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Neddylation, a posttranslational modification in which NEDD8 is covalently attached to target proteins, has emerged as an
endogenous regulator of innate immunity. However, the role of neddylation in methicillin-resistant Staphylococcus aureus
(MRSA) infection remains unknown. In this study, we found that neddylation was activated after MRSA infection in vivo and
in vitro. Inhibition of neddylation with MLN4924 promoted injury of liver and kidneys in C57BL/6 mice with MRSA bloodstream
infection and increased mortality. Blockade of neddylation, either pharmacologically (MLN4924, DI591) or through the use of
Uba3 small interfering RNA, inhibited Cullin3 neddylation and promoted Nrf2 accumulation, thus reducing reactive oxygen
species (ROS) induction and bacterial killing ability in mouse peritoneal macrophages. In summary, our findings suggest that
activation of neddylation in macrophages plays a critical protective role against MRSA infection by increasing ROS production,
partially by signaling through the NEDD8-Cullin3-Nrf2-ROS axis. Furthermore, our results may provide a new non-antibiotic
treatment strategy for MRSA infection through targeting of neddylation. The Journal of Immunology, 2021, 207: 296�307.

S taphylococcus aureus, one of the most common pathogens
responsible for community-acquired infections and health-
care-related nosocomial infections in humans, has high mor-

bidity and mortality (1). The extreme morbidity and mortality of S.
aureus are due to the resistance of many S. aureus strains to a vari-
ety of antibiotics, such as penicillin, streptomycin, gentamicin, and
vancomycin (2). With the overuse of antibiotics, methicillin-resistant
S. aureus (MRSA) infection has increased, causing a significant
public health problem (3, 4). It is estimated that more than 300 mil-
lion premature deaths will occur due to antimicrobial resistance by
the year 2050. Given the current dilemma of antibiotic resistance,
the need to pursue new therapeutic targets in addition to antibiotics
to improve non-antibiotic strategies for treating MRSA infection is
both important and urgent.
Neural precursor cell-expressed developmentally downregulated

8 (NEDD8), a small ubiquitin-like protein, can be conjugated to
substrate proteins in a process known as neddylation (5). Analogous
to ubiquitination, neddylation is triggered by the activation of the
NEDD8-activating enzyme (NAE) E1 (a heterodimer of APPBP1

and the catalytic subunit UBA3), the NEDD8-conjugating enzyme
E2 (UBE2M or UBE2F), and NEDD8-E3 ligases, which are
involved in many physiological and pathological processes, such as
cell survival and differentiation (6), neurodegeneration (7), fibrosis
(8), and cancer (9, 10). Accumulating evidence has recently sug-
gested that neddylation participates in the pathogenesis of infection
and inflammation (11�13). Activation of neddylation in T cells by
Plasmodium during the blood stage of Plasmodium infection was
critical for parasite control and improved survival in a mouse model
of Plasmodium bloodstream infection (11). MLN4924, a neddylation
inhibitor, abrogated the LPS-induced increase in the expression of
cytokines, including IL-6 and TNF-a, by macrophages in vitro (12)
and protected against LPS-induced acute kidney injury in mice (13).
In addition, some pathogens, such as Burkholderia pseudomallei (14),
Escherichia coli (15), and Chlamydia trachomatis (16), selectively
deamidate NEDD8 in host cells to promote pathogen survival via con-
sequent repression of the NF-kB pathway. Studies have also suggested
that neddylation plays a protective role against the development of
exogenous pathogen-induced infection.
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Macrophages play a key role in antimicrobial immunity by recogniz-
ing, phagocytosing, and killing pathogens (17). Although macrophages
are essential to defend bacteria, and the activation of neddylation plays
an important role in exogenous pathogen invasion, whether and how
the neddylation of macrophages is involved in defense against MRSA
invasion are largely unknown. Herein, we investigated the effect of
neddylation in macrophages on MRSA infection and its underlying
mechanisms.

Materials and Methods
Bacterial preparation

S. aureus strain USA300 (ATCC-BAA-1556, Miaoling, Shanghai, China)
was inoculated into Luria-Bertani medium, incubated for 8 h at 37�C, seri-
ally diluted in sterile PBS and cultured on solid Luria-Bertani plates. CFUs
were counted after incubation at 37�C overnight. Then, the bacteria were
pelleted by centrifugation, washed, and resuspended in PBS.

Animals and cell lines

Male C57BL/6 mice were housed in a specific pathogen-free facility in the
Experimental Animal Center of Zhejiang University and used at 8 wk of age.
The mouse experimental protocols were approved by the Ethics Committee for
Animal Studies at Zhejiang University. NIH-3T3 cells were obtained from the
American Type Culture Collection (Manassas, VA) and cultured in DMEM
supplemented with 10% (v/v) FCS (Lonza, Basel, Switzerland).

Chemicals and reagents

MLN4924 (HY-70062), GSK2795039 (HY-18950), and ML385 (HY-
100523) were purchased from MedChemExpress (Monmouth Junction, NJ).
N-acetyl-L-cysteine (NAC, A9165) and MG132 (C2211) were purchased
from Sigma-Aldrich (St. Louis, MO). CFSE (C1157) was purchased from
Thermo Fisher Scientific (Carlsbad, CA, USA). DCFH-DA (S0033-1) was
purchased from Beyotime Biotech (Shanghai, China).

Establishment of a mouse model of MRSA bloodstream infection

An MRSA-induced bloodstream infection model was established by intrave-
nously injecting mice with S. aureus strain USA300 as previously described
(18). The optimal dose of USA300 to be used in the study was determined
by evaluating the survival rates of mice postinfection with strain USA300 at
different dosages. As shown in Supplemental Fig. 1A, early death began on
day 2 postinfection with strain USA300 at a dose of 1 � 108 CFUs, and the
7-d survival rate was 20% upon infection with strain USA300 at a dose of
5 � 107 CFUs. Thus, we chose a dose of 5 � 107 CFUs for the subsequent
survival rate experiment, and a dose of 1 � 108 CFUs was used for the other
in vivo experiments.

Detection of the bacterial load in different mouse organs

Liver, spleen, lung, and kidney tissues were collected at 24 h after MRSA
infection and homogenized, and the homogenates were serially diluted in
PBS, plated on solid Luria-Bertani plates, and then incubated under aerobic
conditions for 16 h at 37�C. CFUs were counted, and the values are
expressed as colony counts per gram of tissue.

