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Abstract Death receptor 3 (DR3) was initially identified
as a T cell co-stimulatory and pro-inflammatory molecule,
but further studies revealed a more complex role of DR3
and its ligand TL1A. Although being a death receptor, DR3
gained to date predominantly attention as a contributor to
inflammation-driven diseases. In our study, we investigated
the cell death pathways associated with DR3. We show that
in addition to apoptosis, DR3 can robustly trigger necrop-
totic cell death and provide evidence for TL1A-induced,
DR3-mediated necrosome assembly. DR3-mediated
necroptosis critically depends on receptor-interacting pro-
tein 1 (RIP1) and RIP3, the core components of the
necroptotic machinery, which activate the pseudo-kinase
mixed lineage kinase domain-like, the prototypic down-
stream effector molecule of necroptosis. Moreover, we
demonstrate that DR3-mediated necroptotic cell death is
accompanied by, but does not depend on generation of
reactive oxygen species. In sum, we identify DR3 as a
novel necroptosis-inducing death receptor and thereby lay
ground for elucidating the (patho-) physiological relevance
of DR3-mediated necroptotic cell death in vitro and
in vivo.
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Introduction

Regulation of cell death is critical for tissue homeostasis
and dysregulation contributes to numerous pathologies
[1, 2]. Death receptors constitute a subgroup of the tumor
necrosis factor (TNF) receptor superfamily (TNFRSF) and
have been functionally linked to two cell death modalities:
apoptosis and necroptosis. Apoptotic cell death is orches-
trated through the activation of caspases and has distinct
morphological features including membrane blebbing, cell
shrinkage and nuclear fragmentation [3, 4]. In contrast,
necroptosis (or programmed necrosis) occurs in a caspase-
independent fashion and also highlights a different mor-
phological signature with cell swelling, membrane rupture
and release of intracellular contents [5-7]. Initiation of
both, apoptotic and necroptotic cell death has been
described for the death receptors TNF-related apoptosis-
inducing ligand receptor 1 (TRAILR1), TRAILR2, CD95
and TNF-receptor 1 (TNFR1) [8, 9]. Extensive studies of
the latter led to insights into the molecular mechanisms of
apoptosis and necroptosis. Binding of TNF to TNFRI1
triggers recruitment of receptor-interacting protein-1
(RIP1), TNFR1-associated death domain (TRADD), cel-
lular inhibitor of apoptosis protein 1 (cIAP1), cIAP2 and
TNFR-associated factor 2 (TRAF2), together forming
complex I [10]. RIP1 functions as molecular switch
between survival and cell death. On the one hand, RIP1
stabilizes cellular FADD-like IL-1B-converting enzyme-
inhibitory protein (cFLIP) levels and (following cIAP1/2-
mediated ubiquitination) triggers NF-kB-mediated induc-
tion of anti-apoptotic genes, both protecting cells against
TNF-induced cytotoxicity [11-14]. On the other hand,
ubiquitin-dependent phosphorylation of RIP1 controls its
dissociation from the plasma membrane and interaction
with FADD, RIP3, cFLIP,, and pro-caspase-8, forming the
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death-inducing complex IIb [10, 12, 15-17]. Within com-
plex IIb, caspase-8 activity is decisive for subsequent
apoptotic or necroptotic cell death. Caspase-8 not only
cleaves, and thereby activates downstream effector cas-
pases to initiate the execution phase of apoptosis, but also
blocks necroptosis by cleaving RIP1 and RIP3, the core
components of the necroptotic machinery. This anti-
necroptotic function of caspase-8 is physiologically coun-
teracted by the pseudo-caspase cFLIPp or can be
pharmacologically blocked by zVAD-fmk. Lack of cas-
pase-8 activity enables RIP1 and RIP3 to interact through
their RIP homotypic interacting motif (RHIM) domains
and to phosphorylate each other, thereby forming an
amyloid-like structure (“necrosomes”) [18]. Necrosome
formation critically depends on kinase activity of RIP1 and
can be disturbed by necrostatin-1 (Nec-1) [19]. Necroptosis
is executed by RIP3-mediated phosphorylation of mixed
linage kinase domain-like (MLKL) [20-23], resulting in
MLKL oligomerization, translocation to the cell membrane
and finally membrane rupture [24]. The MLKL-targeting
molecule necrosulfonamide (NSA) efficiently blocks
necroptosis downstream of RIP3 activation [21]. Death
receptor 3 (DR3, also known as TNFRSF25) was initially
identified as a T cell co-stimulatory molecule [25] and
suggested to be closely related to TNFR1. Binding of its
cognate ligand TL1A causes a predominantly pro-inflam-
matory cellular response [26]. However, DR3 is also
capable of inducing apoptosis and we recently demon-
strated that mimetics of the second mitochondria-derived
activator of caspase (SMAC mimetics) boost DR3-medi-
ated cell death induction [27-29]. Whether DR3 is capable
to initiate necroptosis has to date not been addressed.

