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BACKGROUND AND PURPOSE
MLN4924 prevents the formation of active cullin-RING ubiquitin ligase complexes and thus inhibits NF-κB signalling. Here, we
evaluated the effects of this compound on monocytes and dendritic cells (DCs).

EXPERIMENTAL APPROACH
Monocytes and DCs were challenged with TNF or LPS in the presence and absence of MLN4924. The effects of MLN4924 on
cellular viability, pro-inflammatory gene induction and DC maturation were investigated using the MTT assay, ELISA and FACS
analysis. Mechanisms of cell death induction were evaluated by using inhibitors of caspases, RIPK1 and MLKL.

KEY RESULTS
MLN4924 inhibited NF-κB activation and sensitized monocytes and immature DCs (iDCs) for TNFR1-induced cell death.
Neither the caspase inhibitor zVAD-fmk, the RIPK1 inhibitor necrostatin-1 (nec-1) nor the MLKL inhibitor necrosulfonamide
(NSA) alone prevented TNF-induced cell death. A combination of zVAD-fmk and nec-1 or NSA, however, rescued monocytes
and iDCs from MLN4924/TNF-induced cell death indicating that MLN4924 affects anti-apoptotic and anti-necrotic activities in
TNFR1 signalling. MLN4924 also converted the response of iDCs to LPS from maturation to cell death. LPS-induced cell death
in MLN4924-treated iDCs was again only effectively blocked by cotreatment with zVAD-fmk and nec-1 or NSA. Noteworthy,
MLN4924/LPS-induced cell death was almost completely independent of endogenous TNF. MLN4924 also strongly inhibited
maturation and activation of iDCs that were rescued from cell death by zVAD-fmk and nec-1.

CONCLUSIONS AND IMPLICATIONS
Our data reveal a strong dual suppressive effect of MLN4924 on DC activity. The targeting of NAE by MLN4924 could be a
new way to treat inflammatory diseases.

Abbreviations
cIAP, cellular inhibitor of apoptosis protein; CRL, cullin-RING ubiquitin ligase; FLIP-L, long form of FLICE inhibitory
protein; GM-CSF, granulocyte-macrophage colony-stimulating factor; iDCs, immature dendritic cells; mDCs, mature
dendritic cells; MLKL, mixed lineage kinase domain-like protein; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; NAE, NEDD-8 activating enzyme; nec-1, necrostatin-1; NEDD-8, neural precursor cell
expressed, developmentally down-regulated 8; NSA, necrosulfonamide; RIPK, receptor-interacting protein; TRAF1/2, TNF
receptor associated factor 1/2; zVAD-fmk, benzyloxycarbonyl-Val-Ala-Asp (OMe) fluoromethylketone; βTrCP, β-transducin
repeat containing protein
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Introduction

The success of proteasome inhibitors such as Bortezomib in
cancer therapy has prompted the development of other
therapeutic compounds targeting proteins of the ubiquitin
proteasome system. One such compound is the neural pre-
cursor cell expressed, developmentally down-regulated 8
(NEDD8) activating enzyme (NAE) inhibitor MLN4924
(Soucy et al., 2009). NEDD8 is a ubiquitin-like protein that is
conjugated to the cullin subunits of E3 ligases of the cullin-
RING ubiquitin ligase (CRL) family in a ubiquitination-
related process by the sequential action of the NEDD8-
activating E1 enzyme, the E2 enzyme UbcH12 and an E3
ligase (Watson et al., 2011; Tanaka et al., 2013). Modification
of cullins with NEDD8 allows assembly of the active CRL
complexes, and an intact neddylation pathway is thus of
crucial relevance for the activity of CRL E3 ligases. CRLs mark
a variety of proteins for proteasomal degradation including
the cell cycle inhibitors p21 and p27, various cyclins and the
DNA replication licensing protein CTD1 (Watson et al., 2011;
Tanaka et al., 2013). Accumulation of these CRL substrates in
MLN4924-treated cells triggers S-phase defects and DNA
damage and eventually p53 activation, cell cycle arrest and
apoptosis. The CRL family member β-transducin repeat con-
taining protein (βTrCP) furthermore triggers proteasomal
degradation of IκBα and p100 processing, key events in sig-
nalling pathways that mediate the activation of transcription
factors of the NF-κB family (Read et al., 2000; Amir et al.,
2004). MLN4924 thus also acts as a potent inhibitor of NF-κB
activation (Milhollen et al., 2010; Swords et al., 2010; Chang
et al., 2012; Mathewson et al., 2013; Rauert-Wunderlich et al.,
2013; Godbersen et al., 2014). The NF-κB system regulates the
transcription of a considerable number of anti-apoptotic pro-
teins and pro-inflammatory cytokines. The inhibitory effect
of MLN4924 on NF-κB signalling not only contributes to the
induction of apoptosis by down-regulating survival factors
but also has an anti-inflammatory effect. Indeed, recent pub-
lications revealed that MLN4924 inhibits the NF-κB-mediated
induction of pro-inflammatory cytokines in macrophages

and dendritic cells (DCs; Chang et al., 2012; Li et al., 2013;
Mathewson et al., 2013). From preclinical models, there is
broad evidence that MLN4924 has anti-tumoural activity.
However, it is noteworthy that MLN4924 exerts its anti-
tumoural activity not only by triggering cell death and cell
cycle arrest but also by suppressing tumour growth and
metastasis as a results of its inhibition of angiogenesis
(Tan et al., 2014; Yao et al., 2014). Currently, MLN4924
is under consideration in multiple phase I studies to
treat solid tumours, metastatic melanoma and various
haematological malignancies (http://clinicaltrials.gov,
identifiers: NCT02122770, NCT01862328, NCT01011530,
NCT01814826, NCT00677170, NCT00911066 and
NCT00722488). Substrates of CRLs regulate a diverse spec-
trum of cellular processes. MLN4924 might therefore also
have therapeutic potential beyond tumour therapy. This is
indicated not only by the aforementioned studies reporting
anti-inflammatory effects of MLN4924, but also by the recent
findings showing that MLN4924 restricts retroviral infection
of myeloid cells by preventing virus-induced degradation of
the deoxynucleotide triphosphohydrolase SAMHD1, which
limits retroviral replication (Hofmann et al., 2013; Nekorchuk
et al., 2013; Wei et al., 2014).