Depletion of macrophages from mice

As described previously (19), we also used clodronate-encapsulated liposomes
to deplete macrophages. In brief, mice were intravenously injected with 50 ml
of clodronate-encapsulated liposomes or PBS liposomes (Clodronate Lipo-
somes, Amsterdam, the Netherlands) 12 h beforeMLN4924 injection.

Isolation and purification of mouse peritoneal macrophages

Peritoneal macrophages (PMs) were prepared from mice as previously
described (20). Briefly, 8-wk-old C57BL/6 mice were i.p. injected with 2 ml
of 3% sterile thioglycolate medium (BD Biosciences, Sparks, MD). Three
days later, PMs were extracted. To isolate and purify the PMs, each mouse
was euthanized with 40 mg/kg pentobarbital sodium, and its abdomen was
sprayed with 70% ethanol. The outer layer of the peritoneum was incised
with scissors, and ice-cold RPMI 1640 medium was subsequently injected
into the peritoneal cavity using a 20-ml syringe. After the peritoneum was
gently massaged to dislodge any attached cells and suspend them in RPMI
1640 medium, the enterocoelic fluid was collected into a tube using a 20-ml
syringe, kept on ice, and centrifuged at 250 � g at 4�C for 5 min. The super-
natant was discarded, and the precipitate was suspended in RPMI 1640
medium supplemented with 10% FBS and 100 U/ml penicillin, after which
the cells were counted using a hemocytometer. The cells were then added to

12- or 24-well tissue culture plates as needed to obtain a density of 5 � 105

cells/ml and cultured for 2 h at 37�C. Then, nonadherent cells were removed
by gentle washing with PBS three times. The isolated macrophages were
stained for CD11b and F4/80. The purity of the isolated macrophages
(CD11b and F4/80 double-positive cells) was more than 90%, as analyzed
by flow cytometry (Supplemental Fig. 1B), and the macrophages were pre-
pared for in vitro experiments.

Tissue dissociation and cellular analysis of the liver, lungs, and
spleen

For liver dissociation, mice were anesthetized and perfused through the hepatic
portal vein with dissociation solution containing 80 mg/ml collagenase type IV
(Sigma) and 50 mg/ml DNase (Sigma) at 37�C for 10 min. Then, the liver was
collected and ground into a suspension using a 5-ml injection syringe. Lung tis-
sues were collected, cut into small pieces, and incubated with dissociation solu-
tion containing 2 mg/ml collagenase type I (Sigma), 2 mg/ml collagenase type
IV (Sigma), and 1 mg/ml DNase (Sigma) at 37�C for 2 h. Spleen tissues were
directly ground into a suspension using a 5-ml injection syringe. Suspensions
from the liver, lungs, and spleen were washed using PBS and dispersed through
a 70-mm cell strainer. Single-cell suspensions were stained with the indicated
Abs and analyzed with DxFLEX (Beckman Coulter, Brea, CA).

Analysis and isolation of macrophages from the mouse liver, lungs,
and spleen

Single cells isolated from the liver, spleen, or lungs were stained with the
indicated fluorescence-conjugated Abs for 20 min, washed, resuspended in
PBS containing 1% FBS, and analyzed with a Cytoflex machine (Beckman
Coulter). Flow cytometry data were plotted and quantified as the mean fluo-
rescence intensity (MFI) using FlowJo software (Tree Star, Ashland, OR).
The following fluorescence-conjugated Abs used for the experiment were
purchased from BioLegend (San Diego, CA, USA): allophycocyanin-conju-
gated anti-mouse F4/80, FITC-conjugated anti-mouse F4/80, PE-conjugated
anti-mouse CD11b, Pacific Blue (PB)�conjugated fixable viability dye, and
allophycocyanin-conjugated anti-mouse CD45. To isolate macrophages from
mouse livers and lungs, CD11b1F4/801 macrophages were further sorted by
a Beckman MoFlo Astrios EQ (Beckman Coulter).

Histopathology

The liver, lungs, and kidneys were dissected from individual mice, immedi-
ately fixed with 4% paraformaldehyde, and then subjected to H&E staining.
At least three images of randomly selected microscopic fields were captured
from each slide from each mouse.

Cytokine analysis

Mouse serum concentrations of the cytokines IL-6, IL-1b, and TNF-a were
measured with an ELISA kit (BioLegend) according to the manufacturer’s
instructions.

Immunofluorescence and confocal microscopy

PMs were incubated with or without MLN4924 (100 nM) for 6 h, after which
MRSA was added at a multiplicity of infection (MOI) of 20 and incubated for
another 6 h. The cells were washed and fixed in prechilled methanol for 10 min
and then permeabilized with 0.1% Triton X-100 for another 10 min. After
blocking with 5% BSA, the cells were incubated overnight at 4�C with an
anti�NF erythroid-derived 2�like 2 (Nrf2) (Ab137550, Abcam, Cambridge,
MA, 1:250) Ab. The primary Ab was detected using a DyLight 594�labeled
secondary Ab (Ab96921, Abcam, 1:400). Nuclei were stained with DAPI
(Invitrogen, Carlsbad, CA). Images of the cells and sections were captured with
an Olympus confocal fluorescence microscope (Olympus, Tokyo, Japan).

Immunoblot analysis

A total of 20 mg of protein from the cell lysate was separated by SDS-PAGE
on 10% gels and transferred onto polyvinylidene difluoride membranes. The
membranes were blocked with 5% non-fat milk in PBS with Tween 20
(PBST) buffer and incubated with primary Abs overnight at 4�C. After
washing, the bound Abs were detected with HRP-conjugated secondary Abs
(goat anti-rabbit IgG, Beyotime Biotechnology, Shanghai, China, 1:5000) for
1 h and visualized using enhanced chemiluminescent reagents, followed by
scanning with a Tanon 4500 gel imaging system. The following primary
Abs were used: rabbit monoclonal anti-NEDD8 (Ab81264, Abcam, 1:2000),
rabbit polyclonal anti-Nrf2 (Ab137550, Abcam, 1:2000), rabbit polyclonal
anti-COPS5 (A1766, ABclonal, China, 1:1000), rabbit polyclonal anti-
NADPH oxidase (NOX)2 (A1636, ABclonal, 1:1000), rabbit monoclonal
anti-Cullin3 (Ab75851, Abcam, 1:1000), and rabbit polyclonal anti-p62
(Ab101266, Abcam, 1:1000). b-Actin (ET1701-80, HuaBio, China, 1:2000)
was used as a sample loading control.
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Real-time PCR

Total RNA was extracted using TRIzol reagent (Thermo Fisher Scientific)
following the manufacturer’s instructions. cDNA was synthesized using a
cDNA synthesis kit (Takara, Dalian, Liaoning, China) following the man-
ufacturer’s instructions. For mRNA detection, b-actin served as an internal
control. Real-time PCR was conducted using SYBR Green (TaKaRa) with
an Applied Biosystems 7500 real-time PCR system (Thermo Fisher Scien-
tific). The primer sequences are listed in Table I.