Here we show that when caspase activation is blocked,
DR3 activation can trigger a cell death modality that
involves RIP1 and RIP3. Mechanistically, we provide
evidence for TL1A-induced, DR3-mediated necrosome
formation with subsequent phosphorylation and oligomer-
ization of the necroptosis effector MLKL, thus establishing
DR3 as a novel necroptosis-inducing death receptor.

Materials and methods
Cells, antibodies and reagents

TF-1 and L929 cells were obtained from the German
Collection of Microorganisms and Cell Cultures (Braun-
schweig, Germany). Ku812F cells were purchased from
LGC Standards GmbH (Wesel, Germany). Cell lines were
grown in RPMI 1640 medium (PAN Biotech, Aidenbach,
Germany) supplemented with 10 % (v/v) fetal calf serum
(Sigma, Steinheim, Germany). Medium for TF-1 cells was
additionally supplemented with 5 ng/mL human GM-CSF
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(Immunotools, Friesoythe, Germany). Antibodies used in
the study: cIAP1, cIAP2, RIP3, caspase-8, caspase-3 (Cell
Signaling, Beverly, MA, USA); DR3 and RIP1 (R&D
Systems, Wiesbaden, Germany); tubulin: Dunnlab (As-
bach, Germany); MLKL and phospho-MLKL (EMD
Millipore, Temecula, California, USA). Chemicals: MTT
(3-[4,5-dimethylthiazol-2-yl1]-2,5-diphenyl tetrazolium
bromide), cycloheximide (CHX) and TAKI1 inhibitor (5Z)-
7-oxozeaenol (TAKIli): Biomol (Hamburg, Germany);
zVAD-fmk (carbobenzoxy-valyl-alanyl-aspartyl-[ O-
methyl]-fluoromethylketone): Bachem (Bubendorf,
Switzerland); BV6 and 17-AAG: Selleck Chemicals
(Houston, TX, USA). Necrosulfonamide (NSA): Tocris
Bioscience (Bristol, UK); Necrostatin-1 (Nec-1): Stress-
Marq (Victoria, Canada); 7-Cl-O-Necl (Necls): Tebu-bio
GmbH (Offenbach, Germany); GSK’872: Merck (Darm-
stadt, Germany); 7-AAD (R&D Systems); butylated
hydroxyanisole (BHA): Sigma; human recombinant TNF
was provided by D. Minnel (University of Regensburg,
Germany). Production and purification of FLAG-TNC-
TL1A was described previously [29]. Etanercept was
obtained from Pfizer (Berlin, Germany).

Cell viability assay

TF-1 (7 x 10" cells/well), Ku812F cells (5 x 10* cells/
well) and L1929 cells (1 x 10* cells/well) were seeded in
96-well-plates, treated with CHX (2.5 ng/mL) or BV6
(TF-1 10 pM; Ku812F 3 uM; L929 2.5 uM) for 2 h, and
subsequently challenged with the indicated concentrations
of the ligands in triplicates. Cell viability was determined
4 or 18 h after stimulation using MTT staining (2 h at
37 °C).

Caspase-3/7 activity assay

Caspase activity was measured using the caspase 3/7
activity kit (AAT Bioquest, Sunnyvale, CA, USA)
according to manufacturer’s instructions in duplicates.
Light emission was quantified using a Victor3 Multilabel
Reader (Perkin Elmer, Waltham, MA, USA).

Immunoprecipitation

Ku812F cells (1 x 107 per condition) were pre-treated
with BV6 (3 uM) and zVAD-fmk (100 pM) for 1 h.
Subsequently, cells were stimulated with FLAG-TNC-
TL1A (RIP3 and caspase-8 IP 400 ng/mL, FLAGIP 1 ng/
mL) for the indicated periods of time. After washing with
ice-cold PBS, cell were lysed in MCBL-buffer [NP40
0.5 % (v/v), 150 mM NaCl, 50 mM Tris, pH 7.4] sup-
plemented with complete™ protease inhibitor cocktail
(Roche, Mannheim, Germany) for 40 min on ice. Lysates
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Fig. 1 Depletion of cIAPs enhances DR3-mediated cytotoxicity.
a Surface expression of DR3 in TF-1 and Ku812F cells was verified
by flow cytometry. b—e TF-1 and Ku812F cells were treated with
cycloheximide (CHX, 2.5 pg/mL) or BV6 (TF-1 10 pM, Ku812F
3 uM) for 2 h, and were subsequently challenged with the indicated
concentrations of FLAG-TNC-TLI1A for 18 h. Viability was deter-
mined by MTT staining. Values are mean + SEM from three
experiments. f Ku812F cells were treated with BV6 (3 uM, 2 h),
CHX (2.5 pg/mL, 2 h) and/or zVAD-fmk (100 uM, 1h), and

were cleared by centrifugation (20.000g, 20 min, 4 °C)
and protein concentration was determined using Pierce
BCA Protein Assay Kit (Thermo Scientific, Rockford,
USA). 1.5 mg of protein lysate was incubated over night
with 2 pg of caspase-8-, RIP3- or 1 ng FLAG-specific
antibodies at 4 °C. The next day, antigen—antibody com-
plexes were precipitated using protein G agarose (Roche).
After washing in lysis buffer, agarose-bound proteins
were eluted by incubation at 95 °C for 10 min in Laemmli
sample buffer and analyzed together with the corre-
sponding lysates by Western blotting.

