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MLN4924 suppresses lipopolysaccharide-induced
proinflammatory cytokine production in
neutrophils in a dose-dependent manner

JIAYANG JIN'?*, ZHAOFEI JING*?", ZHENJIE YE>*", LU GUO**, LEI HUA%", QINGYANG WANG?,
JING WANG?, QIANQIAN CHENG?, JIYAN ZHANG?, YUNLU XU? and LIN WEI'

1Laboratory of Immunology, Hebei Medical University, Shijiazhuang, Hebei 050017;

2Department of Molecular Immunology, Institute of Basic Medical Sciences, Beijing 100850;

3 Laboratory of Snake Venom, Fujian Medical University, Fuzhou, Fujian 350004;

*Henan Key Laboratory of Cellular and Molecular Immunology; 5College of Pharmacy,
Henan University, Kaifeng, Henan 475004, PR. China

Received July 15,2016; Accepted August 1,2017

DOI: 10.3892/01.2018.8333

Abstract. Neddylation is a ubiquitination-like pathway.
It has been reported that neddylation inhibition with the
pharmacological agent MLN4924 potently uppresses lipo-
polysaccharide (LPS)-induced proinflammatory cytokine
production, including tumor necrosis factor (TNF)-o and
interleukin (IL)-6, by preventing the degradation of phos-
phorylated inhibitor of kB (p-IkB) in macrophages. However,
whether neddylation serves a similar role in neutrophils
remains unknown. In the present study MLN4924 treatment
led to the accumulation of P-IkBa in neutrophils as well as the
decreased production of TNF-a, IL-6 and IL-1f3 in response to
LPS, in a dose-dependent manner. The viability of neutrophils
was only marginally affected in the same conditions, without
statistical significance. Furthermore, the nuclear factor
(NF)-«B inhibitor JSH-23 mimicked the effects of MLLN4924
in neutrophils, and the inhibitory effects of MLLN4924 on
LPS-induced proinflammatory cytokine production dimin-
ished in the presence of JSH-23. Thus, the results of the present
study suggest that neddylation inhibition suppresses neutrophil
function by suppressing the NF-«B signaling pathway.
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Introduction

Neutrophils serve crucial roles in the anti-bacterial and
anti-fungal innate immune response and produce cytokines to
initiate inflammatory responses; however, their inappropriate
or excessive activation contributes to tissue damage during
autoimmune and inflammatory diseases (1). Furthermore,
the activity of neutrophils is associated with tumor progres-
sion, as demonstrated in colitis-associated cancer and
glioblastoma (2,3).

Previous studies have revealed that in order to protect
the human body from invading pathogens and endogenous
damage-associated molecules, neutrophils sense these threats
through innate immune receptors, such as toll-like receptors
(TLRs) and other pattern recognition receptors, to upregulate
the secretion of inflammatory cytokines (4,5). The recognition
of lipopolysaccharide (LPS) from gram-negative bacteria by
TLR4 is a well-characterized example with the initiation of
proinflammatory gene transcription through multiple signaling
pathways, including nuclear factor (NF)-«xB) (6,7). The expo-
sure of neutrophils to bacterial LPS may contribute to tissue
damage, under certain conditions, including endotoxic shock
and infection-induced adult respiratory distress syndrome (8).

Neddylation is a novel-type protein post-translational
modification, a multistep enzymatic process that adds the
ubiquitin-like molecule neural precursor cell expressed
developmentally downregulated protein 8 (Nedd8) to
target proteins in an ATP-dependent manner. Neddylation
is vital for a range of processes, including cell viability,
growth and development (9-12). To the best of our knowl-
edge, the only known El for neddylation is a heterodimer
comprised of the amyloid precursor protein-binding protein
and ubiquitin-like modifier activating enzyme 3 (9-12). A
previous study identified the ubiquitin-conjugating enzymes
Ube2M and Ube2F as Nedd8 E2s (13). Several targets for
Nedd8 have been identified, however the well-characterized
substrates of the neddylation system are Cullins and key
components of Cullin-RING E3 ligases (CRLs) (14,15).



8040

Neddylation activates CRLs, which mediate the ubiquitina-
tion and subsequent degradation of various cellular proteins,
including inhibitor of kB (IxB), that sequester NF-kB to the
cytoplasm (16-18). Based on previous studies demonstrating
that it suppressed the growth of diverse cancer cell lines,
MLN4924, a small-molecule inhibitor of Nedd8 El, may be
a novel anticancer therapeutic agent (16-18). Additionally,
previous studies also revealed that MLN4924 suppresses
proinflammatory cytokine production in macrophages and
dendritic cells by preventing the degradation of IxB proteins.
Consequently, MLN4924 treatment led to alleviated mucosal
inflammation in a colitis mouse model, indicating that
neddylation may be involved in immune regulation (6,19,20).