Apoptosis assay

PMs were treated with or without MLN4924 for 6 h and then were or were
not infected with MRSA at an MOI of 20 for an additional 6 h. Then, the
cells were dissociated using 0.25% trypsin-EDTA and collected by centrifu-
gation. Apoptosis was determined using an Annexin V-PI apoptosis detection
kit (MultiSciences, Hangzhou, Zhejiang, China) and immediately analyzed
by flow cytometry.

CFSE labeling, phagocytosis, and bacterial killing assay

MRSA was labeled with 5 mM CFSE (Invitrogen) at 37�C for 10 min accord-
ing to the manufacturer’s instructions, washed three times with complete
RPMI 1640 medium, and incubated with macrophages. For FACS-based
phagocytosis, MLN4924- or DMSO-treated macrophages were infected with
CFSE-labeled MRSA (MOI of 20) for 30 min, extensively washed with cold
PBS three times, and measured immediately with FACS. For immunofluores-
cence measurement of the phagocytosis and killing abilities of the macro-
phages, 1 � 105 PMs were cultured in 24-well dishes and then infected with
CFSE-labeled MRSA (MOI of 20) for 30 min, followed by washing with PBS
three times. The infected cells were further cultured in sterile RPMI 1640
medium containing 2 mg/ml vancomycin (Sangon Biotech, Shanghai, China).
At the indicated times, the macrophages were washed and fixed with prechilled
methanol for 10 min at�20�C, washed again, and fixed with anti-fade mount-
ing medium containing DAPI for image collection with an Olympus FV3000
confocal microscope (Olympus). For the in vitro bacterial killing assay, macro-
phages were incubated with MRSA (MOI of 20) for the indicated durations at
37�C. Then, the cells were collected and lysed in ddH20, and the lysates were
diluted and spread onto solid Luria-Bertani plates. The CFUs were counted
after incubation overnight at 37�C.

Analysis of reactive oxygen species (ROS) levels

Tomeasure cellular ROS levels, cells (PMs or NIH-3T3 cells) were treated with
or without 5 mM NAC (Sigma) as needed, followed by other indicated treat-
ments (MLN4924 treatment, MRSA infection, or transfection). The culture
medium was removed, and the cells were washed with PBS and incubated for
30 min at 37�C with dichloro-dihydro-fluorescein diacetate (DCFH-DA) at a
final concentration of 10mM in serum-free RPMI 1640medium. The cells were
washed with PBS, removed from the plates by 0.25% trypsin-EDTA, pelleted at
2000 rpm for 5 min, immediately resuspended in cold PBS, and analyzed by
flow cytometry. Data analysis was performed using FlowJo software.

Construction of expression plasmids

The mouse Ube2m gene was amplified from mouse PMs by reverse tran-
scription PCR and ligated into pcDNA3.1-Flag to construct a Flag-tagged
expression plasmid. The mouse Dcn1 gene was amplified from RAW264.7
cells by RT-PCR and ligated into the PMX plasmid.

Plasmid and small interfering RNA (siRNA) transfection

NIH-3T3 cells were transfected with plasmids using JetPEI transfection
reagent (Polyplus, Beijing, China). Mouse PMs were transfected with a scram-
bled negative control (NC) sequence or targeted siRNA using TransIT-TKO
transfection reagent (Mirus Bio, Madison, WI) according to the manufacturer’s
instructions. The siRNAswere synthesized by GenePharma (Shanghai, China).
The following siRNA oligonucleotide sequences were used: Cullin3 siRNA,
5'-GGGUGCGAGAAGAUGUACUAAAUdTdT-3'; Nrf2 siRNA, 5'-CUU-
GAAGUCUUCAGCAUGUUAdTdT-3'; p62 siRNA, 5'-GAAUUCAUGU-
GAAGCCGAAdTdT-3'; Uba3 siRNA, 5'-CGACACUUUCUACCGACAA-
UUCUCdTdT-3'; COP9 signalosome subunit 5 (Csn5) siRNA, 5'-GACU-
GAUGUCUCAGGUUAUUAdTdT-3'; NC siRNA, 5'-UUCUCCGAACGU-
GUCACGUdTdT-3'.

Generation of bone marrow-derived macrophages (BMDMs)

BMDMs were generated as previously described (21). Briefly, bone marrow
mononuclear cells were prepared from C57BL/6J mouse (8 wk old) tibial
and femur suspensions by depletion of RBCs and cultured in RPMI 1640
medium supplemented with 10% FBS, 1% penicillin/streptomycin, and 10
ng/ml recombinant murine GM-CSF (Millipore, Billerica, MA). For full dif-
ferentiation of BMDMs, the cells were cultured for an additional 8 d with
replacement of the above-mentioned medium every 2 d. All cells were
CD11b1F4/801 when analyzed by flow cytometry.

Macrophage infusion

For macrophage infusion experiments, mice were intravenously injected with
50 ml of clodronate-encapsulated liposomes. Twelve hours later, MLN4924
(100 nM) or DMSO-treated BMDMs (4 � 106 cells per mouse) were
infused into the macrophage-depleted mice via their tail veins. Twelve hours
after macrophage infusion, mice were injected with USA300 (5 � 107 CFUs
per mouse for survival rate analysis; 1 � 108 CFUs per mouse for others).

Statistical analyses

All statistical analyses were performed with GraphPad Prism 8.0.2 software
(GraphPad Software). The unpaired Student t test was used for comparisons
between two groups. Kaplan-Meier curves of overall survival were compared
using the log-rank test. A p value <0.05 indicated a statistically significant
difference.