Here, we reveal a dual suppressive effect of MLN4924 on
monocytes and DCs. Our experiments showed that MLN4924
not only effectively inhibits the NF-κB-dependent induction
of chemokines/cytokines and the maturation of DCs but also
sensitizes monocytes and immature DCs (iDCs) to TNF- and
LPS-induced necroptosis. NAE targeting with MLN4924
could, therefore, be a new way to treat inflammatory diseases.

Methods

Preparation of monocytes, iDCs and mature
dendritic cells (mDCs)
Blood buffy coats of totally anonymous donors, for which no
special written informed consent is required, were obtained
from the Institute of Clinical Transfusion Medicine and
Hemotherapy of the University Hospital Würzburg. Periph-

Tables of Links

TARGETS

Catalytic receptorsa Enzymesb

Fas (CD95/TNFRSF5) Caspase-3

TNFR1 (TNFRSF1A) Caspase-8

TNFR2 (TNFRSF1B) Caspase-9

Toll-like receptor 3 (TLR3) IKK2

Other protein targets MLKL

CD86 RIPK1

cIAP2 RIPK3

Tubulin

LIGANDS

A20 IL-4

β-catenin IL-6

Bortezomib IL-12

CD40L LPS

CD95L Lymphotoxin-α

Enbrel PGE2

FLIP TNF

GM-CSF TPCA-1

Humira TWEAK

IL-1β

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (a,bAlexander et al., 2013a,b).
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eral blood mononuclear cells were isolated from blood buffy
coats using density gradient centrifugation with lymphocyte
separation medium (PAA Laboratories, Pasching, Germany).
Pure monocytes were isolated using anti-CD14-coated beads
and magnetic bead separation (Miltenyi Biotec, Bergisch
Gladbach, Germany). The purity of the monocytes was con-
trolled by FACS analysis of CD14 expression. To obtain iDCs,
monocytes were cultivated immediately in 10 cm Petri dishes
containing RPMI 1640, 10% FCS and 1% penicillin to induce
the differentiation of monocytes into iDCs by adding
30 ng·mL−1 of IL-4 (Miltenyi Biotec) and 50 ng·mL−1 of
granulocyte-macrophage colony-stimulating factor (GM-CSF)
(Miltenyi Biotec) every second day for 1 week. Differentiation
to iDCs was controlled by FACS evaluation for the absence of
CD14 expression. mDCs were furthermore obtained by
stimulating iDCs for 2 days with Fc-CD40L (1 μg·mL−1) in the
presence of IL-4 (30 ng·mL−1) and GM-CSF (50 ng·mL−1). Suc-
cessful stimulation of DC maturation was controlled by FACS
evaluation of the up-regulation of CD83 and CD86.

Cell death assay
Freshly isolated monocytes were seeded on 96-well plates at a
density of 200 × 103 cells per well and were stimulated the same
day. iDCs were seeded in 96-well plates at a density of 50 × 103

cells per well in the presence of IL-4 and GM-CSF. Monocytes,
iDCs and mDCs were then challenged with the following
reagents as indicated in the corresponding figure legends:
MLN4924 (5 μM; Active Biochemicals Co., Hong Kong,
China), necrostatin-1 (nec-1; 90 μM; Enzo Life Sciences,
Lörrach, Germany), necrosulfonamide (NSA; 2.5 μM, Merck
Calbiochem, San Diego, CA, USA), benzyloxycarbonyl-Val-
Ala-Asp (OMe) fluoromethylketone (zVAD-fmk; 50 μM;
Bachem AG, Weil am Rhein, Germany), Humira (10 μg·mL−1;
Abbott Biotechnology, Maplewood, NJ, USA) or Enbrel
(10 μg·mL−1; Wyeth Pharma GmbH, Münster, Germany), TNF
(kind gift of Prof. Daniela Männel, University of Regensburg),
LPS (Sigma, Deisenhofen, Germany), poly IC (Sigma),
Fc-CD40L (Wyzgol et al., 2009), a mixture of 10 ng·mL−1 IL-1β
(R&D Systems, Wiesbaden-Nordenstadt, Germany) and
1 μg·mL−1 of PGE2 (Biomol, Hamburg, Germany), TNF (32W/
86T) (TNFR1-specific TNF mutant), TNC-scTNF(143N/145R)
(TNFR2-specific nonameric TNF mutant) (Rauert et al., 2010)
and Fc-CD95L. With exception of TNF, all TNF ligand variants
were produced in HEK293 cells and purified using anti-Flag M2
agarose affinity purification. LPS contents were verified using
the Pierce LAL chromogenic endotoxin quantification kit
(Thermo Fischer Scientific, Waltham, MA, USA) and if neces-
sary LPS contaminations were removed by help of the Pierce
high-capacity endotoxin removal resin (Thermo Fischer Sci-
entific). In all experiments evaluating the protective effect of
zVAD-fmk/nec-1, zVAD-fmk/NSA, Humira and Enbrel, four
randomly chosen wells of a 96-well plate per group were
stimulated. DMSO was used as a negative control for the
vehicle of MLN4924. Nec-1 alone caused a slight increase in
the optical density that may interfere with the interpretation
of its protective effect against cell death. Therefore, a group of
cells treated only with Nec-1 was included in all cell viability
experiments using Nec-1. MLN4924 was added 30 min before
challenging the cells with the indicated stimuli. Cellular
viability was finally assayed using the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.

