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The complement system participates in the pathogenesis of many diseases. Complement 
activation produces several active protein complexes and peptides, including the termi-
nal C5b-9 complexes. It was reported that C5b-9 complexes insert into the plasma 
membrane and cause membrane perturbation, intracellular calcium surge, metabolic 
depletion, and osmotic lysis. Previously, we showed that complement-dependent cyto-
toxicity (CDC) is regulated by JNK and Bid. Here, we demonstrate that three mediators in 
TNFα-induced necroptosis (regulated necrosis), the receptor-interacting protein kinases, 
receptor-interacting protein kinase 1 (RIPK1) and receptor-interacting protein kinase 3 
(RIPK3), and mixed-lineage kinase domain-like protein (MLKL), are activated by comple-
ment and contribute to CDC. Cell treatment with necrostatin-1 (Nec-1), a RIPK1 inhibitor, 
GSK’872, a RIPK3 inhibitor, or necrosulfonamide and GW806742X, MLKL inhibitors, 
restrain CDC. These findings were confirmed by using specific siRNAs targeting the syn-
thesis of these proteins. Mouse fibroblasts lacking RIPK3 or MLKL were found to be less 
sensitive to C5b-9 than were wild-type (WT) fibroblasts. Enhanced CDC was achieved 
by RIPK1 or RIPK3 overexpression but not by the overexpression of a RHIM-RIPK1 
mutant nor by a kinase-dead RIPK3 mutant. Nec-1 reduces the CDC of WT but not of 
RIPK3-knockout fibroblasts. Cells treated with a sublytic dose of complement exhibit 
co-localization of RIPK3 with RIPK1 in the cytoplasm and co-localization of RIPK3 and 
MLKL with C5b-9 at the plasma membrane. Data supporting cooperation among the 
RIP kinases, MLKL, JNK, and Bid in CDC are presented. These results provide a deeper 
insight into the cell death process activated by complement and identify potential points 
of cross talk between complement and other inducers of inflammation and regulated 
necrosis.

Keywords: complement, c5b-9, receptor-interacting protein kinase 1, receptor-interacting protein kinase 3, mixed 
lineage kinase domain-like protein, regulated necrosis

Abbreviations: C5b-9, complement terminal complex composed of C5b, C6, C7, C8, and C9; C9D, C9-depleted serum; CDC, 
complement-dependent cytotoxicity; KO, knockout; HIS, heat-inactivated serum; NHS, normal human serum; MLKL, mixed 
lineage kinase domain-like protein; Nec-1, necrostatin-1; Nec-1s, necrostatin-1s, 7-Cl-O-Nec-1; NSA, necrosulfonamide; 
RIPK1, receptor-interacting protein kinase 1; RIPK3, receptor-interacting protein kinase 3.

http://www.frontiersin.org/Immunology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2018.00306&domain=pdf&date_stamp=2018-02-23
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
https://doi.org/10.3389/fimmu.2018.00306
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:lifish@tauex.tau.ac.il
https://doi.org/10.3389/fimmu.2018.00306
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.00306/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.00306/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.00306/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.00306/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.00306/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.00306/full
http://loop.frontiersin.org/people/24909


2

Lusthaus et al. RIP Kinases, MLKL, and Complement

Frontiers in Immunology | www.frontiersin.org February 2018 | Volume 9 | Article 306

inTrODUcTiOn

The complement system is a key element of innate and 
adaptive immunity (1–3). It mediates numerous activities, 
including the activation of cell death (CD), the opsonization of 
microorganisms and apoptotic cells, the clearance of immune 
complex, and the activation of inflammatory as well as anti-
inflammatory processes. The classical, lectin, and alternative 
initiation pathways converge at the stage of terminal com-
plement pathway activation and generate the complement 
membrane attack complex composed of C5b, C6, C7, C8, and 
C9, also known as the C5b-9 complex (4). Membrane inser-
tion of C5b-9 triggers dose-dependent life and death signals 
in target cells. Thus, elevated concentrations of intracellular 
calcium ions have been implicated both in cell recovery and 
in CD (5–7). At sublytic doses, C5b-9 can activate pro-survival 
signals by activating protein kinase C, ERK, Bcl-2, and NF-κB 
(7–9). At lytic doses, the C5b-9 complexes induce a necrotic-
type CD characterized by a leaky plasma membrane. The 
necrotic CD activated by C5b-9 involves the activation of JNK 
and Bid (10, 11).

Necroptosis is a regulated necrotic CD type activated by 
TNFα, FAS-ligand, LPS, interferons, and various other induc-
ers (12–18). Necroptosis has been linked to many pathological 
conditions and afflictions such as ischemia, neurodegeneration, 
viral infections, and inflammation (18–21). The receptor-inter-
acting protein kinases 1 and 3 [receptor-interacting protein 
kinase 1 (RIPK1) and receptor-interacting protein kinase 3 
(RIPK3)] are central regulators of this pathway (19, 22, 23).  
Upon cell stimulation with TNFα, TNFR1 recruits several 
adaptor proteins to form complex I, which is composed of 
TRADD, RIPK1, and TRAF2/5 (24, 25). The internalization 
of ligand-bound TNFR1 leads to the formation of complex 
II containing deubiquitinated RIPK1, caspase-8, and FADD 
(26). The latter complex induces apoptosis. However, when 
caspase-8 is compromised, a necroptosis-inducing complex, 
namely, a necrosome, is formed with RIPK3 (19, 27–29). 
The serine/threonine kinase activity of RIPK1 is required for 
necroptosis (30). Inhibition of the kinase activity of RIPK1 by 
the allosteric inhibitor necrostatin-1 (Nec-1) prevents RIPK1–
RIPK3 interactions and blocks necroptosis (12). RIPK3’s 
interaction with RIPK1 is an essential step in TNFα-induced 
programmed necrosis and together they form an oligomeric 
amyloid-like necrosome through their RIP homotypic interac-
tion (RHIM) motif (27, 29, 31, 32). The kinase-dead mutant 
of RIPK3, namely, K50A, lacks a RIPK3 pro-necroptotic 
function in TNFα-treated HT-29 cells (27). RIPK3 mediates 
TNFα-induced necroptosis by activating mixed lineage kinase 
domain-like protein (MLKL) (33–37). Their interaction and 
TNFα-driven necroptosis are allosterically inhibited by necro-
sulfonamide (NSA) (35).