Results
Neddylation is activated in mice after MRSA bloodstream infection

AfterMRSA infection, themRNA levels ofNedd8were increased at 6 h,
peaked at 12 h, and declined at 24 h in lung and kidney tissues. In the
liver, the mRNA level of Nedd8 increased at 12 and 24 h. In addition, a
significant increase in Nedd8 mRNA levels in the spleen was also ob-
served later, at 24 h after MRSA infection (Fig. 1A). Elevated NEDD8
levels can promote protein neddylation, which is reflected by the protein
expression of NEDD8-conjugated Cullins (NEDD8-Cullins) (22) (Table
I). Thus, we detected NEDD8-Cullins in these organs afterMRSA infec-
tion. As expected, NEDD8-Cullins levels were obviously increased in

Table I. Primer sequences used

Name Primer Sequence (59!39)

b-Actin F, GGCTGTATTCCCCTCCATCG; R, CCAGTTGGTAACAATGCCATGT
NEDD8 F, GGAGCGAATCAAGGAGCGT; R, GGAACCACCTAGAATCTTGT
Cullin3 F, AGCCGGAAGGACACCAAGA; R, GCTCCTCAAAACTAAGACCACTG
Nrf2 F, TCTTGGAGTAAGTCGAGAAGTGT; R, GTTGAAACTGAGCGAAAAAGGC
CSN5 F, TGGGTCTGATGCTAGGAAAGG; R, CTATGATACCACCCGATTGCATT
UBA3 F, CCTTCACACACCCCGATTTC; R, GCCTTGGGTCTTCCGACATC
p62 F, AGGATGGGGACTTGGTTGC; R, TCACAGATCACATTGGGGTGC
IL-6 F, TAGTCCTTCCTACCCCAATTTCC; R, TTGGTCCTTAGCCACTCCTTC
IL-1b F, GCAACTGTTCCTGAACTCAACT; R, ATCTTTTGGGGTCCGTCAACT
TNF-a F, CAAACCACCAAGTGGAGGAG; R, GTGGGTGAGGAGCACGTAGT
Nox2 F, GAATCAGCCTTAGTGTCACAGG; R, ATTCCGGTATGCGTCCAGC
GST F, AGCTCACGCTATTCGGCTG; R, GCTCCAAGTATTCCACCTTCAGT
SOD1 F, AACCAGTTGTGTTGTCAGGAC; R, CCACCATGTTTCTTAGAGTGAGG
CAT F, AGCGACCAGATGAAGCAGTG; R, TCCGCTCTCTGTCAAAGTGTG

F, forward; R, reverse.
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the liver, lungs, and kidneys at 12 and 24 h after MRSA infection and in
the spleen at 24 h afterMRSA infection (Fig. 1B, 1C). These results sug-
gest thatMRSA infection activates neddylation in vivo.

MLN4924 exacerbates MRSA bloodstream infection in mice

MLN4924, a well-known inhibitor of the neddylation E1 enzyme
NAE1, is widely used to investigate the role of neddylation (23).
NEDD8-Cullins levels in liver, spleen, lung, and kidney tissues
were decreased at 12 h after i.p. injection of MLN4924 (30 mg/kg),
although the decrease in NEDD8-Cullins levels in the liver was
smaller (Supplemental Fig. 1C). MLN4924 alone did not impair
liver and kidney functions (Supplemental Fig. 1D) and did not cause
histopathological damage to the major organs (Supplemental Fig.
1E) or death (Supplemental Fig. 1F). Intraperitoneal administration
of MLN4924 significantly decreased the survival rate after MRSA
infection (Fig. 2A). MLN4924 treatment also inhibited the produc-
tion of the serum inflammatory cytokines IL-1b, IL-6, and TNF-a
at 24 h after MRSA infection (Fig. 2B), causing a notable increase
in the bacterial burden (Fig. 2C) and increased tissue abscesses in
liver and kidney tissues (Fig. 2D). These results suggest that neddy-
lation probably has an inhibitory effect on MRSA infection.

Macrophages play an essential role in MLN4924-mediated
exacerbation of MRSA infection

Because macrophages play an immediate role in defense against
bacterial invasion by phagocytosing and killing pathogens (24), we
wanted to determine the role of macrophages in the MLN4924-
mediated exacerbation of MRSA infection. Thus, macrophage deple-
tion experiments with clodronate-encapsulated liposomes were

conducted as reported in a previous study (19). Macrophages could
hardly be detected in liver, lung, and spleen tissues after clodronate-
encapsulated liposome treatment (Supplemental Fig. 2A, 2B). Mac-
rophage depletion resulted in a significant decrease in serum levels of
the cytokines IL-1b, IL-6, and TNF-a and distinct increases in the
MRSA load in liver, spleen, lung, and kidney tissues after MRSA
bloodstream infection (Fig. 3A, 3B), indicating the critical role of
macrophages in restraining MRSA infection. Except for a slight
decrease in serum IL-6 levels in MLN4924-treated mice (Fig. 3A),
the bacterial burden and survival rate ofMLN4924-treated and control
mice after MRSA infection were not different after macrophage
depletion (Fig. 3B, 3C). In addition, we infused MLN4924- or
DMSO-treated BMDMs into the macrophage-depleted mice via tail
veins. Decreased inflammatory cytokines IL-1b and IL-6, increased
bacteria burden in liver and lung, and increased abscess in liver could
be detected in MLN4924-treated macrophage infusion mice (Fig.
3D�F). However, significant differences in inflammatory cytokine
TNF-a, bacteria burden in spleen, and kidney and survival time were
not observed (25, 26) (Fig. 3D�G). These results suggest that macro-
phages play an essential role in the effect of MLN4924.

MLN4924 inhibits MRSA clearance by macrophages in vitro

Then, the effects of MLN4924 on macrophages in vitro were exam-
ined, and we confirmed that MLN4924 effectively inhibited
NEDD8-Cullins in PMs in vitro (Supplemental Fig. 2C). Because
MLN4924 could induce the apoptosis of RAW264.7 cells (27), we
investigated the effect of MLN4924 treatment on the apoptosis of
PMs. We found that MLN4924 did not promote the apoptosis of
PMs but rather inhibited apoptosis after MRSA infection (Fig. 4A).