Western blotting
For Western blot analysis, cells were harvested in ice-cold PBS,
washed twice in PBS and pelleted for 4 min at 1280× g (4°C).
To prepare total cell lysates, cell pellets were lysed in 4×
Laemmli buffer (0.2 M Tris, 10% β-mercaptoethanol, 8% SDS,
40% glycerol, pH 8.0) containing phosphatase inhibitor
mixture II (Sigma) and protease inhibitor (Roche Diagnostics,
Basel, Switzerland), sonicated for 20 s, boiled for 5 min at
96°C and finally cleared by centrifugation for 10 min at
20 800× g. Cell lysates were subjected to fractionation by ver-
tical SDS-PAGE, and subsequently proteins were transferred
to nitrocellulose membranes by wet blotting. Western blot
analyses were performed with primary antibodies specific for
caspase-8 (clone C15; Enzo Life Sciences), caspase-3 (#9662;
Cell Signaling Technology, USA), caspase-9 (#9502; Cell Sig-
naling Technology, Frankfurt, Germany), cellular inhibitor of
apoptosis protein 2 (cIAP2) (#3130; Cell Signaling Technol-
ogy), tubulin (Dunn Labortechnik, Asbach, Germany) and
NEDD8 (Cell Signaling Technology), β-catenin (clone 6B3;
Cell Signaling Technology), IκBα (clone L35A5; Cell Signaling
Technology), pIκBα (clone 14D4; Cell Signaling Technology)
and TNF receptor-associated factor 1/2 (TRAF1; H-132, Santa
Cruz Biotechnology, Heidelberg, Germany). For detection of
antigen primary antibody complexes, anti-mouse-HRP
(Dako-Cytomation, Hamburg, Germany) and anti-rabbit-HRP
(Dako-Cytomation or Cell Signaling Technology) were used.
To finally visualize the antigen–antibody complexes, the ECL
Western blotting detection system (Thermo Fischer Scientific)
was used according to the protocol of the manufacturer.

FACS analyses
Monocytes, iDCs and mDCs were treated as indicated in the
corresponding figure legends, harvested, washed twice in ice-
cold PBS and prepared for FACS analysis as follows: cells were
incubated with specific antibodies or corresponding isotype
control antibodies for 30 min at 4°C. After three washes with
PBS, cells were resuspended in 150 μL PBS and analysed using
a FACSCalibur. Directly labelled PE-conjugated antibodies
were used to detect CD14 (clone M5E2; BD Biosciences, Hei-
delberg, Germany), CD83 (clone HB15e; R&D Systems), CD86
(clone 37301; R&D Systems), membrane TNF (clone MAb11;
eBioscience, Germany), TNFR1 (clone 16803; R&D Systems)
and TNFR2 (clone 22235; R&D Systems). The corresponding
PE-conjugated isotype control antibodies were from BD Bio-
sciences (mouse IgG2aκ), eBioscience (mouse IgG1κ) and R&D
Systems (mouse IgG1, clone 11711 and mouse IgG2a). To
detect CD95 (Fas) expression, cells were incubated with anti-
Fas (clone DX2, R&D Systems) and with anti-Flag mAb M2
(mouse IgG1 monoclonal, Sigma) as a negative control group.
After three washes with ice-cold PBS, cells were incubated for
30 min with anti-mouse IgG-PE (Sigma) and processed as
described above for directly labelled primary antibodies.

ELISA assay
iDCs were seeded (50 × 103 cells per well) on 96-well plates
and stimulated as indicated for 24 h. Next day, the plates
were centrifuged for 2 min at 1200× g, and the supernatants
were collected for further analysis of their content of IL-6
(human IL-6 ELISA set, BD Biosciences), IL-12 (human IL-12
ELISA DuoSet, R&D Systems) and TNF (human TNF ELISA set,
BD Biosciences).
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qPCR
Total RNAs were purified from monocytes and iDCs (RNeasy
Mini kit, Qiagen, Hilden, Germany) and 1 μg of each sample
was subjected to reverse transcription PCR (QuantiTect
Reverse Transcription kit, Qiagen). Quantitative real-time
PCR reactions were then performed with 2% of the reverse
transcription PCR reactions using the Cycler CT1000
(BioRad) with the CFX96 real-time system and the Quanti-
Tect SYBR Green PCR Kit (Qiagen). The amplification pro-
gramme consisted of the following three steps: (i) 95°C, hot
start; (ii) 40 cycles of 15 s at 95°C; and (iii) 30 s at 52°C
and 30 s at 72°C. The primers used for amplification
(FLIP: HS_CFLAR_1_SG; A20: HS_TNFAIP3_1_SG; β-actin:
HS_ACTB_2_SG) were from Qiagen. To calculate fold induc-
tion values for A20 and FLIP, the CT values of the β-actin PCR
reactions of the treated samples were set to the CT value of
the β-actin PCR reaction derived from cDNA of untreated
cells. Then the differences of the latter and the CT values of
the β-actin PCR reactions of the treated samples were used to
correct the CT values of the A20- and FLIP-specific PCR reac-
tions. To finally obtain fold induction values (fi), the differ-
ences between the corrected CT values derived from the
untreated control samples and the various treatment groups
(ΔCT) were transformed using the equation fi = 2ΔCT.

Statistical analyses
All statistical analyses were performed using the GraphPad
Prism 5.0 program (GraphPad Software, Inc., La Jolla, CA,
USA). P-values were calculated using Student’s t-test (*P ≤
0.05; **P ≤ 0.01; ***P ≤ 0.0001). All results shown are repre-
sentative experiments from different independent donors.
Cell viability experiments were independently performed
with monocytes and DCs prepared from more than four
donors. FACS and ELISA analyses were independently per-
formed with cells from at least three donors. Western blotting
analysis was performed with cells from two donors.

Results

MLN4924 sensitizes monocytes and iDCs for
TNF-induced cell death
Human monocytes as well as iDCs and mDCs were chal-
lenged with increasing concentrations of TNF in the presence
and absence of MLN4924. In all three cases, the treatment
with MLN4924 strongly reduced the modification of cullins
with NEDD-8 (Figure 1A). Accordingly, there was an accumu-
lation of the established CRL substrates pIκBα and β-catenin
(Figure 1A). MLN4924 had no, or only a very moderate, cyto-
toxic effect in the time frame of the experiment (Figure 1B).
Likewise, treatment with soluble TNF alone elicited no major
cytotoxicity. More intriguing, soluble TNF induced consider-
able cell death at moderate concentrations in monocytes and
iDCs treated with MLN4924 (Figure 1C). In contrast, mDCs
remained largely resistance against TNF also in the presence
of MLN4924 (Figure 1C).