Here, we determined whether the key activators of necroptosis 
are activated by complement and are involved in complement-
induced necrotic CD. Our results indicate that, at sublytic doses, 
complement induces RIPK1/RIPK3/MLKL activation and, at 
lytic doses, it recruits them for necrotic CD. Bid and JNK also 
appear to be involved in regulating this CD signaling.

MaTerials anD MeThODs

cells
Human erythroleukemia K562 cells were grown in RPMI-1640 
medium (Sigma, Rehovot, Israel) at 37°C, in 5% CO2. Human 
embryonic kidney HEK-293T cells, colon adenocarcinoma HT-29 
cells, breast cancer BT474 cells, and mouse embryonic fibroblasts 
(MEF) were cultured in DMEM medium (10% CO2). Media were 
supplemented with 10% fetal bovine serum (Life Technologies, 
Grand Island, NY, USA), 1% glutamine, 2% pyruvate, and an 
antibiotics mixture (Bio-Lab, Jerusalem, Israel). JNK1 KO and 
JNK2 KO MEFs were kindly provided by Dr. Michael Karin 
(University of California, San Diego, CA, USA), RIPK3 KO MEF 
immortalized with SV-40 large T-antigen by Drs. Seongmin Yoon 
and David Wallach (Weizmann Institute of Science, Rehovot, 
Israel), Bid KO MEFs by Dr. Stanley J. Korsmeyer (Harvard 
Medical School, Boston, MA, USA), and MLKL KO MEF by  
Dr. Zheng-Gang Liu (National Cancer Institute, NIH, Bethesda, 
MD, USA).

reagents
Normal human serum (NHS) prepared from the peripheral 
blood of healthy individuals (3H Biomedical AB, Uppsala, 
Sweden) served as a source for complement. Its use was approved 
by the Ethics Committee of Tel Aviv University. Heat-inactivated 
NHS (HIS) was prepared by incubation of NHS for 45 min at 
56°C and served as a negative control to complement activation. 
NHS and HIS were kept at −70°C until used. Purified human 
C9 and C9-depleted human serum (C9D-NHS) were purchased 
from Complement Technology, Inc. (Tyler, TX, USA). The 
Alexa Fluor 546 protein labeling kit was from Molecular Probes, 
Inc. (Eugene, OR, USA). C9 was labeled with Alexa Fluor 
546 according to the manufacturer’s instructions (38). Mouse 
anti-RIPK3 and goat anti-RIPK1 were purchased from Santa 
Cruz Biotechnology (CA, USA). Rat anti-MLKL antibody was 
purchased from Milipore (Bedford, MA, USA). Mouse anti-actin 
antibody was purchased from Chemicon (Temecula, CA, USA). 
Peroxidase-conjugated rabbit anti-goat IgG and goat anti-mouse 
IgG, FITC-conjugated donkey anti-goat IgG and goat anti-mouse 
IgG were from Jackson Immunoresearch Laboratories (West 
Grove, PA, USA). Secondary antibodies for immunofluores-
cence analysis: Donkey anti-mouse Alexa Fluor 488 and Donkey 
anti-goat Alexa Fluor 546 were purchased from Thermo Fisher 
Scientific (Rochester, NY, USA). Monoclonal mouse anti-FLAG 
antibody and the reagents Nec-1 and propidium iodide (PI) 
were from Sigma-Aldrich (St. Louis, MO, USA). GSK’872 and 
Nec-1s (7-Cl-O-Nec-1) were from Merck. NSA was purchased 
from Abcam (Cambridge, MA, USA) and GW806742X was from 
Adipogene (San Diego, CA, USA).

complement-Dependent cytotoxicity 
(cDc) assay
Human cancer cells were treated for 30 min on ice with rabbit 
anti-K562 antibodies (prepared in the animal facilities of Tel 
Aviv University after receiving the approval of the Animal 
Ethics Committee) diluted in HBSS buffer (Sigma). The rabbit 
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antiserum prepared after immunization with K562 cells reacted 
well with common human epitopes on diverse human carci-
noma cells and efficiently activated their CDC. NHS was added 
(as a source of complement) to a final concentration of 50% 
and incubation was continued for 60 min at 37°C. The sublytic 
and lytic doses of the antibodies were determined in a titration 
experiment. Cytotoxicity assays with mouse fibroblasts were 
performed with diluted NHS only (at lytic or sublytic serum 
dilutions), since NHS contains natural complement-fixing 
and anti-mouse cell antibodies. Adherent cells were collected 
by trypsinization (Biological Industries, Israel) prior to CDC 
testing. CD was detected by PI (1 µg/ml) inclusion and trypan 
blue (0.02%) exclusion. Cells were analyzed by a FACScan 
(Becton Dickinson, San Jose, CA, USA) or microscopically, 
respectively. Flow cytometry data were analyzed by WinMDI 
2.8 software.

To improve the quantification of differences between cyto-
toxicity values and to calculate the inhibition percentage of CDs, 
the cytotoxicity percentage was converted into y/1 − y in which 
100y = the percentage of CDs (39). Thus, at a percentage cytotox-
icity of 50%, y = 0.5 and y/1 − y = 0.5/(1 − 0.5) = 1.

Transfection of Plasmids and sirna
Receptor-interacting protein kinase 3-shRNA in pSuperior.
puro and Flag-RIPK3 and Flag-RIPK3-K50A (a kinase-dead 
form of RIPK3) in pcDNA3.1 were kindly provided by Liming 
Sun and Xiaodong Wang (National Institute of Biological 
Sciences, Beijing, China). WT and kinase-dead mutant RIPK1 
(RHIM domain-ALAA) in pEGFP-N1 were kindly provi ded 
by Francis Chan (University of Massachusetts, Worcester,  
MA, USA).

To prepare RIPK1 shRNA, sense and antisense hairpin oligo-
nucleotides of RIPK1, selected from the RNAi consortium (TRC) 
library (ID: TRCN0000197069 and TRCN0000199741), were 
ordered from Sigma-Aldrich (St. Louis, MO, USA). The DNA 
was ligated into AgeI/EcoRI-digested pLKO.1 plasmid. Following 
cloning, the RIPK1 shRNA sequence was confirmed by sequencing. 
pLKO.1 empty vector and a vector containing a scrambled shRNA 
sequence were obtained from Chen Luxenburg, Tel Aviv University. 
MLKL siRNA pool was purchased from Dharmacon (Lafayette, 
LA, USA): sense:5′-GGAAGGAGCUCUCGCUGUU-3′, 5′-GAG 
CAACGCAUGCCUGUUU-3′,5′-AAUAGAAGCUUCACUG 
AGA-3′,5′-GAGAUGAAAUACUGCAAGA-3′ and scrambled  
control: sense:5′-UAAGGCUAUGAAGAGAUAC-3′, 5′-AUGUA 
UUGGCCUGUAUUAG-3′ ,5′-AUGAACGUGAAUUGC 
UCAA-3′,5′-UGGUUUACAUGUCGACUAA-3′.