FIGURE 1. Neddylation is activated after MRSA-induced bloodstream infection. Mice were i.v. injected with S. aureus strain USA300 at a dose of 1 �
108 CFUs. Tissues were harvested at 0 (determined as control), 6, 12, and 24 h after USA300 injection (n = 3). (A) Time-dependent changes in relative
Nedd8 mRNA expression in the liver, spleen, lung, and kidney tissues after USA300 infection were measured by real-time PCR. (B) NEDD8-Cullins in the
liver, spleen, lung, and kidney tissues was observed by Western blot analysis. b-Actin was used as a sample loading control. (C) Quantification of
b-actin�normalized NEDD8-Cullins protein levels [from (B)]. Representative results from three independent experiments are shown (mean and SD) (n = 3).
ns, not significant. *p < 0.05, **p < 0.01, ***p < 0.001 (unpaired Student t test).
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An in vivo experiment proved that MLN4924 did not affect the
number of macrophages in the liver, spleen, or lungs of mice after
MRSA infection (Supplemental Fig. 2D). Then, we hypothesized
that MLN4924 might affect bacterial phagocytosis by PMs, but after
coculture with PMs for 30 min, we found that MLN4924 did not
affect the phagocytosis of strain USA300 (Fig. 4B). However, after
30 min of USA300 infection, when the infected PMs were further
cultured, we found that MLN4924 treatment substantially increased
the number of live intracellular USA300 bacteria in PMs postinfec-
tion (Fig. 4C). Furthermore, when macrophages were visualized by
immunofluorescence, we found that MLN4924 treatment indeed
inhibited macrophages from clearing USA300 (Fig. 4D). These
results demonstrate that MLN4924 impaired MRSA clearance rather
than macrophage-mediated engulfment of MRSA.

ROS induction in macrophages was defective after neddylation
inhibition

ROS play a key role in bacterial killing by macrophages, especially
in S. aureus infection (28�30). Hence, we explored whether ROS
were related to the deficiency in MRSA killing by macrophages
observed after MLN4924 treatment. We found that MLN4924 inhib-
ited ROS production in a dose-dependent manner in PMs (Fig. 5A).
At a concentration of 500 nM, MLN4924 completely abolished the
ROS burst in PMs induced by MRSA infection (Fig. 5B). Only one

neddylation E1, a heterodimer of UBA3 and NAE1, has been identi-
fied (31, 32). We also blocked neddylation by using Uba3 siRNA
and then assessed the role of neddylation in ROS. Uba3 knockdown
significantly decreased ROS levels in PMs (Fig. 5C, 5D). Thus, we
wondered whether ROS were responsible for the defective antibacte-
rial activity of macrophages upon MLN4924 treatment. NAC, a
ROS scavenger (33), efficiently lowered the ROS level in PMs
(Supplemental Fig. 3A). Pretreatment with NAC abrogated the differ-
ence in the bacterial clearance rate of PMs with and without
MLN4924 treatment (Fig. 5E). Next, we investigated the effect of
MLN4924 on ROS production in macrophages in mice after MRSA
infection in vivo. Consistent with the in vitro results, MLN4924 treat-
ment remarkably reduced ROS levels in macrophages in the liver,
spleen, and lungs of mice after MRSA infection (Fig. 5F). Thus, these
results indicate that MLN4924 impairs the antibacterial activity of
macrophages mainly by reducing their production of ROS.

The MLN4924-mediated decrease in ROS production in
macrophages occurred partially via the NEDD8-Cullin3-Nrf2 axis

NOX is a major source of ROS production (34). We found that Nox2
mRNA and Nox2 protein levels slightly declined after MLN4924
treatment (Fig. 6A). However, the reduction in ROS in MLN4924-
treated macrophages persisted when Nox2 inhibitor GSK2795039
existed (35) (Fig. 6B), implying that Nox2 had a limited effect on the

FIGURE 2. MLN4924 increases mouse susceptibility to USA300 sepsis. (A) Mice were i.p. injected with 30 or 60 mg/kg MLN4924 or the same volume of
DMSO. Twelve hours later, 5 � 107 CFUs of USA300 were injected via the tail vein, and 7-d mortality was monitored. (B�D) After the administration of
MLN4924 at a dose of 30 mg/kg for 12 h, 1� 108 CFUs of USA300 was injected via the tail vein. Blood and organs were harvested 24 h after USA300 injection.
Serum inflammatory cytokines (IL-1b, IL-6, and TNF-a) were measured by ELISA (B), the bacterial loads (CFUs) in the liver, lungs, spleen, and kidneys were mea-
sured (C), and inflammatory cell infiltration and abscess (yellow arrow) in the liver, lungs, and kidneys was visualized by H&E staining (D). Scale bars, 50 mm.
Data are representative of three independent experiments (mean and SD) (n = 6). ns, not significant. *p< 0.05, **p< 0.01 (unpaired Student t test).
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FIGURE 3. Macrophages play an essential role in the effect of MLN4924. (A and B) Twelve hours after their i.v. injection of 50 ml of clodronate-encapsu-
lated liposomes, mice were i.p. administered MLN4924 (30 mg/kg). Twelve hours after MLN4924 admission, 1 � 108 CFUs of USA300 were injected into
the mice through the tail vein. Lung, liver, kidney, and spleen tissues and blood were harvested 24 h later, and serum IL-1b, TNF-a, and IL-6 levels were
measured by ELISA (A). The CFUs in the liver, lungs, spleen, and kidneys were measured (B) (n = 6). (C) Twelve hours after i.v. injection of 50 ml of clodr-
onate-encapsulated liposomes, mice were i.p. administered MLN4924 (30 mg/kg). Twelve hours after MLN4924 admission, 5 � 107 CFUs of USA300 were
injected into the mice through the tail vein, and the 10-d survival rate was recorded (n = 6). (D�G) MLN4924 (100 nM)- or DMSO-treated BMDMs (4 �
106 cells per mouse) were infused into the macrophage-depleted mice via tail veins. Twelve hours after macrophages infusion, USA300 (5 � 107 CFUs per
mouse for survival rate analysis, 1 � 108 CFUs per mouse for others) was i.v. injected into the mice. Lung, liver, kidney, and spleen tissues and blood were
harvested 24 h later, and serum IL-1b, TNF-a, and IL-6 levels were measured by ELISA (D). The CFUs in the liver, lungs, spleen, and kidneys were mea-
sured (E) (n = 5), inflammatory cell infiltration and abscess (yellow arrow) in the liver, lungs, and kidneys was visualized by H&E staining (F), and 8-d sur-
vival rate was recorded (G) (n = 8). Scale bars, 50 mm. Data are representative of three independent experiments (mean and SD). ns, not significant. *p <