MLN4924/TNF-induced cell death is
mediated by TNFR1
TNF typically induces cell death via TNFR1 while the pro-
apoptotic effects of TNFR2 are indirect and base on induction

of death ligands, for example, TNF itself, and/or the depletion
of anti-apoptotic TRAF2–cIAP complexes (Wajant et al.,
2003). Although FACS analysis of monocytes revealed the
co-expression of TNFR1 and TNFR2, iDCs and mDCs showed
no significant TNFR1 staining but revealed robust TNFR2
expression (Figure 2A). However, the expression of TNFR1 is
notoriously low on many cell types and thus negative FACS
data do not necessarily rule out the expression of functionally
relevant amounts of TNFR1. Thus, to clarify the relevance of
the two TNF receptors for the cytotoxic effects of TNF in the
presence of MLN4924, we performed experiments with
TNFR1- [TNF(32W/86T)] and TNFR2-specific [TNF(143N/
145R)] mutants of soluble TNF that effectively discriminate
between human TNFR1 and human TNFR2 binding
(Loetscher et al., 1993). We previously found that oligomeric
TNF variants have a significantly higher ability to stimulate
TNFR2 than TNF trimers while ligand oligomerization has no
effect on TNFR1 signalling (Rauert et al., 2010). In the case of
TNFR2 stimulation, we therefore used a nonameric variant of
the human TNFR2-specific TNF mutant, in which three
protomers of this TNF mutant were connected by peptide
linkers and fused to the trimerization domain of tenascin-C
[TNC-scTNF(143N/145R)] (Rauert et al., 2010). The TNFR1-
specific TNF mutant again triggered significant cell death
in MLN4924-sensitized cells while the TNFR2-stimulating
variant showed no cytotoxic activity indicating that
MLN4924 sensitizes for TNFR1-mediated cell death
(Figure 2B). iDCs showed significant expression of the
TNFR1-related death receptor CD95 (Figure 2A). Therefore,
we tested the effect of MLN4924 on the cytotoxic activity of
Fc-CD95L. Noteworthy, treatment with MLN4924 showed no
enhancing effect on CD95L-induced cell death in iDCs
(Figure 2C), indicating that MLN4924 interferes with a
TNFR1-specific survival mechanism that is irrelevant (or at
least less relevant) for other death receptors.

MLN4924 sensitizes monocytes and iDCs for
TNF-induced apoptosis and necroptosis
TNFR1-induced cell death can occur by two not mutually
exclusive pathways: the caspase-8-dependent apoptotic
pathway and the RIP1-RIP3-MLKL-mediated necroptotic
pathway, whereby the activity of the latter pathway is antago-
nized by caspase-8 (Salvesen and Walsh, 2014; Vanden Berghe
et al., 2014). We therefore evaluated the effect of well-
established inhibitors of apoptosis and necroptosis on TNF/
MLN4924-induced cell death in monocytes and iDCs. The
pan-caspase inhibitor zVAD-fmk only partly rescued iDCs
treated with MLN4924 and even strongly sensitized mono-
cytes for the cytotoxic activity of TNF/MLN4924 (Figure 3A).
Treatment with MLN4924 alone showed a very slight reduc-
tion in the viability of monocytes but even seemed to slightly
improve the viability of iDCs (Figure 3A). As the MTT assay
used for evaluation of cell viability quantifies metabolic activ-
ity, the MLN4924-induced increase in MTT staining does not
necessarily reflect DC proliferation but could simply reflect
changes in metabolic activity triggered by MLN4924. The
RIPK1 inhibitor nec-1 as well as the MLKL inhibitor NSA
showed no or only a mild protective effect when given alone
to monocytes, but each of the two inhibitors almost com-
pletely inhibited TNF/MLN4924-induced death of monocytes
and iDCs when applied in combination with zVAD-fmk
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(Figure 3A). In the case of monocytes, there was already sig-
nificant processing of pro-caspase-8 to the p43/41 intermedi-
ate, but the combination of MLN4924 and TNF not only
resulted in enhanced processing of the proform of caspase-8
but also allowed detection of the less stable p18 subunit of
heterotetrameric mature caspase-8 (Figure 3B). Neither
MLN4924 nor TNF alone induced significant caspase-8 pro-
cessing in iDCs after 8 h of stimulation; however, the combi-
nation of MLN4924 with TNF triggered the processing not
only of caspase-8 but also of the downstream caspases:
caspase-3 and caspase-9 (Figure 3C). Furthermore, the pro-
cessing of caspases was inhibited in the presence of zVAD-fmk
(Figure 3C). In summary, these data suggest that MLN4924

inhibits the expression/activity of one or more factors that
antagonize both TNFR1-induced apoptosis and necroptosis.

MLN4924 sensitizes monocytes for
endogenous TNF-induced necroptosis in the
presence of zVAD-fmk
zVAD-fmk strongly enhanced the cytotoxic effect of
MLN4924/TNF mixtures on monocytes (Figure 3A) and the
latter express significant amounts of endogenous TNF
(Figure 4A). Therefore, we wondered whether in the absence of
exogenous TNF or in the presence of zVAD-fmk, MLN4924 has
the capacity to trigger monocyte cell death in the presence of
only endogenous TNF. Indeed, in the presence of zVAD-fmk,