subsequently challenged with FLAG-TNC-TL1A (200 ng/mL). Cas-
pase activity was measured 2.5 h after FLAG-TNC-TL1A addition.
Values are mean &= SEM from three experiments. g—j TF-1 and
Ku812F cells were treated with BV6 (TF-1 10 uM, Ku812F 3 uM)
for 2 h, and subsequently challenged with the indicated concentra-
tions of FLAG-TNC-TL1A or TNF in the presence (white bars) or
absence (black bars) of etanercept (1 mg/mL). Viability was deter-
mined using MTT staining 18 h after stimulation. Values are
mean + SEM from three experiments. RLU relative light units

Flow cytometry, ROS detection and 7-AAD staining

DR3 surface expression of Ku812F cells (5 x 107 per
group) was measured by staining with DR3-specific,
biotinylated antibody (R&D Systems), FITC-conjugated
donkey anti-goat (Jackson ImmunoResearch, Baltimore,
USA) and Avidin-FITC (R&D Systems). Biotinylated
goat IgG (R&D Systems) served as specificity control.
Cellular ROS production was quantified after treatment
with BV6 (3 uM), zVAD-fmk (100 pM) and the indicated
concentrations of TNF ligands. Following staining with
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5 uM CM-H,DCFDA (Invitrogen, Carlsbad, CA, USA)
for 30 min at 37° C, Ku812F cells were put on ice and
washed twice with ice-cold PBS. Flow cytometry analysis
was performed immediately using a FACSCanto flow
cytometer (BD Biosciences) following standard proce-
dures. Membrane integrity was measured using 7-AAD
staining. In brief, Ku812F cells were treated with BV6
(3 puM, 2h), zVAD-fmk (100 pM, 1h) and Nec-
1 (100 uM, 1 h), and subsequently challenged with
FLAG-TNC-TL1A (200 ng/mL) in triplicates for 4 h.
Afterwards, cells were stained with 7-AAD according to
manufacturer’s instructions (4 °C for 30 min in the dark).
7-AAD incorporation was immediately measured using a
FACSCanto flow cytometer (BD Biosciences) following
standard procedures.

Western blot analysis

Western blot analysis was essentially performed as
described previously [30].

Microscopy

Ku812F cells (4 x 10* cells/well) were seeded in 96-well-
plates, treated with BV6 (3 uM, 1 h), zVAD-fmk (100 pM,
1 h), NSA (25 uM, 1 h) and Nec-1 (100 pM, 1 h). Cells were
stimulated with FLAG-TNC-TL1A (200 ng/mL) for 3 h and
cell morphology was analyzed by bright-field microscopy with
a Keyence BZ9000 microscope (Keyence, Osaka, Japan).

siRNA experiments

siRNA oligonucleotides targeting RIPK3 (SMARTpool
#M-003534-01) were purchased from Dharmacon (Lafay-
ette, CO, USA). Non-targeting control siRNA was
purchased from Qiagen (Hilden, Germany). Briefly,
1.5 x 10° Ku812F cells per condition were washed three
times in Opti-MEM®, incubated on ice with 400 pM of
siRNA for 5 min. Subsequently, electroporation was per-
formed using a BioRad Gene Pulser Xcell™. Pulse
conditions were 300 V, 150 uF and 100 Q. Knockdown
efficacy was assessed after 48 h.