0.05, **p < 0.01, ***p < 0.001 (unpaired Student t test).
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MLN4924-induced decrease in ROS. Nrf2 plays a central role in regu-
lating the expression of antioxidant proteins against oxidative damage
triggered by injury and inflammation (36). In addition to downregu-
lated NEDD8-Cullin levels, the Nrf2 protein levels in PMswere mark-
edly increased after MLN4924 treatment (Fig. 6C), which was further
confirmed by immunofluorescence staining, which showed enrich-
ment of Nrf2 in the nuclei of PMs (Fig. 6D). We also found higher
mRNA levels of Nrf2 target genes, including Sod1, Cat, andGst, after
MLN4924 treatment (Fig. 6E). Moreover, knockdown of Nrf2
reduced the inhibitory effect of MLN4924 on ROS production and
bactericidal ability of PMs (Fig. 6F, 6G). After NAC treatment,
increased Nrf2 in the MLN4924 group still existed (Fig. 6H). These
results suggest that MLN4924 promotes Nrf2 accumulation, which
inhibits the production of ROS in macrophages.
Then, we wanted to determine how MLN4924 regulates Nrf2 in

macrophages. In contrast to Nrf2 protein levels, Nrf2 mRNA levels

were significantly decreased inMLN4924-treated PMs (Supplemental
Fig. 3B). Nrf2 is degraded in a proteasome-dependent manner, and
MG132, a proteasome inhibitor, increased the Nrf2 protein levels in
PMs (37). Therefore, we hypothesized that MLN4924 suppressed
Nrf2 degradation by proteasomes. In fact, MLN4924 did not increase
Nrf2 protein levels in PMs after MG132 treatment (Fig. 6I). Further-
more, the decrease in ROS levels caused by MLN4924 was abolished
after MG132 treatment (Fig. 6J). According to past research, p62 can
competitively bind to Keap1, leading to the activation of Nrf2 (38).
We found that although p62 protein levels were obviously increased
in MLN4924-treated PMs (Supplemental Fig. 3C), MLN4924 could
still reduce ROS levels in PMs after p62 knockdown (Supplemental
Fig. 3D�F), which indicates that the decrease in ROS in
MLN4924-treated macrophages was not due to increased p62.
Nrf2 is also negatively regulated by the Cullin3-Keap1-E3 ubiqui-

tin ligase complex, which targets Nrf2 for proteasome-mediated

FIGURE 4. MLN4924-treated macrophages are defective in USA300 killing. (A) PMs were treated with 100, 200, and 500 nM MLN4924 for 6 h, fol-
lowed by infection with or without USA300 at an MOI of 20 for 6 h. Apoptotic cells were detected by flow cytometry (left) and statistically analyzed (right).
(B) After treatment with 100, 200, and 500 nM MLN4924 for 6 h, PMs were infected with CFSE-labeled USA300 at an MOI of 20 for 30 min. CFSE-posi-
tive cells were analyzed by flow cytometry (left) and statistically analyzed (right). (C) After treatment with 100, 200, and 500 nM MLN4924 for 6 h, PMs
were infected with CFSE-labeled USA300 at an MOI of 20 for 30 min. The infected cells were further cultured in sterile medium containing 2 mg/ml vanco-
mycin, and CFUs were quantified at the indicated time points after USA300 infection. (D) PMs treated with MLN4924 (100 nM) or DMSO were infected
with CFSE-USA300 at an MOI of 20 for 30 min and further cultured in sterile medium containing 2 mg/ml vancomycin. Then, the infected cells were
washed, fixed, and stained with DAPI at the indicated times postinfection. CFSE-labeled USA300 (green) was visualized by fluorescence microscopy (left),
and dots were analyzed (right). Scale bar, 20 mm. Data are representative of three independent experiments (mean and SD) (n = 3). ns, not significant. *p <

0.05, **p < 0.01, ***p < 0.001 (unpaired Student t test).
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degradation (37). Since MLN4924 obviously inhibited Cullin3 ned-
dylation (Fig. 6C), we wondered whether Cullin3 was responsible
for the Nrf2-mediated decrease in ROS in macrophages after
MLN4924 treatment. We found that Cullin3 knockdown abolished
MLN4924-mediated Nrf2 accumulation in PMs (Fig. 6K). In addi-
tion, Cullin3 knockdown largely impaired the inhibitory effects of
MLN4924 on the reduction in ROS levels in PMs (Fig. 6L). Fur-
thermore, Cullin3 neddylation was obviously increased in PMs after
MRSA infection in vitro (Fig. 6M). DI591, a specific inhibitor that
interferes with conjugation between UBE2M (also known as
UBC12) and DCN1 (39), also markedly inhibits Cullin3 neddylation
(Supplemental Fig. 4A). Accordingly, DI591 treatment significantly
inhibited ROS production in PMs after MRSA infection in vitro
(Fig. 6N). UBE2M is an E2-conjugating enzyme, and DCN1 is an
E3 ligase in Cullin3 neddylation (40�42). To further confirm the
function of neddylated Cullin3 in ROS generation, we overex-
pressed E2-UBE2M (Supplemental Fig. 4B, 4C) or E3-DCN1
(Supplemental Fig. 4D, 4E) in NIH-3T3 cells and found that both

could increase Cullin3 neddylation and ROS production. CSN5, an
isopeptidase belonging to the COPS9 signalosome, is responsible
for recycling NEDD8 from Cullin3-NEDD8 conjugation (43, 44).
Silencing of CSN5 notably increased ROS levels (Supplemental
Fig. 4F, 4G) and facilitated MRSA clearance in PMs (Fig. 6O). In
addition, we found decreased neddylated Cullin3 and increased Nrf2
expression in liver and lung macrophages in mice after MLN4924
treatment (Fig. 6P). After using ML385, a pharmacological inhibitor
of Nrf2 (45), the survival rate (Fig. 6Q) and ROS levels in macro-
phages of liver, spleen, and lungs (Fig. 6S) of the MLN4924 group
were substantially improved and showed no significant difference
compared with that of DMSO group. However, the difference in
bacterial burdens between MLN4924 and DMSO was diminished in
the liver, spleen, lungs, and kidneys, but it remained significantly
higher in the MLN4924 group in the liver and spleen after cotreat-
ment with ML385 (Fig. 6S). Collectively, these findings show that
the inhibitory effect of MLN4924 on ROS production is partially
dependent on the NEDD8-Cullin3-Nrf2 axis (Fig. 7).