Under certain conditions, neutrophils behave distinctly
to macrophages in response to LPS (21). Nevertheless, the
association between neddylation and LPS-induced proinflam-
matory cytokine production in neutrophils remains unclear.
The results of the present study revealed that neddylation
inhibition by MLLN4924 led to the suppression of LPS-induced
proinflammatory cytokine production in neutrophils in a
dose-dependent manner by disrupting the NF-kB signaling
pathway; this suggests that MLN4924 may serve a role as a
potential chemotherapeutic agent for neutrophil-mediated
autoimmune or inflammatory diseases.

Materials and methods

Mice. Female C57BL/6 mice at the age of 6-8 weeks were
purchased from Beijing Vital River Laboratory Animal, Inc.
(Beijing, China). All mice were maintained under specific
pathogen-free conditions. The care, use and treatment of
mice in the present study strictly followed the guidelines set
by the Institute of Basic Medical Sciences. The Institute of
Basic Medical Sciences (Beijing, China), from whom ethical
approval was granted, approved the present study.

Reagents. Antibodies against phosphorylated (p)-IkBa (catalog
no. #2859), p-IxkB kinase (IKK)a/p (catalog no. #2697) and
Nedd8 (catalog no. #2745) were purchased from Cell Signaling
Technology, Inc. (Danvers, MA, USA). Antibodies against
IxBa (catalog no. sc-7877), IKKa/p (catalog no. sc-7606) and
[-actin (catalog no. sc-58673) were purchased from Santa Cruz
Biotechnology, Inc. (Dallas, TX, USA). MLN4924, dissolved
in dimethyl sulfoxide, was purchased from Active Biochemku
Ltd. (Maplewood, NJ, USA). The ATPIlite 1 Step kit was
purchased from Perkin Elmer, Inc. (Waltham, MA, USA). LPS
(serotype, Escherichia coli) and thioglycolate were purchased
from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany).

Flow cytometry analysis. Mice received 2 ml 3% thioglycolate
by intraperitoneal injection (Sigma-Aldrich; Merck KGaA).
After 4 h, the mice were anaesthetized by administrating
pentobarbital (50 mg/kg) and were subjected to euthanasia
by cervical dislocation. The peritoneal cells were washed in
6 ml of 3 mM EDTA in PBS. The cells were washed with
fluorescence-activated cell sorting (FACS) washing buffer
[2% fetal bovine serum (Amresco, LLC, Solon, OH, USA)
0.1% NaN; in PBS] twice prior to incubation with fluo-
rescein isothiocyanate-conjugated antibodies [anti-F4/80
(catalog no. 565409), anti-yd T cell receptor (TCR; catalog
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no. 561486) or anti-cluster of differentiation (CD)19 (catalog
no. 561738)], phycoerythrin (PE)-conjugated antibodies
[anti-Grl (catalog no. 560601), anti-natural killer cell (NK)1.1
(catalog no. 553164)], or allophycocyanin-conjugated anti-CD3
(catalog no. 563123) (1 ug/1x10° cells; BD Pharmingen; BD
Biosciences, Franklin Lakes, NJ, USA) for 30 min on ice in the
presence of 2.4G2 monoclonal antibody (catalog no. 562896;
1 pug/1x10° cells; BD Pharmingen; BD Biosciences, Franklin
Lakes, NJ, USA) to block Fcy receptor binding. Isotype
antibodies [FITC-anti-Mouse IgG1 (catalog no. 550616),
PE-anti-Mouse IgG1 (catalog no. 562027), APC-anti-Mouse
IgG1 (catalog no. 550874)] were included as the negative
control. Following washing with FACS buffer, the cells were
fixed with 1% (w/v) paraformaldehyde in PBS and preserved at
4°C.Flow cytometry 6 was carried out with a Becton Dickinson
FACSCalibur™ (BD Biosciences) and analyzed using FlowJo
software (version 10; FlowJo LLC, Ashland, OR, USA).

Purification of neutrophils. Peritoneal cells were stained with
PE-conjugated anti-Grl antibody as above. Other cells were
then magnetically separated using anti-PE antibody-coated
mircobeads (Miltenyi Biotec, Inc., Auburn, CA, USA),
according to the manufacturer's protocol. Cell purity was veri-
fied to be >90% by flow cytometry.