Results

Depletion of cIAPs enhances DR3-mediated
cytotoxicity

Despite its predominantly pro-inflammatory nature, DR3 har-
bors significant cytotoxic potential. In DR3-positive TF-1 and
Ku812F cells (Fig. 1a), inhibition of protein translation by
cycloheximide (CHX) (Fig. 1b, ¢) or depletion of cIAP1/2 using
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Fig. 2 Caspase inhibition does not abolish DR3-mediated killing.»
a Ku812F cells were treated with BV6 (3 uM, 2 h) and zVAD-fmk
(100 pM, 1 h), and subsequently challenged with FLAG-TNC-TL1A
(200 ng/mL) for the indicated periods of time. After washing and
lysis, Western blot analysis was performed with antibodies specific
for the indicated proteins. Detection of tubulin served as a loading
control. b Ku812F cells were treated with BV6 (3 uM, 2 h) and
zVAD-fmk (100 uM, 1 h), and subsequently challenged with FLAG-
TNC-TLIA for 4 h. Viability was determined by MTT staining.
Values are mean + SEM from three experiments. ¢ Ku812F cells
were treated with BV6 and zVAD-fmk as above in the presence and
absence of etanercept (1 mg/mL). Subsequently, cells were chal-
lenged with FLAG-TNC-TL1A or TNF for 4 h. Values are
mean = SEM from three experiments. d Ku812F cells were treated
with BV6 and zVAD-fmk as above, but necrosulfonamide (NSA,
25 uM, black bars) or necrostatin-1 (Nec-1, 100 uM, white bars) was
added 1 h before stimulation with FLAG-TNC-TLI1A. Viability was
determined by MTT staining. Values are mean = SEM from three
experiments. e Ku812F cells were treated with BV6 (3 uM, 2 h),
zVAD-fmk (100 uM, 1 h) in the presence and absence of NSA
(25 uM, 1 h) or Nec-1 (100 uM, 1 h), and subsequently challenged
with FLAG-TNC-TL1A (200 ng/mL). Cell morphology was analyzed
3 h after stimulation by bright-field microscopy. Data shown are
representative of two experiments performed. f Ku812F cells were
treated with BV6 (3 pM, 2 h), zVAD-fmk (100 puM, 1 h) and Nec-1
(100 pM, 1 h), and subsequently challenged with FLAG-TNC-TL1A
(200 ng/mL) for 4 h. Loss of membrane integrity was measured by
7-AAD staining using flow cytometry. Values are mean + SEM from
three experiments. g Ku812F cells were treated with BV6 (3 uM, 2 h)
and zZVAD-fmk (100 pM, 1 h) in the presence and absence of Nec-1s
(30 M, 1 h) or GSK’872 (8 uM, 1 h), and subsequently challenged
with FLAG-TNC-TLI1A. Viability was determined by MTT staining.
Values are mean = SEM from three experiments. h Ku812F cells
were treated with BV6 (3 uM, 2 h), zZVAD-fmk (100 puM,1 h), Nec-
Is 30 uM, 1h) or GSK’872 (8 uM, 1 h), and subsequently
challenged with FLAG-TNC-TL1A (200 ng/mL) for 4 h. Loss of
membrane integrity was measured by 7-AAD staining using flow
cytometry. Values are mean &= SEM from three experiments.
i Ku812F and TF-1 cells were treated with CHX (2.5 pg/mL) and
zVAD-fmk (100 pM) in the presence and absence of Nec-1 (100 uM)
for 2 h. Subsequently, cells were challenged with FLAG-TNC-TL1A
for 18 h. Viability was determined by MTT staining. Values are
mean £+ SEM from three experiments

the SMAC mimetic BV6 (Fig. 1d, e) allowed TL1A-induced,
DR3-mediated cell death. Compared to CHX, BV6 granted a
higher rate of TL.1A-induced cell death (Fig. 1d, e) concomitant
with higher levels of effector caspase-3 and -7 activation
(Fig. 1f), indicating ongoing apoptosis. Notably, enhanced
cytotoxicity of TL1A in the presence of SMAC mimetics was
not attributable to BV6- or TL1A-induced autocrine TNF
secretion, as addition of the TNF-neutralizing TNFR2-Fc fusion
protein etanercept to TF-1 and Ku812F cells did not impede
TL1A-induced cell death (Fig. 1g, i), but expectedly almost
completely abrogated TNF-triggered cytotoxicity (Fig. 1h, j).

Caspase inhibition does not abolish DR3-mediated
killing

Interestingly, activation of effector caspases seemed not to
be a conditio sine qua non for DR3-mediated cell death. In
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cIAP1/2-depleted Ku812F cells, the pan-caspase inhibitor
zVAD-fmk efficiently blocked TLI1A-induced caspase
activation (Figs. 1f, 2a) but not cytotoxicity (Fig. 2b),
thereby arguing against ongoing apoptotic cell death.
Again, TL1A-triggered cytotoxic effects in BV6/zVAD-
fmk-treated cells were not caused by autocrine TNF
secretion (Fig. 2c). Beside caspase-dependent apoptosis,
death receptors are also capable to trigger necroptosis, a
caspase-independent cell death pathway that critically
depends on RIP1/RIP3 [6, 7] and MLKL [20, 21]. Indeed,
pharmacological inhibition of RIP1 using necrostatin-1

BV6+zVAD-fmk

(Nec-1) and MLKL using necrosulfonamide (NSA) fully
rescued BV6/zVAD-fmk-treated Ku812F cells from
TL1A-induced cell death (Fig. 2d). These findings pointed
to DR3-mediated necroptosis and were further substanti-
ated by distinct changes in cell morphology. Compared to
untreated controls, Ku812F cells challenged with TL1A in
the presence of BV6 displayed typical apoptotic features
such as cell shrinkage and plasma membrane blebbing
(Fig. 2e, panel 1 and 2). Adding the caspase inhibitor
zVAD-fmk changed the morphological pattern of TL1A-
induced cell death in cIAP1/2-depleted cells. Plasma
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membrane swelling and subsequent rupture (Fig. 2e, panel
3), indicative for necroptosis, was observable. Consistent
with the protective role of Nec-1 and NSA in viability
assays (Fig. 2d), both inhibitors abrogated TL1A-induced
changes in cell morphology in the presence of BV6 and
zVAD-fmk (Fig. 2e, panel 4 and 5). Accordingly, TL1A/
BV6/zVAD-fmk treatment also induced loss of membrane
integrity, as seen by significantly increased staining
intensity for 7-AAD (Fig. 2f), a membrane impermeable
DNA intercalating dye that is generally excluded from
viable cells. In line with data from viability assays
(Fig. 2d) and morphological analysis (Fig. 2e), Nec-1 was
capable to prevent plasma membrane disintegration in
cIAP1/2-depleted Ku812F cells in the presence of zVAD-
fmk (Fig. 2f). The newer RIP1 inhibitor Nec-1s and the
RIP3 inhibitor GSK’872 also efficiently protected Ku812F
cells treated with TL1A/BV6/zVAD-fmk, as seen by via-
bility assays (Fig. 2g) and preserved membrane integrity
(Fig. 2h). In the presence of zVAD-fmk, not only SMAC
mimetics but also CHX can act as a sensitizer for death
ligand-induced necroptotic cell death. Accordingly, TL1A-
induced cytotoxicity was detectable in CHX/zVAD-fmk-
treated Ku812F and TF-1 cells (Fig. 2i) and significantly
attenuated by Nec-1. Collectively, we observed that when
caspase activation is blocked, DR3 can still exert cytotoxic
effects in BV6 and/or CHX treated cells. Distinct changes
in cellular morphology and full-blown protection granted
by RIPI/RIP3 and/or MLKL inhibitors pointed to DR3-
mediated necroptosis. To date, this cell death pathway has
not been linked to DR3 signaling.