K562 cells were transfected with plasmid DNA using elec tro-
poration (250 V, 14 ms) in a sterile 0.4 cm electroporation cuvette 
(Cell Projects, Kent, UK). HEK-293T  cells were transfected by 
using Lipofectamine 2000 (Invitrogen-Life Tech nologies, Grand 
Island, NY, USA) according to the manufacturer’s instructions.

co-immunoprecipitation (co-iP)
RIPK1–RIPK3 co-IP
Cell lysates were prepared by treating cells with 0.2% NP-40 
in 20  mM Tris–HCl pH 7.5, 150  mM NaCl, 1  mM EDTA, 

3  mM sodium fluoride, 1  mM sodium orthovanadate, 1  mM 
β-gylcerophosphate, and 10% glycerol. Protein-A/G Agarose 
beads (Santa Cruz) were precoated with anti-RIPK1 antibodies 
in PBS and added to cell lysates for 1 h at 4°C (on a rotating plat-
form). After having been washed with lysis buffer, the beads were 
mixed in reducing SDS-PAGE sample buffer, warmed to 95°C for 
5 min, and the bound proteins were analyzed by SDS-PAGE and 
Western blotting with anti-RIPK1 and anti-RIPK3 antibodies (9).

C9-MLKL co-IP
Treated cells were lysed in 100 mM Tris, pH 7.5, 0.77% Triton 
X-100, and 10 mM EDTA buffer. Cell lysates were precipitated 
with anti-C9 antibody-coated Protein-A/G Agarose beads as 
described above. Bound C9 and MLKL were detected as described 
above.

MLKL-C5b-9 co-IP
Treated cells were lysed in 100 mM Tris, pH 7.5, 0.77% Triton 
X-100, and 10 mM EDTA buffer. Cell lysates were precipitated 
with anti-MLKL antibody-coated Protein-A/G Agarose beads as 
described above. Bound proteins were eluted with 0.2 M glycine, 
pH 2.3 for 10 min, followed by neutralization with bicarbonate 
buffer pH 8.9. To detect MLKL, samples were analyzed by SDS-
PAGE and Western blotting by using anti-MLKL antibodies. 
To detect bound C5b-9, the samples were analyzed by ELISA. 
Samples were attached overnight at 4°C to wells of a 96-well 
plate (Nunc, Rochester, NY, USA). After having been blocked 
with 1% BSA in TBS, the wells were treated with anti-C5b-9 
aE-11 antibody for 2 h at room temperature and developed with 
peroxidase-labeled goat anti-mouse IgG for 1  h at room tem-
perature, and with TMB Substrate (SouthernBiotech) that was 
added to each well. The reactions were stopped by adding TMB 
Stop Solution. The absorbance was measured with an ELISA 
Plate Reader at 450 nm.

confocal immunofluorescence 
Microscopy
Cells were treated with a sublytic dose of antibody and NHS, 
HIS, or C9D-NHS supplemented with C9-AF546 at 37°C. Next, 
the cells were fixed with 2% paraformaldehyde (10 min at room 
temperature), washed with buffer containing 0.5% bovine serum 
albumin and 0.1% saponin, and then blocked with blocking buffer 
containing 0.5% BSA, 0.1% saponin, and 10% fetal calf serum. 
Next, the cells were labeled with the primary antibody diluted in 
blocking buffer for 1 h at room temperature or overnight at 4°C, 
washed, and then labeled with a secondary fluorescently tagged 
antibody diluted in blocking buffer for 1 h at room temperature. 
The cells were imaged directly on a cover slip under a Zeiss Laser 
Scanning Confocal TCS II Microscope (Oberkochen, Germany). 
Images and merged images were obtained with LSM software 
(Carl Zeiss, Germany).

Fluorescence resonance energy  
Transfer (FreT) analysis
Cells transfected with Flag-RIPK3 plasmid were treated with a 
sublytic dose of anti-K562 antibody and NHS (5 min at 37°C). 
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Then, they were fixed with 2% formaldehyde for 5 min and per-
meabilized with 0.5% saponin. Next, the cells were labeled with 
primary goat anti-RIPK1 or mouse anti-FLAG antibodies, fol-
lowed by AF546-labeled donkey anti-goat IgG or AF488-labeled 
donkey anti-mouse IgG secondary antibodies, respectively. The 
cells then were imaged directly on a cover slip under a Zeiss LSM 
510, Meta Microscope. Square ROI over the area of the cell was 
photobleached by 200 pulses to eliminate the acceptor (AF 546) 
while monitoring the emission channel of the donor (AF488) 
using a high-intensity Ar 561  nm laser. Images were taken 
before and after bleaching. Image processing and analysis were 
performed with ImageJ software.

FRET efficiency (E) was calculated as follows:

 

E FI of donor after bleaching FI of donor before bleachin(= − gg
FI of donor after bleaching FI, fluorescence intensit

)
/ ( yy ).  

statistical analysis
Student’s t-test was performed to determine the statistical sig-
nificance of differences between two data sets. Multiple group 
comparison was calculated by one-way ANOVA. Two-way 
ANOVA was performed to compare two groups, a tested reagent, 
and the interaction between them. SPSS 24.0 software was used. 
Statistical significance was proposed when the P-value was 
smaller than 0.05.