FIGURE 5. Macrophages are defective in ROS induction after neddylation inhibition. (A) PMs were treated with 100, 200, and 500 nM MLN4924 for 6 h.
Then, the ROS in PMs were analyzed by flow cytometry (left), and the MFI was statistically analyzed (right). (B) PMs were treated with 500 nM MLN4924
or DMSO for 6 h, followed by infection with or without USA300 at an MOI of 20 for 6 h. Then, the ROS in PMs were analyzed by flow cytometry (left),
and the MFI values were statistically analyzed (right). (C and D) PMs were transfected with scrambled NC siRNA or Uba3 siRNA for 48 h, followed by
USA300 infection at an MOI of 20 for 6 h. Then, NEDD8-Cullins and UBA3 levels were analyzed by Western blot analysis (C). ROS in the cells were ana-
lyzed by flow cytometry (left), and MFI values were statistically analyzed (right) (D). (E) PMs pretreated with 5 mM NAC for 0.5 h were treated with 100
nM MLN4924 for 6 h. Then, the cells were infected with USA300 at an MOI of 20, and CFUs were quantified at the indicated time points. (F) Mice were
i.p. injected with 30 mg/kg MLN4924 or an equal volume of DMSO. Twelve hours later, the mice were infected with USA300 (1 � 108 CFUs) via tail vein
injection. The ROS in macrophages of the liver, spleen, and lungs were analyzed by flow cytometry (top) and statistically analyzed (bottom). Data are repre-
sentative of three independent experiments (mean and SD). ns, not significant. *p < 0.05, **p < 0.01, ***p < 0.001 (unpaired Student t test).
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FIGURE 6. MLN4924 decreases ROS partly via the NEDD8-Cullin3-Nrf2 pathway. (A) PMs were treated with 100 and 200 nM MLN4924 for 6 h, fol-
lowed by USA300 infection at an MOI of 20 for an additional 6 h. The Nox2 level was analyzed by real-time PCR (right) and Western blotting (left). (B)
PMs were pretreated with or without GSK2795039 (GSK, a Nox2 inhibitor) for 12 h, treated with or without 100 nM MLN4924 for 6 h, and stimulated with
USA300 infection at an MOI of 20 for another 6 h. ROS in these cells were statistically analyzed by flow cytometry. (C�E) PMs were treated with 100, 200,
and 500 nM MLN4924 for 6 h, followed by USA300 infection at an MOI of 20 for an additional 6 h. Nrf2, NEDD8-Cullins, and Cullin3 in these cells were
detected by immunoblotting (C). The distribution of Nrf2 in PMs treated with 100 nM MLN4924 for 12 h was assessed by immunofluorescence (left) and sta-
tistical analysis (right) (D). Scale bar, 10 mm. Sod1, Cat and Gst mRNA levels were analyzed by real-time PCR (E). (F and G) PMs were transfected with
NC or Nrf2 siRNA for 48 h, followed by treatment with 100 nM MLN4924 for 6 h. Then, the cells were infected with USA300 at an MOI of 20 for an addi-
tional 6 h. The Nrf2 levels were analyzed by Western blotting (top), and ROS in these cells were statistically analyzed by flow cytometry (bottom) (F). CFUs
were quantified at the indicated time points after USA300 infection (G). (H) PMs pretreated with or without 5 mM NAC for 0.5 h, followed by 100 nM
MLN4924 treatment for 6 h. Then, the cells were infected with USA300 at an MOI of 20 for 6 h. Nrf2 in PMs was detected (Figure legend continues)
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Discussion
In recent years, accumulating evidence has shown the important role
of neddylation in the field of pathogen infection. The growth of
influenza A virus in A549 cells was promoted in vitro via activation
of the neddylation modification pathway (46), while MLN4924 pro-
tected mice against influenza A virus infection by inhibiting neddy-
lation in vivo (47). Neddylation is required for Kaposi’s sarcoma-
associated herpesvirus replication in cells, and MLN4924 kills
Kaposi’s sarcoma-associated herpesvirus�infected lymphoma cells
by inhibiting NF-kB activity (48). In addition, neddylation activation
was effectively induced after blood-stage Plasmodium infection,
which facilitated IFN-g induction and the anti-Plasmodium T cell
response in a mouse model (11). Enteropathogenic E. coli can selec-
tively deamidate NEDD8, leading to decreased neddylation activa-
tion by abolishing the activity of Cullin-RING ubiquitin ligases,
which is closely linked to enteropathogenic E. coli infection-induced
cytopathic effects (14). In our study, MRSA infection promoted
neddylation activation both in vivo and in vitro. Inhibition of neddy-
lation activation by MLN4924 decreased the survival rate, exacer-
bated organ damage, and increased the bacterial burden. Our results
show that neddylation activation plays a protective role against
MRSA infection. Although it remains unclear whether neddylation
is activated or inhibited and whether an altered neddylation status
protects against or promotes infection with different pathogens, our
study further confirmed the involvement of neddylation in the patho-
genesis of exogenous infection.
Once neddylation was inhibited by MLN4924 in mice, a

decreased survival rate, exacerbated organ damage, and an increased
bacterial burden were observed, and the exacerbation of these

phenomena via suppression of neddylation activation by MLN4924
disappeared when macrophages were depleted by clodronate lipo-
somes. In addition, adoptively transferredMLN4924-treated BMDMs
into macrophage-depleted mice will also aggravate MRSA infection
in mice. These results suggest that macrophages play an essential role
in the exacerbating effects of neddylation suppression on MRSA
infection. In vitro, macrophages treated with MLN4924 were defec-
tive in MRSA killing but not phagocytosis, and this effect was related
to a significant decrease in ROS levels in MLN4924-treated macro-
phages. In addition, increased neddylation activation induced in NIH-
3T3 cells by the overexpression of Ube2m or Dcn1 and induced in
macrophages by Csn5 interference facilitated ROS induction. Previ-
ous studies have found that abundant ROS production in macrophages
was key to their ability to kill MRSA (49), while S. aureus exhibited
long-term survival within the intracellular niche of macrophages due
to a low level of ROS generation, facilitating its dissemination (50,
51). In addition, exogenous neutralization of ROS with NAC counter-
acted the MLN4924-induced decrease in MRSA clearance in vitro.
Taken together, these results suggest that decreased ROS levels in
macrophages after neddylation suppression can explain the increased
bacterial burden observed in mice with MRSA infection after
MLN4924 intervention and the subsequent serious organ damage and
increased mortality.
The conjugation of NEDD8 with Cullin3 is vital for the ubiquitin