TL1A induces necrosome formation

Molecularly, necroptosis involves formation of a signaling
complex (the “necrosome”) containing RIP1/RIP3 as obli-
gatory components for downstream MLKL activation. RIP3
and MLKL expression was detectable in both Ku812F and
TF-1 cells, although RIP3 protein levels in the latter were
significantly lower (Fig. 3a). In immunoprecipitation
experiments, TL1A stimulation in the presence of BV6/
zVAD-fmk triggered formation of a RIP1/RIP3 complex
(Fig. 3b), which was inhibited when RIP1/RIP3 auto- and
transphosphorylation was disturbed by Nec-1. The TL1A-
induced formation of a RIP1/RIP3 complex was specific for
DR3-mediated necroptosis, as absence of zVAD-fmk (al-
lowing TL1A-triggered apoptotic cell death) expectedly
resulted in reduced RIP3 levels (most likely through cas-
pase-mediated RIP3 cleavage [31]) and abrogated RIP1/
RIP3 interaction (Fig. 3c). As previously described for TNF-
induced necroptosis [6], we also observed caspase-8
recruitment to RIP1 (Fig. 3d) when cIAP1/2 was depleted
and caspase activation was blocked. In line with the
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requirement of RIP1 kinase activity for necrosome forma-
tion, Nec-1 treatment abrogated RIP1-caspase-8 interaction
(Fig. 3e). Downstream of the RIP1/RIP3 complex, MLKL is
the key effector molecule [20, 21]. Following phosphory-
lation and trimerization, MLKL locates to the cell plasma
membrane, and finally executes necroptotic cell death [24].
Accordingly, in Ku812F cells treated with TL1A, BV6 and
zVAD-fmk, phosphorylated MLKL migrating in SDS/
PAGE at a position corresponding to the molecular weight
of a trimer was detectable (Fig. 3f). This observation is in
line with a previous study that reported SDS-stable phospho-
MLKL aggregates [32]. In line with RIP3-mediated MLKL
phosphorylation, trimeric phospho-MLKL  was not
detectable when assembly of the RIP1/RIP3 complex was
disturbed by Nec-1 (Fig. 3f).

DR3-mediated necroptosis depends on HSP90
activity and RIP3

The critical role for RIP1, RIP3 and MLKL in DR3-me-
diated cytotoxicity when caspases are inactive was further
substantiated by experiments using the heat shock protein
90 (HSP90) inhibitor 17-AAG. As observed previously
[7, 33-36], 17-AAG decreased levels of RIP1, RIP3 and
MLKL in Ku812F cells in a dose-dependent manner
(Fig. 4a). In the presence of zVAD-fmk and BV6, reduc-
tion of RIPI/RIP3/MLKL levels blocked TL1A-induced
necroptosis as seen by rescue of cell metabolic activity
(Fig. 4b) and tremendously decreased 7-AAD positivity
(Fig. 4c), an indicator for preserved plasma membrane
integrity. Importantly and as expected, 17-AAG was not
able to rescue Ku812F cells undergoing DR3-mediated
apoptosis in the presence of TL1A and BV6 (Fig. 4d).
Moreover, siRNA-mediated reduction of RIP3 in Ku812F
cells diminished TL1A/BV6/zVAD-fmk-induced cell death
(Fig. 4e). In sum, our data suggest that in the absence of
caspase activity DR3 is capable to mediate cytotoxic
effects via the “necroptotic” RIP1/RIP3/MLKL axis.