resUlTs

a role for riPK1 in cDc
Receptor-interacting protein kinase 1 kinase activity is required 
for necroptosis induced in vitro by Fas, TNFα, and TRAIL death 
receptors as well as other inducers. In order to determine whether 
RIPK1 plays a role in CDC, we first determined how Nec-1 affects 
the sensitivity of K562, HT-29, and BT474 cells to treatment with 
antibody and complement. Inhibition of the kinase activity of 
RIPK1 by Nec-1 was shown to block death receptor-induced 
necroptosis in different cellular models (12, 40). Cells were pre-
treated with Nec-1 and then subjected to a CDC assay. As shown 
in Figure 1A, Nec-1 markedly reduced CDC in a concentration-
dependent manner in the three cell types, suggesting a role for 
RIPK1 in the C5b-9-induced signaling that leads to necrotic CD. 
Transient transfection of K562 cells with a RIPK1 shRNA plasmid 
markedly lowered the expression of RIPK1 protein and reduced 
cell sensitivity to CDC (Figure  1B). Similarly, HEK-293T  cells 
transfected with RIPK1 shRNA were partially resistant to CDC 
(Figure S1 in Supplementary Material). On the other hand, 
overexpression of RIPK1 in K562 cells by transient plasmid trans-
fection enhanced cell sensitivity to CDC (Figure  1C). During 
TNFα-induced necroptosis, RIPK1 interacts with RIPK3 through 
RHIM (RIP homotypic interaction motifs) (29, 31, 32). As shown 
here, unlike the wild-type (WT) RIPK1, overexpression of the 
RHIM-ALAA RIPK1 mutant in K562 cells failed to upregulate 
CDC (Figure 1C).

a role for riPK3 in cDc
Receptor-interacting protein kinase 3 is also a key regulator of 
necroptosis (27–29). GSK’872, a potent and selective RIPK3 

kinase inhibitor, is known to prevent necroptosis induced by 
TNFα, viruses, or through TLR3 (41). The effect of GSK’872 
on the death of K562 cells treated with complement was tested.  
As shown in Figure  2A, pretreatment with GSK’872 protected 
cells from CDC. Consistently, knockdown of RIPK3 expression 
in K562 cells by transfection with a RIPK3-shRNA plasmid 
DNA also diminished CDC (Figure 2B). RIPK3 overexpression 
potentiates TNFα-induced necroptosis and its expression in 
different cell lines correlates with their necrotic sensitivity (27). 
Similarly, overexpression of RIPK3 in K562 cells induced elevated 
CDC levels (Figure 2C). Unlike the WT RIPK3, overexpression 
of the RIPK3 kinase-dead mutant, K50A, did not increase CDC. 
A kinase-defective RIPK3 mutant failed to induce necroptosis in 
TNFα-treated HT-29 and Jurkat cells (27, 29). Fibroblasts from 
RIPK3 knockout mice are resistant to necroptosis induced by 
TNFα (27) or through TLR3 (41). To investigate the relevance 
of RIPK3 to CDC in mouse cells, the CD of RIPK3 KO and WT 
mouse fibroblasts by complement was compared. As shown in 
Figure 2D, RIPK3 KO mouse fibroblasts were found to be sig-
nificantly less sensitive to CDC than were WT mouse fibroblasts. 
These results indicated that like in necroptosis, RIPK1 and RIPK3 
play a role in CDC.

complement induces riPK1–riPK3 
interaction
Activators of necroptosis induce interactions between RIPK3 
and RIPK1 and the formation of a pro-necrotic protein complex. 
Activation of RIPK3–RIPK1 binding by complement C5b-9 was 
tested. Briefly, K562 cells were stably transfected with Flag-tagged 
RIPK3 and then treated with a sublytic dose of antibody and 
complement for 1–10 min. Cell lysates were subjected to immu-
noprecipitation with anti-RIPK1 antibodies. Subsequently, the 
immunoprecipitated proteins were analyzed by Western blotting 
with anti-Flag (RIPK3) antibodies. As shown in Figures 3A,B, 
RIPK3 co-immunoprecipitated with RIPK1 in lysates of cells 
exposed to sublytic complement. Binding was not observed or 
was very low in lysates of untreated cells or cells treated with 
antibody and heat-inactivated complement (HIS) (Figure 3B).

The locations of RIPK1 and RIPK3 in cells treated with sub-
lytic antibody and complement were analyzed by confocal fluo-
rescence microscopy. Next, Flag-RIPK3-transfected K562 cells 
were treated with antibody and NHS for 10 min, after which the 
cells were fixed and RIPK1 and RIPK3 were immunofluorescently 
labeled and imaged. As shown in Figure  3C, in control cells, 
RIPK1 was finely dispersed throughout the cytoplasm, whereas 
most of the RIPK3 was located in the plasma membrane region. 
After 10  min of treatment with sublytic complement (NHS), 
most of the RIPK3 translocated from the cell periphery into 
the cytoplasm, where it formed dotted structures. Interestingly, 
intense co-localization of RIPK1 and RIPK3 throughout the cells 
was observed in complement-treated cells but not in control 
cells. Attempts to identify the localization of RIPK3 clusters to 
the nucleus, lysosomes, mitochondria, or ER were not successful 
(Figure S2 in Supplementary Material).

The postulated contact between RIPK1 and RIPK3 was veri-
fied by FRET analysis (Figure 3D). K562 cells stably expressing 
Flag-tagged RIPK3 were treated with a sublytic dose of antibody 
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FigUre 1 | Complement C5b-9 induces receptor-interacting protein kinase 1 (RIPK1)-dependent necrosis. (a) K562, HT-29, or BT474 cells were treated with 
necrostatin-1 (Nec-1) or with DMSO (0) as control for 1 h at 37°C. Cell death (CD) by antibody (30 min at 4°C) and complement (1 h at 37°C) was performed as 
described under Section “Materials and Methods.” The experiment with K562 cells was performed with two antibody (Ab) dilutions. The percentage of CD was 
analyzed by propidium iodide inclusion. Results of three independent experiments are expressed as the mean percentage of CD ± SD. The percentage of CD by 
Nec-1, antibody, and HIS was 3–7% (negative controls). Statistical analysis showed that Nec-1 significantly inhibited CD (one-way-ANOVA, P < 0.01). (B) K562 cells 
transfected for 48 h with RIPK1-shRNA, a scrambled (Sc) shRNA, or not transfected (NT) were treated with antibody and complement and the percentage of CD 
was determined as described in panel (a). Transfection with RIPK1-shRNA significantly inhibited the CD relative to the scrambled shRNA (t-test, P < 0.01). The 
RIPK1 expression level (relative to actin) in the transfected cells was assessed by Western blotting analysis. A representative blot is shown. (c) K562 cells were 
transfected with the GFP-tagged plasmids: wild-type RIPK1 (RIPK1-wt), RHIM-ALAA mutant (RIPK1-mut), an empty vector control (C), or were NT. After 52 h, the 
cells were treated with antibody and complement and the CD was determined as above. Transfection with RIPK1-wt significantly enhanced the CD relative to empty 
vector and RIPK1-mut (t-test, P < 0.01). Transfection efficiency was determined by analyzing the GFP expression by flow cytometry. A representative histogram is 
shown. All results represent three independent experiments.
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and complement for 5  min. Then, they were fixed and RIPK1 
(AF546) or Flag-RIPK3 (AF488) was labeled with fluorescent 
antibodies. An area of a cell was photobleached to eliminate the 

