AKT was analyzed by immunoblotting, using antibodies
against the phosphorylated (S473 and T308) and total AKT. All data are expressed as mean values ± SEM (n = 3); *p b .05, **p b .01, and ***p b .001 compared with the DMSO
+ fMLF group (Student's t-test).
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MPO, which was inhibited by intraperitoneal injection of CLLV-1
(10 mg/kg) or MK-2206 (10 mg/kg) (Fig. 8a). The total protein levels
were measured to represent the severity of pulmonary edema. Both
CLLV-1 and MK-2206 effectively attenuated the LPS-induced increase
of protein levels in the lungs (Fig. 8b). The histopathological features
of the lungs showed that LPS triggered inflammatory cell infiltration,
inter-alveolar septal thickening, and interstitial edema. Moreover, LPS
induced the infiltration of cells positive for Ly6G, a specific neutrophil
marker, as well as AKT activation in the lungs. Noticeably, administra-
tion of CLLV-1 andMK-2206 ameliorated LPS-induced distortion of pul-
monary architecture, Ly6G-positive infiltrated neutrophils, and AKT
phosphorylation (Fig. 8c), suggesting the therapeutic potential of
CLLV-1 in neutrophil-dominant lung diseases. Together, CLLV-1 and
MK-2206 successfully impeded the inflammatory ALI in vivo, supporting
that pharmacologically targeting redox modification of AKT is a poten-
tial strategy for treating neutrophilic lung injury.

4. Discussion

Neutrophils play a significant role in innate immunity; however, en-
hanced ROS generation and protease release by activated neutrophils
can cause cell and tissue damage [5,42]. Neutrophilic inflammation
has been found to play a central role in the pathogenesis of ALI/acute re-
spiratory distress syndrome (ARDS). The AKT pathway is known to be
involved in many neutrophil responses, including respiratory burst, de-
granulation, and chemotaxis [13–15,43]. However, the regulatory



Fig. 5. CLLV-1 blocks AKT enzymatic activity but does not affect the AKT upstream kinases. (A-B) dHL-60 cells were preincubated with DMSO or CLLV-1 (0.03–1 μM) and then activated
with or without fMLF (0.1 μM)/CB (1 μg/mL). (a) Phosphorylation of AKT upstream kinases, PDK1, mTORC2, and PI3K was determined by immunoblotting, using antibodies against the
phosphorylated form and normalized to GAPDH. (b) PIP3 levels were assayed using anti-PIP3 antibodies by flow cytometry. (c) The active AKT proteins were immunoprecipitated
using anti-phospho-AKT antibodies and treated with DMSO or CLLV-1 (0.3–3 μM) for 15 min at 30 °C. Subsequently, the GSK-3 fusion protein (AKT substrate) was added for another
30 min. The phospho-GSK-3 fusion protein was examined by immunoblotting. (d) The phosphorylation of the GSK-3 fusion protein was quantified and expressed as a percentage to
represent AKT activity. All data are expressed as mean values ± SEM (n = 3); *p b .05 and ***p b .001 compared with the DMSO+ AKT group (Student's t-test).
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mechanisms of AKT in humanneutrophils are still elusory. Furthermore,
the potential of AKT as a therapeutic target in ALI remains unknown.
Herein, we show that a synthetic phenanthrenequinone compound,
CLLV-1, inhibits inflammatory responses in human neutrophils or
neutrophil-like dHL-60 cells triggered by various stimuli. CLLV-1 selec-
tively blocked AKT activity through covalently targeting the Cys310 res-
idue of AKT. Moreover, CLLV-1 attenuated the inflammatory responses
in LPS-induced ALI in mice, indicating that it is a potential anti-
inflammatory compound and providing an example of disruption of
the redox modulation of AKT for treating neutrophil-dominant lung
diseases.

AKT-mediated cellular signaling is significantly responsible for in-
flammatory responses in neutrophils [13,14]. With stimulation, AKT
translocated to the leading edge in polarized neutrophils and induced
p47phox phosphorylation and F-actin polymerization to trigger respira-
tory burst and chemotaxis in neutrophils, respectively [17,18,21]. It
may be a preferentially remedial strategy to ameliorate the overwhelm-
ing neutrophilic inflammation via pharmacologically targeting of AKT.
In the present study, we identified that CLLV-1 significantly abrogated
AKT activation in response to various stimuli in human neutrophils
(Fig. 3 and S4). As well, CLLV-1 dose-dependently restricted AKT-
mediated p47phox phosphorylation and F-actin levels in activated
human neutrophils and dHL-60 cells (Figs. 1, 2, and 4), confirming
that CLLV-1-inhibited AKT activation is critical for halting inflammatory
activation in human neutrophils.