TAKI1 kinase activity protects from DR3-mediated,
RIP1 kinase-dependent necroptosis

Recently, a protective role for TGF-B-activated kinase 1
(TAK1) in TNF-triggered, RIP1-mediated apoptotic and
necroptotic cell death has been reported [37, 38]. Briefly,
cIAP1/2-dependent ubiquitination of RIP1 generates a
scaffold for recruitment of TAKI1 and the IkB kinase o/f
(IKKo/B) complex to TNFR1, allowing IKKa/fp activation
via TAK1 [17]. IKKo/B phosphorylates RIP1 in complex I,
thereby preventing RIPI integration in complex IIb and
abolishing RIP1-mediated apoptosis and necroptosis (re-
viewed in [39]). Therefore, in TNFR1 signaling not RIP1
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Fig. 3 TL1A induces necrosome formation. a RIP1, RIP3 and together with the corresponding lysates by Western blotting using

MLKL levels of Ku812F and TF-1 cells were analyzed using
Western blotting. Detection of tubulin served as a loading control. b—
e Ku8I2F cells were treated with BV6 (3 uM, 2 h), zVAD-fmk
(100 pM, 1 h) in the presence and absence of Nec-1 (100 pM, 1 h),
and subsequently challenged with FLAG-TNC-TL1A (400 ng/mL)
for 2h (b, ¢) or 1h (d, e). After washing and cell lysis,
immunoprecipitation was performed with antibodies specific for
RIP3 (b, ¢) or caspase-8 (d, e). Immunoprecipitates were analyzed

ubiquitination per se, but ubiquitin-dependent recruitment
of TAK1 and IKKo/f protects against RIP1-mediated cell
death. We next assessed the role of TAK1 kinase activity in
DR3-mediated RIP1 kinase-dependent necroptosis. In
immunoprecipitation experiments using FLAG-tagged
TL1A, we observed that BV6 but not the TAK1 inhibitor
(5Z)-7-oxozeaenol (TAKI1i) significantly reduced TLI1A-
induced RIP1 ubiquitination and allowed increased detec-
tion of non-ubiquitinated RIP1 (Fig. 5a). Functionally,
TL1A displayed significant cytotoxicity in the presence of
TAKIi, regardless whether caspase activation was blocked
by zVAD-fmk or not (Fig. 5b). This is in good agreement
with the capability of the RIP1-containing complex IIb to
trigger both cell death modalities, caspase-dependent
apoptosis and caspase-independent necroptosis. Accord-
ingly, Nec-1s and NSA fully rescued Ku812F in the

antibodies specific for the indicated proteins. f Ku812F cells were
treated with BV6 (3 pM, 2 h), zVAD-fmk (100 uM, 1 h) in the
presence and absence of Nec-1 (100 uM, 1 h), and subsequently
challenged with FLAG-TNC-TL1A (200 ng/mL) for the indicated
periods of time. After washing and cell lysis, Western blot analyses
were performed with antibodies specific for the indicated proteins.
Detection of tubulin served as a loading control

presence of TAKIli and zVAD-fmk. Interestingly, TF-1
cells underwent necroptotic cell death upon TL1A/CHX/
zVAD-fmk treatment and apoptosis upon TLI1A/BV6
stimulation (Figs. 1d, 2i), but we did not observe necrop-
tosis induction using TL1A/BV6/zVAD-fmk (Fig. 5c) and
TNF/BV6/zVAD-fmk (data not shown). This was most
likely due to the inability of various SMAC mimetics to
deplete cIAP1 in these cells (Fig. 5d). However, TL1A
challenge in the presence of TAK1i and zVAD-fmk should
result in necroptotic cell death irrespective of the RIP1
ubiquitination status. Indeed, TL1A/TAK1i/zVAD-fmk
treatment exerted a cytotoxic effect that was abolished
upon RIP1 or RIP3 inhibition using Nec-1s and GSK’872,
respectively (Fig. 5e). Together our data suggest that,
similar to TNFRI, also DR3-mediated RIP1-dependent
necroptosis is controlled by TAK1 kinase activity.
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Fig. 4 DR3-mediated necroptosis depends on HSP90 activity and
RIP3. a Ku812F cells were treated with indicated concentrations of
the HSP90 inhibitor 17-AAG for 24 h. Subsequently, cellular levels
of RIP1, RIP3 and MLKL were analyzed by Western blot with
antibodies specific for indicated proteins. Detection of tubulin served
as a loading control. b Ku812F cells were treated for 24 h with the
indicated concentrations of 17-AAG. After washing, cells were
treated with BV6 (3 uM, 2 h) and zVAD-fmk (100 uM, 1 h), and
subsequently challenged with indicated concentrations of FLAG-
TNC-TLI1A. Viability was determined 4 h following stimulation by
MTT staining. Values are mean = SEM from three experiments.
¢ Ku812F cells were treated with 17-AAG, BV6 and zVAD-fmk as
described in b and subsequently challenged with FLAG-TNC-TL1A
(200 ng/mL) for 4 h. Thereafter, loss of membrane integrity was