Western blot. The purified neutrophils were seeded into
24-well plates at a density of 1x10° cells/well. Neutrophils were
treated by MLLN4924 with various concentrations (0, 0.1, 0.5
and 2.5 yM) for 30 min at 37°C and then washed with PBS
and harvested using ice-cold lysis buffer (0.5% Tert-NP-40,
20 mM Tris-Cl, pH 7.6, 250 mM NaCl, 3 mM EDTA, 3 mM
EGTA, 1 mM sodium orthovanadate, 1 mM dithiothreitol,
10 mM PNPP, 10 mg/ml aprotinin). Protein concentration was
determined by bicinchoninic acid assay (cat. no. SK3021; Bio
Basic Inc., Ontario, Canada) according to the manufacturer's
protocol. Cell lysates were resolved by SDS-PAGE (10% gel;
20 pg protein/lane) prior to being transferred to nitrocellulose
membranes. Nitrocellulose membranes were then incubated
with 5% (w/v) nonfat dry milk in washing buffer (20 mM Tris-Cl,
pH 7.6, 150 mM NacCl, and 0.1% Tween 20) for 1 h at 37°C to
block nonspecific protein binding. Primary antibodies against
Nedds, (p)-IkBa, IkBa, IKKa/B, (p)-IKKa/p and p-actin were
diluted in PBS (1:1,000) containing 5% bovine serum albumin
(Sigma-Aldrich; Merck KGaA) and applied to the membranes
overnight at 4°C. Following extensive washing, the membranes
were incubated with goat anti-rabbit IgG-horseradish peroxi-
dase (HRP) or anti-mouse IgG-HRP (1:2,500 in washing buffer
containing 5% (w/v) nonfat dry milk) antibodies for 1 h at
room temperature. Following washing, immunoreactive bands
were visualized using an ECL™ Western Blotting Detection
Reagents (GE Healthcare, Chicago, IL, USA).

ELISA. The purified neutrophils were seeded into 24-well
plates at a density of 1x10° cells/well. The supernatants were
collected at 0 and 4 h after LPS treatment. The expression
levels of TNF-a (catalog no. 70-EK2822/2), IL-6 (catalog
no. 70-EK2062/2), IL-10 (catalog no. 70-EK2102/2) and IL-13
(catalog no. 70-EK201B2/2) were measured using ELISA kits
purchased from eBioscience (Thermo Fisher Scientific, Inc.)
following the manufacturer's protocols.
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Figure 1. MLLN4924 suppressed the neddylation of Cullins in neutrophils in a dose-dependent manner. Mice received an intraperitoneal injection of 3% thio-
glycolate or were left untreated. After 4 h, peritoneal cells were subjected to flow cytometry to examine the percentages of (A) neutrophils, (B) macrophages,
(C) yOT cells, (D) NKT cells and (E) B cells. (F) The purity of Grl+ cells was >90% as confirmed by flow cytometry. (G) The purified peritoneal neutrophils
were seeded into 24-well plates at a density of 1x10° cells/well. Following treatment with various doses of MLN4924, ranging between 0 and 2.5 uM for
30 min, the cell lysates were prepared and used for western blot analysis with antibodies against Nedd8 and (3-actin (representative data are presented; n>3).
Nedd8, neural precursor cell expressed developmentally downregulated protein 8; CD, cluster of differentiation; SSC, side scattering; NK, natural killer.

ATPlite assays. The purified cells were seeded into 96-well
plates (2.5x10° cells/well). Following pretreatment with distinct
doses (0,0.1,0.5 and 2.5 yuM) of MLLN4924 for 30 min at 37°C,
cells were stimulated with 100 ng/ml LPS for 4 h. Then, cell
viability was assessed using an ATPlite 1 step Single Addition
Luminescence ATP Detection Assay System, according to the
manufacturer's protocol (Perkin Elmer, Waltham, MA, USA).

Statistical analysis. The data are presented as the
mean + standard deviation using SPSS software (version
19.0; IBM Corp., Armonk, NY, USA). The data are presented

as the mean =+ standard deviation. The Student's t-test was
employed to determine significant differences between two
groups (paired or unpaired), and one-way analysis of variance
(Please refer to cover letter) was used to determine significant
differences among multiple groups. P<0.05 was considered to
indicate a statistically significant difference.