AKT is composed of the pleckstrin homology (PH), catalytic kinase,
and regulatory domains and its kinase activity is regulated through con-
formational dynamics. With stimulation, AKT is phosphorylated at
Thr308 and Ser473 residues, leading to the PH domain becoming
more distant from the kinase domain as “active” form.When AKT is de-
phosphorylated by PP2A, the catalytic domain would be interfered by
more closed PH domain as “inactive” form [35,36]. Thus far, emerging
evidence has supported the important role of redox modification of
AKT in conformational dynamics [25]. An intramolecular disulfide
bond between Cys296 and Cys310 in the catalytic domain of AKT that
prompts dephosphorylation by associating with PP2A has been identi-
fied; oxidized and dephosphorylated AKT is considered to have lost its
kinase activity [23,24,39]. In thepresent study,we found that CLLV-1 co-
valently reacted with Cys310 of AKT in vitro and repressed the alkyl-
ation agent-labeled AKT levels (reduced form) in cells (Figs. 6 and 7),
supporting that CLLV-1 brings about AKT oxidation. The AKT-PP2A in-
teraction was also increased by CLLV-1 along with dephosphorylation
of AKT (Fig.7b) that was not modulated through AKT upstream kinases,
including PDK1, mTORC2, and PI3K (Fig. 5a-b). Accordingly, CLLV-1-
blocked AKT kinase activity may be dependent on redox modification
of AKT.

CLLV-1 was proposed to interact with Cys310 of AKT by themolecu-
lar docking model (Fig. 6a–b). The adduct of AKT309–313 peptides and
CLLV-1 exhibited a new singlet peak at δ 7.00 in the 1H NMR spectrum
(Fig. 6c). The molecular masses of AKT peptide-CLLV-1 adducts (AKT
peptide + CLLV-1 – 2H+ Da) were also detected in MALDI-TOF MS,
AKT309–313-CLLV-1-Na, and AKT307–328-CLLV-1 (Fig. 6d-e), suggesting
that the reaction between AKT and CLLV-1 is an electrophilic addition.
It has been reported that thiol-based association between electrophilic
compounds and proteins possessed selectivity and specificity. The
structural characteristic of proteins and stereochemical structures of
electrophiles results in their targeting selectivity [44,45]. The redox
modulations of ERK, JNK, or p38 have been characterized in response
to intracellular ROS. The cysteines of ERK2 (Cys38 and Cys214), JNK2
(Cys41) and p38 (Cys162) are responsible for their activity and phos-
phorylation [25,46,47]. However, CLLV-1 only repressed AKT, but not
ERK, JNK, or p38 activation in human neutrophils (Fig. 3), implying its
specificity. Using molecular docking model, the most favorable CLLV-
1-binding pocket of AKT was determined, including R273, D274, L275,
C310, G311, A317, L316, Y315, V320, or V330 residues (Fig. 6a–b). Im-
portantly, another critical Cys296 of catalytic region was not proposed



Fig. 6. CLLV-1 covalently reacts with the thiol group of an AKT cysteine in vitro. (a-b) Docking models of CLLV-1-targeted AKT. Surface presentation demonstrates the structure of AKT
(gray). CLLV-1 moieties are colored green and rendered in stick representation (a). Close-up of CLLV-1 docking site (best energy mode) (b). The figures were prepared using Discovery
Studio 4.1. The crystal structure of AKT was downloaded from PDB (accession code 4ekl). The chemical structure of CLLV-1 was drawn by ChemDraw Ultra 9.0. (c) 1H NMR spectra of
CLLV-1 (upper panel), synthetic AKT peptide (AKT309–313; FCGTP) (middle panel), and mixtures of CLLV-1 and AKT309–313 (lower panel). (d-e) The synthetic AKT peptides AKT309–313
and AKT307–328 (KTFCGTPEYLAPEVLEDNDYGR) were incubated in the presence or absence of CLLV-1. The molecular mass of the synthetic AKT peptides and their CLLV-1 adducts were
detected using MALDI-TOF MS. M, molecular mass of AKT peptides; MCLL, molecular mass of adducts of AKT peptides and CLLV-1.
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as CLLV-1-targeting site (data not shown), suggesting that CLLV-1 ex-
hibits target-site selectivity in AKT.