DR3-mediated necroptosis is accompanied
but not caused by ROS production

A number of studies provided evidence for the produc-
tion of reactive oxygen species (ROS) during necroptosis
[5, 24, 37, 40-43]. Their functional relevance, however,
is controversially discussed, especially in TNF-induced
necroptotic cell death [44, 45]. In BV6/zVAD-fmk-
treated Ku812F cells, TL1A stimulation significantly
increased cellular ROS levels (Fig. 6a). Rescue from
TL1A-induced necroptosis using Nec-1 expectedly
abolished ROS production (Fig. 6b). Although in
Ku812F cells H,O,-derived ROS were efficiently scav-
enged by butylated hydroxyanisole (BHA) (Fig. 6¢),
BHA failed to protected Ku812F cells from TL1A- or
TNF-induced necroptotic cell death (Fig. 6d). To further
rule out the inefficient ROS scavenging of BHA, we also
addressed the effects of ROS neutralization on TNF-
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BV6+zVAD-fmk

analyzed by flow cytometry using 7-AAD staining. Values are
mean + SEM from three experiments. d Ku812F cells were treated
for 24 h with 17-AAG (1 pM). After washing, cells were treated with
BV6 (3 uM, 2 h), and subsequently challenged with FLAG-TNC-
TL1A. Viability was determined 4 h following stimulation by MTT
staining. Values are mean = SEM from three experiments. e Ku812F
cells were treated with RIP3-specific or non-targeting siRNA (control,
ctr) as described in “Materials and methods”. 48 h after siRNA
electroporation, cells were treated with BV6 (3 uM, 2 h) and zVAD-
fmk (100 uM, 1 h) and subsequently challenged with 500 ng/mL
FLAG-TNC-TLI1A for 4 h. Knockdown efficiency was assessed by
Western blotting, detection of tubulin served as loading control. Data
shown are representative of two experiments performed

induced necroptosis in the L1929 fibrosarcoma cell line.
In cIAP1/2-depleted 1929 cells, TNF induces ROS-de-
pendent necroptosis in the absence of caspase or protein
synthesis inhibitors [37]. In this cellular model, BHA
and Nec-1 were equally protective against TNF-induced
necroptosis (Fig. 6e, f). Taken together, these data sug-
gest that DR3-mediated necroptosis is accompanied by
but not depending on ROS production. But admittedly,
the requirement of ROS for necroptosis may depend on
the cellular context.

Discussion

The morphological distinct features of necrosis were
already recognized by Rudolf Virchow in the mid-nine-
teenth century and it soon became obvious that necrosis
can either be a cause or a consequence of disease.
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Fig. 5 TAKI kinase activity protects cells from RIP1-mediated cell
death. a Ku812F cells were treated with BV6 (3 uM) or the TAKI-
inhibitor (TAK1i) (5Z)-7-oxozeaenol (0.8 pM) for 1 h, and subse-
quently challenged with 1 pg/mL. FLAG-TNC-TL1A for 10 min.
After washing and cell lysis, immunoprecipitation was performed
using anti-FLAG antibodies. Immunoprecipitates were analyzed
together with the corresponding lysates by Western blotting using
antibodies specific for the indicated proteins. b Ku812F cells were
treated with TAK1i (0.8 uM), zVAD-fmk (100 uM), Nec-1s (30 uM)
and NSA (25 puM) for 1 h, and subsequently challenged with FLAG-
TNC-TLI1A. Viability was determined 4 h following stimulation by
MTT staining. Values are mean = SEM from three experiments.

However, the apparently “unregulated” nature of this cell
death modality gave little hope for therapeutic intervention.
This drastically changed upon realizing that some forms of
necrotic cell death (e.g., necroptosis) are driven by distinct,
targetable molecular pathways and are contributors to a
variety of pathophysiological processes, such as ischemic
injury, infections, chronic inflammation and cancer [2]. To
date, the network of regulated, non-apoptotic cell death
pathways has grown considerably [46]. The meanwhile
profound understanding of the molecular mechanisms
underlying regulated necrosis together with the availability
of necroptosis inhibitors brought up novel therapeutic
options and small molecules targeting components of the
necroptotic machinery are emerging as potential thera-
peutic agents [47].

In many pathological conditions, however, it remains
unclear what actually triggered necroptosis. In vitro studies

0 d
TL1A 0 20 100 500
[ng/mL]

¢ TF-1 cells were treated with BV6 (10 uM, 2 h) and zVAD-fmk
(100 uM, 1 h), and subsequently challenged with FLAG-TNC-TL1A.
18 h after stimulation, viability was determined by MTT staining.
Values are mean £+ SEM from three experiments. d TF-1 cells were
treated with 10 pM of the SMAC mimetics BV6, LCL161 or
Birinapant for 2 h. Thereafter, cIAP1 levels in cell lysates were
determined using Western blotting. Detection of tubulin served as
loading control. e TF-1 cells were treated with TAKIli (3 uM),
zVAD-fmk (100 pM), Nec-1s (30 uM) and GSK’872 (8 pM) for 1 h.
Subsequently, cells were challenged with FLAG-TNC-TLIA. Via-
bility was determined 4 h following stimulation by MTT staining.
Values are mean = SEM from three experiments

highlighted death receptors, especially TNFR1, as primary
inducers of necroptotic cell death. However, deficiency in
TNFR1 did not protect mice in models of renal ischemia/
reperfusion injury [48], suggesting that other (death) recep-
tors and/or signals could be involved to induce necroptosis.
Beside TNFR1, the death receptors thus far recognized for
necroptosis induction include the TRAIL death receptors
TRAILR1 and TRAILR2 as well as CD95 [8].