Figure 1
MLN4924 sensitizes monocytes and iDCs for TNF-induced cell death. (A) Monocytes, iDCs and mDCs were challenged overnight with 5 μM
MLN4924, and total lysates were analysed by Western blotting for the presence of the indicated proteins. (B) Cells were stimulated in triplicate
with MLN4924 (5 μM), and next day cellular viability was determined using the MTT assay. (C) Cells were stimulated in triplicate in 96-well plates
with the indicated concentrations of TNF in the presence and absence of 5 μM MLN4924. MLN4924 was added 30 min before stimulation with
TNF. Next day, cellular viability was again quantified with MTT and normalized against samples treated with a mixture of cytotoxic reagents.
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Figure 2
MLN4924/TNF-induced cell death is mediated by TNFR1. (A) Human monocytes, iDCs and CD40L-matured DCs (mDCs) were analysed by FACS
evaluation for the cell surface expression of the indicated proteins. (B) iDCs were stimulated in triplicate in 96-well plates with the indicated
concentrations of the TNFR1-specific TNF mutant TNF(32W/86T) or of the selectively TNFR2-activating TNF variant TNC-scTNF(143N/145R) in
the presence and absence of 5 μM MLN4924. Next day, cellular viability was quantified and normalized against samples treated with a mixture
of cytotoxic reagents. (C) Untreated and MLN4924-treated iDCs were challenged with the indicated concentrations of Fc-CD95L and assayed the
next day for viability using the MTT assay.
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MLN4924 triggered dose-dependent cell death in monocytes
but not in iDCs that showed no membrane TNF expression
(Figure 4A and B). The cytotoxic effect of MLN4924 in the
presence of zVAD-fmk in monocytes was completely abolished
by treatment with nec-1 or NSA (Figure 4C). Moreover, block-
ade of TNF completely prevented the cell death induced by
MLN4924/zVAD-fmk (Figure 4C). It is thus tempting to
speculate that the modest cytotoxic effect of MLN4924 on
monocytes that was observed in Figure 1B is also due to
endogenous TNF-mediated activation of TNFR1. In any case,
our data suggest that in monocytes endogenous TNF-induced
autocrine/paracrine TNFR1-mediated necroptosis is prevented
by caspase-8 and a factor that is inhibited by MLN4924.

MLN4924 inhibits activation and maturation
of DCs
In view of the inhibitory effect of MLN4924 on the two NF-κB
signalling pathways and the relevance of these pathways for
several aspects of DC biology, we next investigated the effect
of MLN4924 on the maturation of DCs and cytokine produc-
tion of maturing DCs. It should be noted that TNF alone is

able to trigger DC maturation. To clarify whether MLN4924
affects TNF-induced DC maturation not only by sensitizing
the cells to factors that induce their death, but also by modu-
lating the non-apoptotic signalling abilities of TNFR1, we
evaluated the inhibitory effect of MLN4924 on TNF-induced
DC maturation in the presence of a mixture of zVAD-fmk and
nec-1 (Figure 5A and B). zVAD-fmk and nec-1 alone showed
no major effect on TNF-induced expression of the DC matu-
ration markers CD83 and CD86 (Figure 5A). More impor-
tantly, however, treatment with MLN4924 completely
abolished TNF-induced maturation of iDCs rescued from cell
death induction by a mixture of zVAD-fmk and nec-1
(Figure 5A). Likewise, MLN4924 inhibited TNF-induced IL-6
and IL-12 production in zVAD-fmk/nec-1-protected DCs
(Figure 5B). In accordance with the idea that the observed
inhibition of TNF-induced hallmarks of DC maturation by
MLN4924 is due to inhibition of the classical NF-κB pathway,
MLN4924 efficiently antagonized TNF-induced stimulation
of phosphorylation and degradation of IκBα (Figure 5C).
In the same scenario (in the presence of zVAD-fmk and
nec-1), we evaluated the ability of MLN4924 to inhibit DC

Figure 3
MLN4924 sensitizes monocytes and iDCs for TNF-induced apoptosis and necroptosis. (A) Monocytes and iDCs were challenged with TNF
(100 ng·mL−1) and MLN4924 (5 μM) in the presence of the indicated mixtures of nec-1 (90 μM), NSA (2.5 μM) and zVAD-fmk (50 μM). Next day,
cells were assayed for cellular viability using the MTT assay. (B and C) Monocytes and iDCs were treated with TNF (200 ng·mL−1) and MLN4924
(5 μM) in the presence of the indicated mixtures of nec-1 (90 μM) and zVAD-fmk (50 μM) for 8 h, and total cell lysates were subjected to Western
blot analysis for processing of the indicated proteins.
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maturation triggered by LPS, CD40L or a mixture of IL-1β and
PGE2 (Figure 6A and B). Again MLN4924 completely inhib-
ited the up-regulation of the DC markers CD83 and CD86
(Figure 6A) as well as markedly inhibiting the secretion of
IL-6 and IL-12 induced by LPS, CD40L or the mixture of IL-1β
and PGE2 (Figure 6B). Thus, MLN4924, possibly, has at least a
dual inhibitory effect on the pro-inflammatory activities of
TNF on DCs. It not only limits the availability of mature DCs
by sensitizing monocytes and iDCs for the cytotoxic activities
of TNFR1, but also prevents the maturation and activation of
DCs, most likely by inhibiting the classical NF-κB pathway.
Importantly, the latter is not only crucial for the pro-
inflammatory activities of TNFR1 but also positively regulates
the expression of various factors that render cells resistant to
TNF-induced cell death, such as A20, cIAP2, TRAF1 and FLIP
(Krikos et al., 1992; Chu et al., 1997; Wang et al., 1998;
Schwenzer et al., 1999; Kreuz et al., 2001; Micheau et al.,
2001). Therefore, we analysed whether the ability of
MLN4924 to sensitize cells for TNF-induced death correlates

with its inhibitory effect on TNF-induced expression of the
aforementioned survival factors. Western blot experiments
showed that TNF strongly induces the expression of TRAF1
and cIAP2 in monocytes and iDCs and of cIAP2 in iDCs
(Figure 7A). Furthermore, quantitative PCR revealed an
up-regulation of A20 and FLIP (Figure 7B). Although the
induction of cIAP2, A20 and TRAF1 was severely reduced in
the presence of MLN4924, the expression of FLIP was slightly
increased by MLN4924; however, this latter effect appeared
not to be additive with that of TNF (Figure 7B). Thus, the
ability of MLN4924 to enhance TNF-induced cell death
largely correlates with its capacity to inhibit TNF-induced
expression of NF-κB-regulated survival proteins.