acceptor (AF546) while monitoring the fluorescence intensity of 
the donor emission (AF488). Depletion of AF546 fluorescence in 
complement-treated cells resulted in about a 10% increase in the 
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FigUre 3 | Complement triggers receptor-interacting protein kinase 1 
(RIPK1) and receptor-interacting protein kinase 3 (RIPK3) complex formation. 
(a) Flag-RIPK3 transfected K562 cells were treated with a sublytic dose  
of antibody and complement for the indicated times. Cell lysates were 
immunoprecipitated with anti-RIPK1 antibody. Immunocomplexes were 
subjected to Western blotting with anti-RIPK1 or anti-Flag antibodies. 
Aliquots of cell lysates (Input lysate) were also analyzed for the amount of 
actin. (B) Flag-RIPK3 transfected K562 cells were treated with a sublytic 
dose of antibody and complement for 10 min at 37°C. Cell lysates were 
immunoprecipitated with anti-RIPK1 antibody or with goat IgG as control. 
Controls included cells treated with HIS (heat-inactivated serum) or untreated 
cells [not transfected (NT)]. RIPK1, RIPK3, and actin were detected as above. 
(c) Flag-RIPK3 K562 cells were treated with a sublytic dose of antibody and 
then with complement (or HIS) for 10 min at 37°C. Cells were fixed and 
permeabilized. RIPK3 was detected by using anti-Flag antibody followed by 
AF488-labeled secondary antibody. Endogenous RIPK1 was labeled with 
anti-RIPK1 antibody followed by AF546-labeled secondary antibody. After 
analysis by confocal microscopy, the RIPK1 and RIPK3 locations were 
merged by the Co-localization plugin in ImageJ software. (D) Flag-RIPK3 
K562 cells were treated for 5 min with a sublytic dose of antibody and 
complement. Then, they were fixed and permeabilized. Prior to imaging,  
cells were treated with goat anti-RIPK1 or mouse anti-FLAG antibodies, 
followed by AF546-labeled donkey anti-goat IgG or AF488-labeled donkey 
anti-mouse IgG secondary antibodies, respectively. Square ROI was 
photobleached and images were taken before and after bleaching. Shown 
are fluorescence resonance energy transfer (FRET) efficiencies normalized to 
the bleaching percentage of the acceptor. Control (C) is the FRET efficiency 
outside the bleached regions [in normal human serum (NHS)-treated cells] 
*P < 0.05 relative to HIS. (e) WT and RIPK3 KO mouse embryonic fibroblasts 
were pretreated with Nec-1 (50 µM) or with DMSO as control and then 
treated with NHS for 1 h at 37°C. The percentage of cell death was 
determined by trypan blue inclusion. Data were represented as mean ± SD  
of triplicates. **P < 0.01 relative to DMSO. All experiments were repeated  
at least three times with similar results.

FigUre 2 | Receptor-interacting protein kinase 3 (RIPK3) contributes to 
complement-induced cell death (CD). (a) K562 cells were pretreated with 
GSK’872 or with DMSO as control for 1 h at 37°C and then treated with 
antibody and complement. The percentage of CD was analyzed by 
propidium iodide inclusion. Statistical analysis showed that GSK’872 
significantly inhibited CD (one-way-ANOVA, P < 0.01). (B) K562 cells  
were transfected with a RIPK3-shRNA plasmid or an empty vector (c) as 
control. After 48 h, the cells were treated with antibody and complement and 
CD was quantified. Transfection with RIPK3-shRNA significantly reduced CD 
relative to empty vector (t-test, P < 0.01). RIPK3 knockdown was confirmed 
by Western blotting analysis of cell lysates (shown on the right). (c) K562 
cells were transfected with plasmid DNA expressing Flag-tagged wild-type 
(WT) RIPK3 (RIPK3-wt), RIPK3 kinase-dead mutant (RIPK3-mut), or with  
its empty vector (c). After 30 h, the cells were treated with antibody and 
complement and CD was determined. Transfection with RIPK3-wt 
significantly enhanced CD relative to empty vector and RIPK3-mut (t-test, 
P < 0.05). To confirm the expression of the flagged proteins, cell lysates were 
subjected to Western blotting analysis with anti-Flag and anti-actin antibodies 
(shown on the right). (D) WT and RIPK3 KO mouse embryonic fibroblasts 
(MEFs) were treated with normal human serum (NHS) (20, 25, or 30%) for 1 h 
at 37°C. The percentage of CD was determined by trypan blue exclusion. 
Statistical analysis showed that RIPK3 KO MEF is significantly less sensitive 
to complement-dependent cytotoxicity than is WT MEF (two-way-ANOVA, 
P < 0.001). Yet, the two cell types reacted similarly to increasing 
concentrations of complement (two-way-ANOVA, P = 0.148). Lysates of WT 
and RIPK3 KO MEFs were analyzed by Western blotting with anti-RIPK3 and 
anti-actin antibodies (shown on the right). Results are expressed as mean 
percentage of CD ± SD. Data shown represent at least three independent 
experiments. NT, not transfected cells.
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FigUre 4 | Mixed lineage kinase domain-like protein (MLKL) contributes  
to complement-induced cell death (CD). (a,B) K562 (a) and HT-29 cells  
(B) were incubated with necrosulfonamide (NSA) or with DMSO as control  
for 1 h at 37°C and subsequently with antibody and normal human serum 
(NHS). Necrotic CD was determined by propidium iodide (PI) inclusion. 
Results, representing three independent experiments, are expressed as the 
mean percentage of CD ± SD. Differences between GSK’872 and DMSO  
(0) treatments were all significant (P < 0.05). (c) K562 cells were transfected 
with Smart Pool siRNA targeting MLKL or scrambled siRNA as a control,  
by electroporation. After 48 h, the cells were treated with antibody and 
complement for 1 h at 37°C. CD was measured by PI staining and expressed 
as the mean percentage of CD ± SD and the results represent three 
independent experiments. *P < 0.001 relative to control. Cell lysates, 
collected 48 h posttransfection, were subjected to Western blotting with 
anti-MLKL or anti-actin antibodies (shown on the right). (D) WT and MLKL 
KO mouse embryonic fibroblasts were treated with NHS (15 or 25%) for 1 h 
at 37°C. The CD percentage was measured by trypan blue inclusion. Results 
are the mean percentage of death ± SD. *P < 0.001 relative to WT control. 
Cytoplasmic aliquots were subjected to Western blot analysis of MLKL and 
actin levels (shown on the right).
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fluorescence microscopy. In control cells, MLKL was found to be 
located throughout the cytoplasm and in the nucleus. However, 
upon exposure to sublytic complement, a large fraction of the 
MLKL molecules rapidly translocated to the plasma membrane 
region (Figure 6A). Merging analysis revealed the co-localization 
of MLKL with C5b-9 at the plasma membrane region. In a 
few cells, they also appeared in an intracellular compartment 
pre viously identified in our studies (46) as the endocytic recy-
cling compartment (ERC) (Figure  6B). We further analyzed  
by co-IP the interaction of MLKL with C9 and C5b-9 following 
complement activation on K562 cells. Anti-C9 antibody pulled 
down MLKL in lysates of cells treated for 10 min with sublytic 
complement (Figure  6C). MLKL-C5b-9 binding was tested by 
MLKL pulldown with anti-MLKL antibody. MLKL precipitated 