With DR3, our study identifies another death receptor
capable to trigger a regulated form of necrosis. According
to our findings, DR3- and TNFRI-mediated necroptosis
share several features, as both (a) require blocked caspase
activation along with cIAP1/2 depletion (Fig. 2b) or
TAKI1/IKKo/p inhibition (Fig. 5); (b) involve a RIP1/RIP3
containing necrosome and MLKL as downstream effector
(Fig. 3); (c) depend on HSP9O0 to ensure stability of RIP1/
RIP3 and MLKL (Fig. 4) and (d) trigger ROS production
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Fig. 6 DR3-mediated necroptosis is accompanied but not caused by
ROS production. a Ku812F cells were treated with BV6 (3 uM, 2 h)
and zVAD-fmk (100 pM, 1 h) followed by challenge with FLAG-
TNC-TLIA (200 ng/mL). 90 min after stimulation, CM-H,DCFDA
(5 M) was added and incubated at 37 °C for 30 min. ROS
generation was measured using flow cytometry. Data shown are
representative of three experiments performed. b Ku812F cells were
treated with BV6 and zVAD-fmk as described above, and subse-
quently challenged with FLAG-TNC-TL1A (200 ng/mL) for the
indicated periods of time (black circles and black squares) or left
without FLAG-TNC-TL1A addition (black triangles). Nec-1
(100 uM, black circles) was added 1 h before stimulation. ROS
increase was calculated by division of the mean fluorescence intensity

(Fig. 6). It is still a matter of debate (reviewed in [49])
whether ROS are critical regulators necroptosis [7, 44] or a
by-product generated in the course of this cell death
mechanism [45]. Although our data do not support a major
role of ROS in DR3-mediated necroptosis (Fig. 6), we can
admittedly not fully exclude cell line specific effects.
Despite the mechanistic similarities in TNFRI1- and
DR3-mediated necroptosis and the structural relatedness of
these two death receptors, the fundamentally different
distribution of TNFR1 and DR3 across cell types is worth
mentioning. Whereas TNFR1 is almost ubiquitously
expressed, DR3 is found predominantly on lymphocytes,
including several B and T cell subsets (e.g., activated
CD47/CD8™ T cells, regulatory T cells) and innate lym-
phoid cells (ILCs) [26]. Beside immune cells, DR3
expression has also been reported on interstitial vascular
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(MFI) of treated cells by MFI of untreated cells. Shown are mean
values £ SEM from three experiments. ¢ Ku812 cells were chal-
lenged with 200 uM H,O, in the presence and absence of BHA
(100 uM, 1 h). d Ku812F cells were treated with BV6 (3 uM, 2 h),
zVAD-fmk (100 pM, 1 h) and BHA (100 uM, 1 h) followed by
stimulation with FLAG-TNC-TL1A (left panel) or TNF (right panel)
with the indicated concentrations for 4 h. Viability was subsequently
determined by MTT staining. Values are mean + SEM from three
experiments. e—f 1.929 cells were treated with BV6 (2.5 uM, 2 h),
BHA (100 pM, 1 h) and Nec-1 (100 pM, 1 h). Subsequently, cells
were challenged with indicated concentrations of TNF for 18 h.
Viability was determined by MTT staining. Values are mean + SEM
from three experiments

endothelial cells in the human kidney [50], an organ in
which necroptosis plays a major role in ischemia/reperfu-
sion injury [51]. A role for DR3-mediated necroptosis in
these cells or tissues has to date not been addressed but is
worth investigating. Inflammatory processes commonly
involve a complex mixture of TNF family ligands, e.g.,
TNF-like weak inducer of apoptosis (TWEAK), TL1A and
TNF itself. Moreover, most cell types harbor receptors for
various TNF ligands on their surface. As TNF receptors
commonly share a cytoplasmic pool of proteins for signal
transduction, simultaneous or sequential activation of dif-
ferent TNF receptors can alter the accessibility of adapter
molecules, and thereby fundamentally shift the resulting
cellular response (“receptor crosstalk”). For example,
TNFR?2 activation depletes TRAF2—cIAP complexes from
the cytoplasmic pool, thereby switching subsequent
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TNFRI1 signaling from inflammation to apoptosis [52].
Notably, TRAF2—cIAP complexes are also important
necroptosis suppressors [53]. TRAF2—cIAP depletion via
the TWEAK/Fnl4 axis essentially mimics the effect of
SMAC mimetics and boosts TRAIL- and CD95L-induced
necroptosis [54]. It is therefore conceivable that conditions
allowing necroptotic cell death not only exist in in vitro
settings with exogenous additions of SMAC mimetics and/
or pharmacological caspase inhibitors, but potentially also
under inflammatory conditions.

In sum, by identifying DR3 as a novel necroptosis-in-
ducing death receptor our study extends our understanding
of the TL1A-DR3 signaling axis and adds another player
to the plethora of necrosome triggers [55].
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