A mixture of MLN4924 and LPS induces
necroptotic cell death in monocytes and iDCs
independently of endogenous TNF
Next, we tested whether ML4924 only triggers cell death in
maturing DCs in concert with exogenous TNF or also in

Figure 4
In the presence of zVAD-fmk, MLN4924 sensitizes monocytes for endogenous TNF-induced necroptosis. (A) Monocytes and iDCs were analysed
by FACS for their cell surface expression of TNF. (B) Monocytes and iDCs were challenged with the indicated concentrations of MLN4924 in the
presence and absence of zVAD-fmk (50 μM). The next day, cellular viability was assayed by MTT assay. (C) Monocytes were seeded on 96-well
plates in the presence and absence of zVAD-fmk (50 μM), Humira (10 μg·mL−1), Enbrel (10 μg·mL−1), nec-1 (90 μM) or NSA (2.5 μM). Thirty
minutes after adding the various reagents, cells were treated with MLN4924 (5 μM) and the next day cellular viability was assayed using the MTT
assay.
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combination with other reagents inducing DC maturation,
such as LPS, poly IC (a synthetic toll-like receptor 3 agonist),
Fc-CD40L or a mixture of IL-1β and PGE2. We observed robust
cell death only in iDCs upon treatment with a combination
of MLN4924 and LPS (Figure 8A). Moreover, treatment with
MLN4924/LPS also induced cell death in monocytes
(Figure 8B). It has been shown, previously, that zVAD-fmk
sensitizes microglia to LPS-induced cell death (Kim and Li,
2013). Similarly, we observed that monocytes were strongly
sensitized for LPS- as well as MLN4924/LPS-induced cell death
in the presence of zVAD-fmk (Figure 8B). As in the case of
MLN4924/TNF-induced cell death, cotreatment with zVAD-
fmk/nec-1 or zVAD-fmk/NSA was required to prevent the
death of monocytes and iDCs induced by MLN4924/LPS

(Figure 8C). This suggests that MLN4924/LPS-induced cell
death is due to the triggering of the apoptosis–necroptosis
signalling network. As shown in Figure 4, MLN4924 was able
to sensitize monocytes to endogenous TNF-induced necrop-
tosis, and LPS also increased TNF production in DCs. There-
fore, we evaluated whether MLN4924/LPS-induced cell death
was related to the activity of endogenously produced TNF.
Neither anti-human TNF (Humira) nor soluble human
TNFR2-Fc, which neutralizes TNF and lymphotoxin α, a
second TNF-related cytokine with TNFR1-stimulating activ-
ity, was able to antagonize cell death induced by MLN4924/
LPS in monocytes and iDCs (Figure 8D). Moreover, in
accordance with recent publications showing that inhibition
of NF-κB signalling blocks LPS-induced TNF production (Li

Figure 5
MLN4924 inhibits TNF-induced maturation of DCs independently of cell death induction. (A and B) iDCs were seeded in medium supplemented
with nec-1 (90 μM) and zVAD-fmk (50 μM). Cells were then stimulated with TNF (500 ng·mL−1) and MLN4924 (5 μM) and were investigated after
48 h for DC maturation by analysing cell surface expression of CD83 and CD86 by FACS (A) and after 24 h for the secretion of IL-12 and IL-6 by
ELISA (B). (C) iDCs were stimulated with 500 ng·mL−1 TNF for the indicated time in the presence and absence of MLN4924 (5 μM). Total cell lysates
were finally analysed by Western blotting for phosphorylation and degradation of IκBα.
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Figure 6
MLN4924 inhibits LPS-, CD40L- and IL-1β/PGE2-induced maturation of DCs. (A) iDC maturation was triggered with Fc-CD40L (1 μg·mL−1), LPS
(10 ng·mL−1) and a mixture of IL-1β (10 ng·mL−1) and PGE2 (1 μg·mL−1) in the presence and absence of the indicated mixtures of nec-1 (90 μM),
zVAD-fmk (50 μM) and MLN4924 (5 μM). After 48 h, cells were evaluated by FACS for the cell surface expression of CD83 and CD86. (B) iDCs
were seeded in 96-well plates with the indicated mixtures of nec-1 (90 μM), zVAD-fmk (50 μM) and MLN4924 (5 μM) and were then stimulated
with Fc-CD40L (1 μg·mL−1), LPS (1 ng·mL−1) or a mixture of IL-1β (10 ng·mL−1) and PGE2 (1 μg·mL−1). Next day, supernatants were analysed by
ELISA for their IL-6 and IL-12 content.
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et al., 2013; Mathewson et al., 2013) and the strong inhibitory
effect of MLN4924 on NF-κB activation (Figures 5 and 6), we
found that MLN4924 even inhibited LPS-induced TNF pro-
duction (Figure 8E). Thus, MLN4924/LPS-induced cell death
in monocytes and DCs is largely independent of TNF/TNFR1.

Discussion

In this study, we investigated the effects of MLN4924 on
monocytes and DCs. Although the compound alone showed
no major effect on cellular viability, it significantly sensitized
monocytes as well as iDCs for TNFR1-mediated caspase acti-
vation and cell death. Intriguingly, cells were only protected
from TNF/MLN4924-induced cell death when caspase inhibi-
tion was combined with inhibitors of the necroptotic RIP1-
RIPK3-MLKL pathway. Thus, MLN4924 has to inhibit the
expression/activity of one or more factors that antagonize
both TNFR1-induced apoptosis and necroptosis or it has to
trigger the accumulation of a TNFR1-dependent cell death-
promoting factor. Cell death induced by CD95L, which
stimulates the TNFR1-related death receptor CD95, remained
unaffected by MLN4924 (Figure 2C). The TNFR1-specific sen-
sitizing effect of MLN4924 argues against an accumulation of
an apoptosis/necroptosis-promoting factor because TNFR1
and CD95 share the ability to trigger caspase-8-mediated apo-
ptosis and RIPK1-mediated necroptosis (Holler et al., 2000).
Although it cannot be fully ruled out that MLN4924 targets
different proteins to sensitize for TNFR1-induced apoptosis
and TNFR1-induced necroptosis, the simplest explanation
would be that MLN4924 affects a single TNFR1-specific
step that controls both apoptotic and necroptotic TNFR1
signalling.