AF488 fluorescence (Figure 3D). FRET was not detected in cells 
treated with HIS or in untreated control cells.

To confirm that RIPK3 and RIPK1 cooperate in the same 
activation pathway leading to CDC, the effect of Nec-1 on CDC 
was examined in cells lacking RIPK3. As shown in Figure  3E, 
Nec-1 reduced the CD induced by complement in WT mouse 
fibroblasts. In contrast, Nec-1 did not affect the death of mouse 
fibroblasts that lack RIPK3. This demonstrates that functional 
cooperation exists between RIPK1 and RIPK3 in signaling CDC.

a role for MlKl in cDc
Receptor-interacting protein kinase 3 activates necroptosis 
through MLKL (33–35). The finding that complement triggers 
a RIPK3-dependent necrotic CD suggests that MLKL is also 
involved in CDC. K562 and HT-29 cells were pretreated with 
NSA and then subjected to CDC by using lytic doses of antibody 
and complement. As shown in Figures 4A,B, pretreatment with 
NSA reduced CDC in a concentration-dependent manner in the 
two cell types. Similarly, knocking down of MLKL in K562 cells 
with siRNA reduced CD (Figure 4C). Mouse fibroblasts that lack 
MLKL were also found to be more resistant to CD compared with 
WT fibroblasts (Figure 4D).

To determine whether MLKL cooperates with RIPK3 in acti-
vating complement-mediated necrotic CD, we investigated the 
effect of NSA on the CDC of cells with inactive RIPK3 (GSK’872- 
treated cells). At lower inhibitor concentrations (2 µM NSA and 
0.25  µM GSK’872), their combined effect on the inhibition of 
CD was additive (Figure  5A). However, combining these two 
inhibitors at higher concentrations (5  µM NSA and 0.5  µM 
GSK’872) did not result in an additional effect on the inhibi-
tion of CD than each inhibitor did alone. This indicates that 
RIPK3 and MLKL act during CDC in concert, along the same 
pathway. Further support to this claim was gained by results 
(Figure 5B) showing that GSK’872 failed to significantly reduce 
CD in MLKL knocked-down cells. Next, the involvement of 
RIPK1 in the RIPK3/MLKL-dependent pathway of CDC was 
examined by testing the effect of Nec-1s on the CDC of MLKL 
KO mouse fibroblasts. Cells were pretreated with Nec-1s for 
1 h and then treated with NHS. Surprisingly, Nec-1s inhibited 
the CDC of MLKL KO and WT mouse fibroblasts to a similar 
degree (Figure 5C). Similar results were observed when Nec-1s’ 
inhibitory effect was tested on the CDC of MLKL-silenced 
and control K562 cells (Figure  5D), indicating that RIPK1’s 
pro-necrotic effect during CDC is MLKL independent and that 
MLKL cooperates only with RIPK3.

MlKl, riPK1, and riPK3 interact  
with complement c5b-9
Recent studies have suggested that activated MLKL can interact 
with the cell membrane to form membrane pores or chan-
nels and, thus, MLKL disrupts the membrane (36, 42–45). We 
hypothesized that during CDC, MLKL interacts with C5b-9, the 
membranolytic complex of complement. To investigate the plau-
sible binding of MLKL to C5b-9 in the plasma membrane, K562 
cells were subjected to sublytic complement and then fixed and 
immunostained for detection of MLKL and C5b-9 by confocal 
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FigUre 5 | Mixed lineage kinase domain-like protein (MLKL) cooperates with RIPK3 during complement-dependent cytotoxicity (CDC) but not with receptor-
interacting protein kinase 1 (RIPK1). (a) K562 cells were pretreated with GSK’872 and/or necrosulfonamide (NSA) in the indicated concentrations or with DMSO  
as control (0), for 1 h at 37°C, and then treated with antibody and complement for 1 h min at 37°C. The percentage of cell death (CD) was measured by propidium 
iodide (PI) inclusion. Results are expressed as the mean percentage of the inhibition of CD ± SD and represent three independent experiments. *P < 0.01 relative to 
pretreatment with 0.25 µM GSK’872 without NSA or to 2 µM NSA without GSK’872. [% Inhibition = (% Death of Control − % Death of Treatment)/%Death of 
Control × 100]. (B) K562 cells were transfected with Smart Pool siRNA targeting MLKL (siRNA) or scrambled siRNA (Sc) as a control by electroporation. After 24 h, 
the cells were treated with GSK’872 at the indicated concentrations (or DMSO as control, 0) and then with antibody and complement for 1 h at 37°C. CD was 
measured as above. Statistical analysis showed that CDC of MLKL knocked down cells is significantly less sensitive to GSK’872 than is CDC of cells treated with  
a scrambled siRNA (two-way-ANOVA, P < 0.001). (c) WT and MLKL KO mouse embryonic fibroblasts (MEFs) were treated with necrostatin-1 (Nec-1s), a selective 
RIPK1 inhibitor, in increasing concentrations, or with DMSO as control, for 1 h followed by incubation with 10% normal human serum (NHS). The lysis percentage 
was determined by PI inclusion. Results are presented as the mean percentage of lysis ± SD. Statistical analysis showed that MLKL KO MEF is as sensitive to CDC 
as WT MEF (two-way-ANOVA, P = 0.538). (D) MLKL-silenced K562 cells were treated with Nec-1s at the indicated concentrations and then with antibody diluted 
1:18 or 1:15 for scrambled or siRNA-treated cells, respectively, followed by complement (NHS, 50%). CD was measured by PI staining, expressed as a calculated 
mean percentage ± SD, representing three independent experiments. Statistical analysis showed that CDC of MLKL knocked down cells is as sensitive to Nec-1  
as CDC of cells treated with a scrambled siRNA (two-way-ANOVA, P = 0.104).
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to the same extent from lysates of cells treated with antibody and 
HIS, C8-depleted HS, or NHS (Figure  6D). Next, C5b-9 was 
quantified in the pulled down material by using an ELISA assay. 
As shown in Figure 6E, C5b-9 was pulled down only from lysates 
of cells treated with antibody and NHS.