ligase function of Cullin3-RING ubiquitin ligases (CRL3s) (37).
Under normal conditions, Nrf2 is degraded by the proteasome
through CRL3. When cells are faced with stress, the degradation of
Nrf2 is retarded (52). Once it has accumulated and translocated into
the nucleus, Nrf2, a powerful anti-redox transcription factor, pro-
motes the transcription of its downstream antioxidant targets, includ-
ing NADPH quinone dehydrogenase 1 (NQO1), haem oxygenase-1
(HO-1), and superoxide dismutase (SOD), leading to the inhibition
of ROS induction (52). After MRSA was phagocytosed by macro-
phages, the neddylation of Cullin3 was further activated, which
accelerated the degradation of Nrf2 and promoted ROS induction in
macrophages. When the degradation of Nrf2 was reduced by
MLN4924 during MRSA infection, the balance between Nrf2 and
ROS was disrupted, which led to a significant decrease in ROS pro-
duction. A mechanism schematic diagram for neddylation activation
against MRSA infection is shown in Fig. 7.
The Nrf2 inhibitor could not fully reverse the higher bacterial bur-

dens in vivo after MLN4924 treatment, implying that other contribut-
ing factors may exist. We found that the expression of Nox2, which is
the main source of ROS, slightly declined in macrophages after
MLN4924 treatment in vitro and showed a limited effect on the
MLN4924-mediated decrease in ROS in PMs, but its role in vivo
deserved further exploration. In addition, Perforin-2 is a pore-forming
protein required for the bactericidal activity of ROS in phagocytes

by immunoblotting. (I and J) PMs were treated with MG132 (10 mM) for 2 h, followed by MLN4924 (100 nM) treatment for an additional 6 h. Then, the
cells were incubated with USA300 at an MOI of 20 for an additional 6 h. The protein levels of NEDD8-Cullins, Nrf2, and Cullin3 were analyzed by Western
blotting (I). ROS were analyzed by flow cytometry and statistically analyzed in (J). (K and L) PMs were transfected with NC or Cullin3 siRNA for 48 h, fol-
lowed by 100 nM MLN4924 treatment for 6 h and infection with USA300 at an MOI of 20 for an additional 6 h. The Cullin3 and Nrf2 protein levels were
analyzed by Western blot analysis (K). ROS in these cells were analyzed by flow cytometry and statistically analyzed in (L). (M) PMs were infected with
USA300 at an MOI of 20 for 6 and 12 h. Then, the Cullin3 and NEDD8-Cullin3 proteins were observed by Western blotting. (N) After DI591 treatment for
12 h and infection with USA300 at an MOI of 20 for 6 h, the ROS in PMs were analyzed by flow cytometry. (O) PMs were transfected with NC or Csn5
siRNA for 48 h, followed by infection with USA300 at an MOI of 20 for 30 min, and CFUs were quantified at the indicated time points after USA300 infec-
tion. (P) Mice were i.p. injected with 30 mg/kg MLN4924 or an equal volume of DMSO. Twelve hours later, the mice were infected with USA300 (1 � 108

CFUs) via tail vein. CD11b1F4/801 macrophages were sorted by flow cytometry 12 h after USA300 administration, and Cullin3 and Nrf2 protein levels
were analyzed by Western blotting. (Q�S) Mice were i.p. injected with 30 mg/kg MLN4924 with or without 10 mg/kg ML385, and 12 h later, the mice were
infected with USA300 via tail vein injection. The survival rate was recorded (n = 7) (Q), and ROS of macrophages in liver, lungs, spleen (n = 3) (R) and the
bacterial loads in the liver, lungs, spleen, and kidneys were measured (n = 5) (S). Data are representative of three independent experiments with similar
results. ns, not significant. *p < 0.05, **p < 0.01, ***p < 0.001 (unpaired Student t test).

FIGURE 7. A proposed working model of the mechanism by which
MLN4924 increased mouse susceptibility to MRSA infection. The neddyla-
tion of Cullin3 in macrophages was activated upon MRSA infection and
abolished by MLN4924, which caused the accumulation of Nrf2 via the
ubiquitin-proteasome pathway. Increased nuclear translocation of Nrf2
enhanced expression of Nrf2 target genes such as Sod1, Cat, and Gst, lead-
ing to the reduced generation of ROS and exacerbation of MRSA infection.
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(53). Recently, neddylation of Cullin-1 was reported to trigger a rapid
redistribution of Perforin-2 and was important for its normal function
(54). Thus, perforin-2 may participate in MLN4924-mediated ROS
regulation, which needs further study.
Because of its good antitumor effect in vitro and in vivo, the neddy-

lation inhibitorMLN4924 has been approved for phase II clinical trials
as an antitumor drug for the treatment of human acute myeloid leuke-
mia, non�small cell lung cancer, and mesothelioma (55�57). How-
ever, according to our research, caution should be used when
MLN4924 is systematically applied in patients with MRSA infection.
To the best of our knowledge, specific activators of neddylation are
not currently available. The COP9 signalosome possesses metalloiso-
peptidase activity, which efficiently deneddylates NEDD8 from the
Cullins family (58, 59). Recently, Klebsiella pneumoniae was found
to prevent the neddylation of Cullin1 of the ubiquitin ligase E3-SCF-
TrCP complex by inducing CSN5 expression (60). CSN5 is also an
important regulator of parasite protein degradation and participates in
the effect of zinc ditiocarb against Entamoeba histolytica (61). Our
results proved that silencing the Csn5 gene facilitated ROS induction
and increased bactericidal capacity in mouse PMs. Therefore, targets
of the COP9 signalosomemay be an efficient way to develop neddyla-
tion activators and therapeutic chemical agents for pathogens (62).
In summary, neddylation activation in macrophages plays a criti-

cal protective role against MRSA infection via ROS-mediated bacte-
ricidal effects, and this effect may be partially associated with a
signaling pathway consisting of the NEDD8-Cullin3-Nrf2-ROS
axis. These results provide a promising nonantibiotic strategy for
treating MRSA infection by targeting neddylation activation.
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