In this respect, TNFR1-induced apoptosis and necroptosis
bifurcate at the level of RIPK1 (Vanden Berghe et al., 2014).
Upon TRAF2–cIAP1/2 complex-mediated K63 ubiquitination
of RIPK1 in the TNFR1 signalling complex, the modified
RIPK1 species contributes to activation of the classical NF-κB
pathway and, after its release from the receptor, is hindered to
trigger RIPK1-mediated caspase-8 activation and RIPK-
induced necroptosis. The cell death-stimulating activity of
the TNF-induced caspase-8/RIP complex is controlled by
several factors that are regulated by the classical NF-κB
pathway, especially by A20, cIAP2, TRAF1 and FLIP (Krikos
et al., 1992; Chu et al., 1997; Wang et al., 1998; Schwenzer
et al., 1999; Kreuz et al., 2001; Micheau et al., 2001). So,
FLIP-L, the long isoform of the FLIP protein, inhibits not
only caspase-8 activation by TNFR1 but also the induction
of necroptosis (Chan et al., 2003; Geserick et al., 2009;
Feoktistova et al., 2011; Oberst et al., 2011; He and He, 2013).
However, a full-blown TNF-induced cell death response
requires not only inhibition of FLIP-L but also formation of
complexes of caspase-8 and de-ubiquitinated RIPK1. The
levels of the latter are mainly controlled by the ubiquitina-
tion editing enzyme A20, which stimulates the degradation
of RIPK1 and prevents necroptosis, the constitutively
expressed deubiquitinase CYLD, the TRAF2–cIAP1/2 complex
and presumably complexes of cIAP1 or cIAP2 with TRAF1–
TRAF2 heteromers (Wertz et al., 2004; Zheng et al., 2010;
Vanlangenakker et al., 2011; Moquin et al., 2013; Vanden
Berghe et al., 2014). A straight forward explanation for the
apoptotic and necroptosis-sensitizing effect of MLN4924 in
TNFR1-signalling is, therefore, the inhibition of the induc-
tion of one or more of the protective proteins regulated by
the classical NF-κB pathway. Indeed, we observed a marked
upregulation of cIAP2 and/or A20 in monocytes and iDCs

Figure 7
MLN4924 inhibits TNF-induced expression of cIAP2, TRAF1 and A20. (A and B) Monocytes and iDCs were incubated in medium in the presence
of the indicated mixtures of nec-1 (90 μM), zVAD-fmk (50 μM), TNF (200 ng·mL−1) and MLN4924 (5 μM). Total cell lysates were then subjected
to Western blot analysis to evaluate the expression of the indicated proteins. (A). Alternatively, total RNA was isolated and subjected to qPCR
evaluation of expression of A20, TRAF1 and FLIP. (B) Data show the average of three experiments with three independent donors.
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Figure 8
MLN4924 triggers necroptosis and apoptosis in LPS-maturing DCs. (A) DC maturation was triggered (triplicates, 96-well) with Fc-CD40L
(1 μg·mL−1), LPS (10 ng·mL−1), poly IC (20 μg·mL−1) or a mixture of IL-1β (10 ng·mL−1) and PGE2 (1 μg·mL−1) in the presence and absence of 5 μM
MLN4924. After 24 h, cell viability was evaluated using the MTT assay and normalized according to untreated cells and cells treated with a cocktail
of cytotoxic substances. (B) Monocytes were treated with the indicated mixtures of LPS (1 ng·mL−1), zVAD-fmk (50 μM) and MLN4924 (5 μM).
Next day, cellular viability was determined using the MTT assay. (C) Monocytes and iDCs were treated with the indicated mixtures of LPS
(1 ng·mL−1), MLN4924 (5 μM), nec-1 (90 μM), NSA (2.5 μM) and zVAD-fmk (50 μM). After 24 h, cell viability was again determined by help of
the MTT assay. (D) Monocytes and iDCs were challenged with LPS (0.1 ng·mL−1) and MLN4924 (5 μM) in the presence and absence of 10 μg·mL−1

Humira or 10 μg·mL−1 Enbrel and the next day, cell viability was evaluated by help of the MTT assay. (E) iDCs were stimulated in triplicate with
1 ng·mL−1 of LPS and the indicated mixtures of MLN4924 (5 μM), zVAD (50 μM) and nec-1 (90 μM). After 24 h, supernatants were collected and
analysed for TNF production by ELISA.
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treated with TNF (Figure 7A and B). Moreover, the induction
of both molecules was abolished by MLN4924 (Figure 7A and
B). The effects of MLN4924 on FLIP expression were rather
weak but more complex. Treatment with MLN4924 alone
resulted, as TNF, in a moderate induction of FLIP mRNA in
monocytes and iDCs but showed no additive effect. In both
cell types, TNF also strongly induced the expression of TRAF1,
and this was again inhibited in the presence of MLN4924
(Figure 7A and B). Noteworthy, TRAF1 not only forms hetero-
trimeric complexes with TRAF2 with a much higher affinity
for cIAPs than TRAF2 homotrimers (Zheng et al., 2010) but
has also been found to be protective against TNF-induced cell
death in concert with TRAF2 and the cIAPs (Wang et al.,
1998). Future knockout/knockdown studies must now prove
the causal relevance of MLN4924-mediated inhibition of
TNF-induced expression of cIAP2, TRAF1 and A20 for the
cytotoxic TNF/MLN4924 crosstalk.