Developed AKT inhibitors are classified as ATP-competitive and allo-
steric inhibitors [48,49]. However, the off-target effect of ATP-
competitive inhibitors is still of concern because of the ATP-binding
site being highly conserved among members of the AGC kinase family
such as PKA and PKC [50]. A growing number of allosteric inhibitors
with higher efficacy and specificity, such as MK-2206, are being devel-
oped [34]. Recently, the development of structure-based covalent-
allosteric AKT inhibitors has been mentioned because of their high po-
tency and selectivity to stabilize AKT as inactive conformation [51,52].
The Cys296 and Cys310 residues in the catalytic domain of AKT were
identified as allosteric sites for regulating AKT activity [49,53,54]. There-
fore, the Cys296 and Cys310 residues of AKT are potential therapeutic



Fig. 7.CLLV-1 decreases theAMS-labeled reduced formof AKT and increases the AKT-PP2A interaction in fMLF-activateddHL-60 cells. dHL-60 cellswere incubatedwith CLLV-1 (0.3–3 μM)
for 5min before stimulationwith or without fMLF (0.1 μM)/CB (1 μg/mL). (a) The cell lysateswere incubatedwith the thiol-alkylating agent AMS for 12 h on ice and analyzed byWestern
blotting under reducing (total lysate) or non-reducing conditions (AMS-labeledAKT). The AMS-labeled reduced formof AKT (Red) had a highermolecularweight than oxidizedAKT (Oxi).
(b) The cell lysates were immunoprecipitated with control (Ctrl) or AKT IgG. The precipitated substances were used for Western blotting of AKT and PP2A.
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targets in AKT-associated disorders. In this study, CLLV-1 was found to
be an allosteric inhibitor of AKT through covalently binding to Cys310
in vitro (Fig. 6). This is the first example of restraining neutrophilic in-
flammation by pharmacologically targeting the redox regulatory site
of AKT. LPS-induced ALI is an important in vivomodel to mimic clinical
pulmonary destruction, such as pulmonary edema, alveolar-capillary
Fig. 8. CLLV-1 attenuates LPS-induced ALI inmice. C57BL/6 mice were intraperitoneally injected
subsequently instilled 2 mg/kg LPS from E. coli 0111:B4 or 0.9% saline via tracheostomy. (a-b) S
(c) Histological examination of lungs. The lung sections were stained with hematoxylin and
expressed as mean values ± SEM (n = 6); **p b .01 and ***p b .001 compared with the LPS +
barrier loss or inflammatory cell infiltration [38,40]. The novel covalent
allosteric AKT inhibitor, CLLV-1, showed its anti-inflammatory effects to
ameliorate LPS-primed ALI in mice, including neutrophils infiltration,
pulmonary protease release, inter-alveolar septal thickening, interstitial
edema, and AKT activation (Fig. 8). It proves the therapeutic potential
for curing neutrophilic lung damage, ALI/ARDS, via pharmacological
with CLLV-1 (10mg/kg), MK-2206 (10 mg/kg), or an equal volume of DMSO for 1 h, and
ix hours later, lungs were collected and assayed for MPO activity (a) and protein levels (b).
eosin (H&E), anti-Ly6G antibodies, or anti-pAKT (S473) antibodies by IHC. All data are
DMSO group; ###p b .001 compared with the DMSO control (Student's t-test).



Fig. 9. Schematic model of CLLV-1-impeded neutrophilic inflammation.With stimulation,
AKT is activated and phosphorylated, leading to the PH domain becoming more distant
from the kinase domain. Active AKT is maintained in a reduced manner that contributes
to overwhelming inflammatory responses in human neutrophils and neutrophil-
dominant inflammatory disorders. Once CLLV-1 is administered, it covalently binds to
Cys310 within the kinase domain of AKT, yielding an inactive and less reduced form of
AKT. CLLV-1 can inhibit neutrophil activation, including respiratory burst, degranulation,
and chemotaxis by modifying the redox state of AKT. Significantly, CLLV-1 ameliorates
inflammatory ALI in vivo.
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inhibition of AKT. Accordingly, anti-inflammatory drugs that target the
redox modification of AKT could potentially be developed.

In summary, we demonstrate that AKT activation plays a critical role
in neutrophilic lung injury. Targeting AKT Cys310 using drugs can regu-
late AKT enzymatic activity. Our findings also provide an important ex-
ample of how a derivative of phenanthrenequinone, CLLV-1, restrains
neutrophil-dominant inflammatory lung injury by inhibiting AKT activ-
ity in a redox-dependent manner (Fig. 9).
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