Results

MILN4924 suppresses the neddylation of Cullins in neutro-
phils in a dose-dependent manner. To examine the possible
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Figure 2. MLN4924 inhibited LPS-induced proinflammatory cytokine production in neutrophils in a dose-dependent manner. The purified peritoneal neutro-
phils were seeded into 24-well plates at a density of 1x10° cells/well. Following pretreatment with various doses of MLN4924 ranged between 0 and 2.5 yuM
for 30 min, cells were stimulated with or without 100 ng/ml LPS for 4 h. The culture supernatants were harvested and the levels of proinflammatory cytokine
were investigated using ELISA: (A) IL-6, (B) IL-10, (C) TNF-a and (D) IL-1f3. Data represent =3 independent experiments performed in triplicate and are
represented as mean = standard deviation “P<0.01. LPS, lipopolysaccharide; IL, interleukin; TNF, tumor necrosis factor.
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Figure 3. MLN4924 pretreatment followed by lipopolysaccharide stimula-
tion for 4 h revealed only marginal effects on the viability of neutrophils
using ATPlite assays. No statistically significant differences were identified.

role of neddylation in neutrophils, peritoneal neutrophils
were induced by a 3% thioglycolate intraperitoneal injection.
Flow cytometry revealed that the percentage of peritoneal

neutrophils (Grl+) in the treated mice markedly increased
after 4 h, whereas the percentages of macrophages (F4/80+),
vOT cells (CD3+ydTCR+), T cells (CD3+NK1.1-), NK cells
(CD3-NKI1.14), NKT cells (CD3+NKI1.1+) and B cells (CD19+)
decreased in the treated mice, to varying extents, as compared
with in the non-treated mice (Fig. 1A-E). Peritoneal neutro-
phils were then purified with magnetic microbeads (Fig. 1F).
To explore whether MLLN4924 suppresses the neddylation
of Cullins in neutrophils, immunoblotting analysis with an
antibody against Nedd8 was used. A major band between 90
and 100 kDA is usually recognized as neddylated Cullins
(Nedd8-Cullin) and was examined in the present study (22-27).
As predicted, the major band was detected in the neutrophils,
and MLN4924 treatment for 30 min led to diminished
Nedd8-Cullin in a dose-dependent manner (Fig. 1G). The
results suggest that neddylation is active in neutrophils and that
MLN4924 inhibits the neddylation of Cullins in neutrophils.

MLN4924 inhibits LPS-induced proinflammatory cytokine
production in neutrophils in a dose-dependent manner.
To investigate whether MLN4924 affects inflammatory
cytokine secretion from neutrophils, peritoneal neutrophils
were pretreated with various doses of MLN4924 for 30 min
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Figure 4. MLLN4924 inhibits LPS-induced proinflammatory cytokine production from neutrophils by suppressing NF-kB. (A) The purified peritoneal neutro-
phils were seeded into 24-well plates at a density of 5x10° cells/well. Following pretreatment with 0.5 xM MLN4924 for 30 min, cells were stimulated with
100 ng/ml1 LPS for 0, 15 or 60 min. Cell lysates were then prepared to analyze the levels of neddylated Cullins, P-IKKa/f, P-IkBa, IKKa/f, IkBa and (3-actin.
Neutrophils were pretreated with 0.5 xM MLN4924 and/or 80 ¢M JSH-23 or an equal volume of DMSO for 30 min. Then neutrophils were treated with LPS
for the indicated periods of time. The concentration of (B) IL-6 and (C) TNF-a in the supernatants was measured with ELISA. “P<0.01. LPS, lipopolysac-
charide; NF-kB, nuclear factor «B; IkB, inhibitor of kB; P-IKK, phosphorylated IxB kinase; DMSO, dimethyl sulfoxide; IL, interleukin; TNF, tumor necrosis

factor.

followed by stimulation with or without LPS for 4 h. Culture
supernatants of the neutrophils were collected and the levels
of TNF-a, IL-6 and IL-10 were determined using an ELISA.
MLN4924 inhibited LPS-induced IL-6, IL-10 (observed in
low concentrations in neutrophils) and TNF-a production
in a dose-dependent manner (Fig. 2A-C; "P<0.05, “P<0.01).
The decrease of the inflammatory cytokine secretion from
neutrophils is associated with Cullins neddylation. The results
indicate that MLLN4924 may suppress the neutrophil-mediated
inflammatory response.

Nedd8 silencing, or treatment with MLLN4924, led to dimin-
ished caspase-1 processing and decreased IL-13 maturation
in macrophages and epithelial cells following inflammasome
activation (28,29). Aberrant IL-1f3 production may lead to
various diseases, including pneumonia, diabetes, athero-
sclerosis, obesity, cancer, Alzheimer's and arthritis (30,31).
Therefore, mature IL-1p was detected in the culture media in
the presence of ATP and it was observed that MLLN4924 inhib-
ited LPS-induced production of mature IL-1f in neutrophils
in a dose-dependent manner, as revealed by ELISA (Fig. 2D).