We next examined whether the activation of RIPK1 and RIPK3 
also involves their interaction with the C5b-9 complex. To this 
end, K562 cells were exposed to a sublytic dose of antibody and 
either NHS or C9-deficient NHS (C9D-NHS) supplemented with 
C9-AF546 (46). After 10 min of incubation at 37°C, we observed 
an extensive co-localization of RIPK3 with C5b-9 in the plasma 
membrane region (Figure 7A). Almost no interaction between 
RIPK1 and C5b-9 was observed by fluorescence microscopy 
(Figure  7B). After 30  min of incubation at 37°C, many C5b-9 
complexes were internalized in the cells (Figures  7C,D) as 
reported earlier (46). At that time, the internalized C5b-9 was co-
localized with RIPK1 in an intracellular compartment, probably 
the ERC (Figure 7D). Low levels of co-localization of C5b-9 with 

RIPK3 were also observed in the sub-plasma membrane region 
and in the ERC (Figure 7C).

Bid and JnK are involved in riPK1/ 
riPK3/MlKl signaling during cDc
Bid and JNK were found to promote C5b-9-induced necrotic CD 
(10, 11). We examined the involvement of Bid and JNK in the 
complement-induced RIPK1/RIPK3/MLKL-mediated necrotic 
signaling pathway. The effect of Nec-1 on CDC was studied in Bid 
KO, JNK1 KO, or JNK2 KO mouse fibroblasts. Nec-1 inhibited 
the CD of WT and JNK2 KO cells but not of JNK1 KO and Bid 
KO cells (Figures 8A,D), indicating the involvement of JNK1 and 
Bid in RIPK1-dependent CDC. The effect of the JNK inhibitor 
SP600125 on CDC was examined on WT and RIPK3 KO mouse 
fibroblasts (Figure  8B). SP600125 inhibited the CDC of both 
RIPK3 KO and WT cells; however, its effect on RIPK3 KO cells 
was less pronounced, suggesting that the RIPK3-mediated CDC 
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FigUre 6 | C5b-9 deposition triggers mixed lineage kinase domain-like protein (MLKL) translocation to the plasma membrane and C5b-9-MLKL interaction.  
(a) K562 cells were treated with a sublytic dose of antibody and with complement [normal human serum (NHS)] or HIS for 10 min at 37°C. After fixation and 
permeabilization, MLKL was stained with anti-MLKL antibody and AF546-labeled secondary antibody. Representative confocal microscope images are presented. 
NT, non-treated cells. (B) K562 cells were treated with antibody and complement as above. In addition to MLKL labeling, C5b-9 was detected with an anti-C5b-9 
antibody (AE-11) and with AF488-labeled secondary antibody. MLKL and C5b-9 locations were merged by the Co-localization plugin in ImageJ software. 
Representative cells (from three independent experiments) show the co-localization of MLKL with C5b-9 in the plasma membrane region. (c–e) K562 cells  
were treated with complement (NHS) as above and cell lysates were prepared. Controls included HIS and C8-depleted human serum (C8D). (c) Cell lysates  
were subjected to immunoprecipitation with anti-C9 antibody followed by Western blot analysis with anti-C9 or anti-MLKL antibodies. (D) MLKL was 
immunoprecipitated from cell lysates with an anti-MLKL antibody. MLKL was detected by Western blotting. MLKL and actin were also quantified in whole-cell 
lysates (Lysates). (e) Proteins immunoprecipitated from cell lysates with anti-MLKL antibodies, as in (D), were eluted from the beads and the amount of C5b-9  
was quantified by ELISA. Results are expressed as adsorption at 450 nm (A450). *P < 0.05 relative to C8D or HIS treated cells (t-test).
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was partially dependent on JNK. Inhibition of CDC by GSK’872 
was also lower in Bid KO MEF relative to WT MEF (Figure 8E), 
suggesting that Bid is involved in RIPK3-dependent CDC. Finally, 
SP600125 similarly inhibited CDC in wild-type and MLKL KO 
MEFs (Figure  8C), whereas the MLKL inhibitor GW806742X 
failed to inhibit CDC in Bid KO MEFs (Figure 8F). The latter 
findings indicate that MLKL activity in CDC is regulated by Bid 
but not by JNK.

DiscUssiOn

The necrotic CD induced by the complement is currently poorly 
characterized. Deposits of C5b-9 complexes have been reported 
in numerous diseased tissues and C5b-9 has been implicated in 
several diseases as a causative agent, as an inflammatory trigger, 
or as a protector from tissue injury (47–49). Insights into the 