The idea that the sensitizing effect of MLN4924 on cyto-
toxic TNFR1 signalling is due to inhibition of NF-κB-
dependent pro-survival activities nicely matches with the fact
that phosphorylated IκBα and phosphorylated p100 repre-
sent two major substrates of the NEDD-8 activating enzyme-
regulated E3 ligase βTrCP (Read et al., 2000; Amir et al., 2004).
Although βTrCP-mediated K48 ubiquitination of phospho-
IκBα results in proteasomal IκBα degradation and activation
of the classical NF-κB pathway, βTrCP-induced K48 ubiquit-
ination of p100 triggers limited proteasomal proteolysis of
this precursor protein and activation of the so-called alterna-
tive NF-κB pathway (Read et al., 2000; Amir et al., 2004). As
p100 can also act as an IκBα-like inhibitor, its processing can
result in a cell type-specific activation of the classical NF-κB
pathway, too (Basak et al., 2007). Accordingly, we observed
that MLN4924 inhibits activation of the classical NF-κB
pathway by TNF and also p100 processing induced by the
TNF-related cytokine TWEAK (Rauert-Wunderlich et al.,
2013). In particular, this was also evident in zVAD-fmk/nec-
1-protected monocytes and iDCs in which TNF-induced pro-
duction of the NF-κB targets IL-6 and IL-12 were completely
abolished (Figure 5B). Thus, the ability of MLN4924 to target
the TNF-induced classical NF-κB pathway and inhibit the
induction of caspase-8/RIP1 antagonists, such as cIAP2,
TRAF1 and A20, might straightforwardly explain why
MLN4924 sensitizes for both TNFR1-induced apoptosis and
necroptosis.

The idea that MLN4924 sensitizes for TNF-induced cell
death by interfering with TNF-induced NF-κB-mediated
up-regulation of survival factors is also in good accordance
with a recent report showing that various NF-κB inhibitors,
including the proteasome inhibitor Mg-132 and the IKK2-
specific inhibitor TPCA-1, triggered TNF-dependent reactive
oxygen species-mediated cell death in murine macrophages
and DC lines and primary macrophages (Tilstra et al., 2014).
Future studies that focus on the evaluation of RIPK1 modifi-
cations and the composition of TNF-induced RIPK1- and/or
caspase-8-containing complexes in MLN4924-treated cells
must now finally verify the molecular basis of the cell death
sensitizing effect of MLN4924 in the context of TNFR1
signalling.

Strikingly, MLN4924 alone showed no major toxic effects
on monocytes although these cells express endogenous TNF
and are significantly killed by mixtures of MLN4924 and

exogenous TNF (Figure 3A). A possible explanation for this
observation could be that a certain, comparably high thresh-
old of TNFR1 stimulation is required to induce cell death in
the presence of MLN4924. As yet, the amounts of soluble TNF
endogenously produced are almost undetectable in the super-
natants of monocytes, and the considerable amounts of
membrane-bound TNF might substantially be diverted by
binding to TNFR2. Noteworthy, the threshold for TNFR1-
induced necroptosis in the presence of zVAD-fmk appears to
be significantly lower because these conditions not only
result in strongly enhanced TNF/MLN4924-induced cell
death of monocytes but also enable MLN4924 to kill the cells
in concert with endogenous TNF (Figures 3A and 4C).

We also observed that MLN4924 sensitized cells to the
apoptosis and necroptosis-effect of LPS (Figure 8). As before in
the case of TNF, the cell death sensitizing effect of MLN4924
in monocytes was especially evident in the presence of zVAD-
fmk (Figure 8B and C). Importantly, the LPS/MLN4924-
induced cell death in monocytes and iDCs is not an indirect
effect of LPS-induced TNF production and subsequent TNFR1
stimulation. Firstly, LPS-induced TNF production is inhibited
by MLN4924 as we have shown in zVAD-fmk/nec-1-protected
cells (Figure 8E) and secondly, LPS-induced cell death
remained largely unaffected in the presence of high con-
centrations of TNF- and TNF/LTα-neutralizing reagents
(Figure 8D) that were able to antagonize endogenous TNF in
other experiments (Figure 4C). In accordance with a role of
the caspase-8–RIPK1 dyad in LPS-induced cell death of
MLN4924-sensitized monocytes and iDCs, both molecules
have already previously been implicated in LPS signalling,
especially in the context of LPS-induced NF-κB activation
(Vivarelli et al., 2004; Su et al., 2005; Lehner et al., 2007;
Lemmers et al., 2007; Kang et al., 2008; Maelfait et al., 2008;
McComb et al., 2014). In particular, enhanced LPS-induced
cell death has also been reported in LPS-stimulated caspase-8
knockout B-cells (Lemmers et al., 2007). Furthermore, RIPK3-
mediated TNF-independent necroptosis has been reported in
caspase inhibitor-treated LPS-stimulated microglia and mac-
rophages challenged with a SMAC mimetic (He et al., 2011;
Kim and Li, 2013).

It is tempting to speculate that the sensitizing effect of
MLN4924 for TNF- and LPS-induced apoptosis can be
exploited to suppress bacterial infection or other inflamma-
tory syndromes. In particular, the cell death sensitizing activ-
ity of MLN4924 on immune cells might cooperate with its
ability to inhibit the pro-inflammatory NF-κB pathways. In
this regard, a recent publication showed that MLN4924
inhibits the production of pro-inflammatory cytokines and
stimulation of allogeneic T cells by bone marrow-derived
dendritic cells stimulated with LPS or other NF-κB inducers
(Mathewson et al., 2013). Likewise, an inhibitory effect on
anti-CD3/anti-CD28-stimulated T cells has been shown in
this study. Noteworthy, in contrast to the results of our
experiments with iDCs, Mathewson et al. (2013) found that
bone marrow-derived dendritic cell viability was not affected
by MLN4924. This could reflect the use of lower concentra-
tions of MLN4924, species differences or differences in the
state of DC maturation. Indeed, we found no MLN4924-
associated toxicity in iDCS and mDCs (Figure 1B) and FLIP-L
is up-regulated during DC maturation (Leverkus et al., 2000).
To boost the immune inhibitory effects of MLN4924 related
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to cell death induction, one might consider co-treatment
with a caspase inhibitor. The feasibility of this idea will have
to be clarified in future in vivo studies. Cotreatment with
MLN4924 and caspase inhibitors leads to a switch from apo-
ptotic to necroptotic cell death. In contrast to apoptosis, the
latter form of cell death is typically stimulated by immuno-
genic factors. It is tempting to speculate that the in vivo net
effect of a mixture of MLN4924 and a caspase inhibitor can be
steered not only in an immune inhibitory but also in an
immune-stimulant direction by use of appropriate protocols.
This might allow it to be applied not only for the treatment
of immune disease but also for the immune therapy of cancer.
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