MLN4924 pretreatment followed by LPS stimulation for 4 h
revealed marginal effects on the viability of neutrophils.
The neddylation inhibitor MLLN4924 has been demonstrated
to suppress the oncogenic growth of various hematological
malignancies, including myeloma, B-cell lymphoma and
acute myeloid leukemia via cell cycle arrest and apop-
tosis (22,32,33). Furthermore, prolonged and complete (1.0 xM
for 24 or 48 h) inhibition of neddylation led to decreased

macrophage viability (34). To detect whether MLN4924
inhibited LPS-induced inflammatory cytokine production in
neutrophils as a result of neutrophil apoptosis, the viability of
neutrophils was examined using ATPlite assays. As presented
in Fig. 3, MLN4924 pretreatment for 30 min followed by LPS
stimulation for 4 h demonstrated only marginal effects on the
viability of neutrophils and no statistically significant differ-
ences were identified.

MLN4924 inhibits LPS-induced proinflammatory cytokine
production in neutrophils by suppressing NF-kB. LPS can
induce proinflammatory cytokine production in neutrophils
through activating the IKK/NF-kB signaling pathway (27).
The NF-«B signaling pathway is also associated with the
production of pro-IL-1f (35). Neddylation has been demon-
strated to serve a key role in the degradation of IkB proteins
and subsequent NF-«xB activation (6,27). The present study
investigated whether a similar molecular mechanism occurred
in neutrophils; as expected, MLN4924 suppressed the degra-
dation and resynthesis of IkBa, which is associated with
accumulated P-IxBa. However, MLLN4924 treatment exhibited
no effect on the phosphorylation of IKK (Fig. 4A). The results
suggest that the inhibition of NF-kB signaling may be involved
in the inhibitory effects of MLLN4924.

To investigate the role NF-kB has in the inhibitory effects of
MLN4924 on LPS-induced proinflammatory cytokine produc-
tion, neutrophils were pretreated with JSH-23, a specific inhibitor
of NF-«B nuclear translocation and transcriptional activity (36),
prior to LPS treatment for 4 h in the presence or absence of
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MLN4924. ELISA revealed that JSH-23 treatment alone resulted
in marked inhibition of LPS-induced IL-6/TNF-a produc-
tion (Fig. 4B and C). The inhibitory effects of MLN4924 on
LPS-induced proinflammatory cytokine production diminished
in the presence of the NF-«B inhibitor JSH-23 (Fig. 4B and C).
Thus, the results of the present study suggest that neddylation
inhibition may suppress neutrophil functions through, at least
partially, suppression of the NF-«kB signaling pathway.

Discussion

The results of the present study demonstrated that the
neddylation inhibitor MLLN4924 suppressed the proinflamma-
tory cytokine production in neutrophils in a dose-dependent
manner, which is consistent with that observed in mononuclear
cells (6,19,20,28,37). In order to purify peritoneal neutrophils
induced by 3% thioglycolate intraperitoneal injection, perito-
neal cells were stained with PE-conjugated anti-mouse Grl,
followed by isolation with anti-PE antibody-coated magnetic
microbeads (38). The purity of neutrophils was verified to be
>90% by flow cytometry.

Previous studies had demonstrated that MLN4924 may
be used as an anticancer treatment, being tested in Phase I
clinical trials for both hematological and non-hematological
tumors (39,40). Previous studies have also revealed that
MLN4924 markedly suppressed inflammatory responses
mediated by innate immune cells, including macrophages
and dendritic cells (19,20,34). The results of the present study
suggest that the same suppressed inflammatory response is
experienced in neutrophils. As neutrophils promote tumor
progression under certain circumstance (2,3), neddlylation
may contribute to tumor growth partially through enhancing
neutrophil-mediated inflammation.

However, the mechanism by which neddlylation promotes
inflammation remains unclear. NF-kB proteins are a family
of dimeric transcription factors that mediate the expression
of inflammatory cytokines (41); transcriptional mediators are
pre-existing in the cytoplasm and are able to be rapidly activated
by various extracellular stimuli, including microbial components
and inflammatory cytokines, prior to entry into the nucleus to
mediate an inflammatory response (42). The degradation of IxB
proteins is the key to NF-«kB activity (42). Impaired degrada-
tion of IkBa upon neddylation inhibition has been attributed to
the inhibitory effects of MLLN4924 on cytokine production in
macrophages and dendritic cells (6,19,20,37). Hence, MLN4924
blocks neddylation, thereby suppressing production of inflam-
matory cytokines by inhibiting the NF-«kB signaling pathway.
However, mechanisms other than the NF-«B signaling pathway
may also be involved; therefore, further studies are required to
investigate this issue.
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