mechanisms triggering inflammation and CDC will pave the 
way to developing novel therapies for complement-associated 
diseases. CDC is regarded as a CD type associated with a rapid 
rise in the concentration of intracellular Ca2+ ions (5), leading 
to mitochondrial damage, metabolic depletion (50), and osmotic 
lysis. However, based on results showing that CD by complement 
is not affected by preventing cell swelling, it was concluded that 
the CDC of nucleated cells is not colloid osmotically mediated 
(51, 52). In addition, the chelation of extracellular calcium ions 
was shown to delay but not block metabolic depletion and CD 
(50). In support of this, calcium ion chelation only partially 
reduces the C5b-9-induced CD of B-leukemia cells (53, 54). 
Hence, it may be suggested that the complement-induced rise in 
intracellular calcium ions essentially acts as an initiator and/or 
enhancer of the CD process. JNK and Bid are new players involved 
in CDC (10, 11). The results presented here indicate for the first 
time that RIPK1, RIPK3, and MLKL are pro-death regulators 
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FigUre 7 | C5b-9 complex co-localizes with receptor-interacting protein 
kinase 1 (RIPK1) and receptor-interacting protein kinase 3 (RIPK3).  
(a,B) K562 cells expressing Flag-RIPK3 were treated with a sublytic  
dose of antibody and with C9D-normal human serum (NHS) supplemented 
with AF546-labeled human C9 (a) or with NHS (B) for 10 min at 37°C.  
(c,D) Same cells as in panel (a,B), respectively, were then washed and 
incubated for an additional 20 min in HBSS at 37°C. RIPK3 was detected 
with anti-Flag antibody and secondary AF488-labeled antibody. C5b-9  
was detected with anti-C5b-9 antibody (AE-11) and with secondary 
AF488-labeled antibody. RIPK1 was labeled with anti-RIPK1 antibody  
and with AF546-labeled secondary antibody. Representative cells from four 
independent experiments are shown. Merging of RIPK1 and RIPK3 with C5b-
9 locations was performed by the co-localization plugin in ImageJ software.
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in complement-mediated CD in human and mouse cells. These 
are known key regulators of necroptosis induced by TNFα, 
Fas ligand, TRAIL, LPS, and many other inducers (17, 18, 20).  
A substantial desensitization of cells to CDC occurs after inhibi-
tion of RIPK1, RIPK3, or MLKL by Nec-1, GSK’872, or NSA, 
respectively, and after the specific silencing of these proteins. 
Accordingly, RIPK3- or MLKL-knockout mouse fibroblasts are 
more resistant to CDC than are WT fibroblasts. In line with this, 
overexpression of either RIPK1 or RIPK3 enhances cell suscep-
tibility to complement-induced necrosis.

The kinase function of RIPK1 and RIPK3 is essential for 
TNFα-induced necroptosis. Nec-1 inhibits the kinase activity of 
RIPK1 and thus disables RIPK1/RIPK3 interaction and blocks 
TNFα-induced necroptosis (12, 27). In addition, a kinase-dead 
RIPK3 mutant cannot signal in TNFα-induced necroptosis  
(27, 29). Nec-1 was shown here to be protective from C5b-9-
induced necrosis in leukemia (K562), colon adenocarcinoma 
(HT-29), and breast cancer (BT474) cells. Moreover, as shown 

here, K50A RIPK3 kinase-dead mutant fails to enhance the 
sensitivity of K562 cells to C5b-9. Thus, like the necroptotic 
signal induced by TNFα, complement also activates RIPK1 and 
RIPK3 kinase activity to induce necrotic CD. The fact that Nec-1 
treatment has no effect on the CDC of mouse fibroblasts lacking 
RIPK3 supports the notion that RIPK1 and RIPK3 act together 
to activate CDC.

TNFα-induced necrosome formation in which RIPK1 and 
RIPK3 interact through their RHIM domains occurs 2–6  h 
after TNFR1 activation (19, 27, 29). The effect of complement 
on the RIP kinases is rapid. RIPK1–RIPK3 binding, indicative 
of necrosome formation, occurs within 5  min of complement 
activation. Apparently, RIPK1–RIPK3 interaction through their 
RHIM domains is also essential for CDC. Unlike native RIPK1, 
the overexpression of a RIPK1 RHIM ALAA mutant in K562 cells 
had no effect on their sensitivity to CDC.

The fact that NSA and GW806742X were able to partially 
protect K562 cells and mouse fibroblasts, respectively, from 
C5b-9-induced death suggests that MLKL is a potential target of 
RIPK3 in the complement-induced necrosis pathway. In support 
of this, evidence is presented that MLKL KO mouse cells or MLKL 
siRNA-silenced K562 cells are markedly more resistant to C5b-9 
than are WT cells. The mode of action of MLKL as a mediator of 
necrotic CD downstream of TNFR1-activated RIPK3 has been 
extensively investigated. As reported, phosphorylated RIPK3 
recruits and phosphorylates MLKL, thus inducing a conforma-
tional change in MLKL (55–57) that facilitates its translocation to 
the plasma membrane as well as trimerization, by recruiting Ca2+ 
or Na+ ion channels and/or membrane permeabilization leading 
to cell rupture (36, 42–44, 58). Thus, activated MLKL and C5b-9 
share their capacity to sever membranes. As shown here, after 
a short exposure to complement, MLKL relocates to the plasma 
membrane and is extensively co-localized with C5b-9. Besides 
confocal microscopy analysis, the claim that MLKL is associated 
with C9 and C5b-9 is further supported by co-IP analysis. We 
propose that by activating RIPK3, complement induces reloca-
tion of MLKL to the plasma membrane and together C5b-9 and 
MLKL induce a more potent necrotic CD. The shown binding of 
membrane-inserted C5b-9 to RIPK3 may help attract MLKL to the 
vicinity of the plasma membrane, thus facilitating its membrane 
insertion. The inability of the RIPK3 inhibitor GSK’872 to affect 
CDC in MLKL-deficient cells supports such RIPK3–MLKL coop-
eration during complement attacks. However, apparently MLKL’s 
pro-necrotic effect during CDC is RIPK1 independent because 
Nec-1’s effect on CDC was similar in WT and MLKL-deficient 
cells. It is hypothesized that complement activates three cell sign-
aling pathways: (a) RIPK1-, PIPK3-, and MLKL-independent, 
Ca2+-dependent, (b) RIPK1- and RIPK3-dependent, but MLKL 
independent, and (c) RIPK3- and MLKL-dependent but RIPK1 
independent. These pathways may reinforce each other or be 
mutually exclusive.

Necrostatin-1 has no effect on CDC in JNK1 or Bid knockout 
fibroblasts. This place Bid and JNK1 (not JNK2) in the RIPK1-
mediated signaling pathway of CDC. Indeed, we have shown 
that unlike C5b-9-mediated death of WT cells, cells lacking Bid 
are not affected by the JNK inhibitor SP600125 (10). The fact 
that the inhibitory effects of SP600125 on RIPK3 KO cells and 
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FigUre 8 | Bid and JNK are involved in receptor-interacting protein kinase 1/receptor-interacting protein kinase 3 (RIPK3)/mixed lineage kinase domain-like protein 
(MLKL) signaling, leading to complement-induced necrosis. General protocol: cells were pretreated with the indicated inhibitor for 1 h at 37°C and then treated with 
NHS for 1 h, at 37°C. The percentage of necrotic cell death (CD) and the percentage of CD inhibition by the inhibitor, relative to DMSO, were calculated (after data 
conversion to y/1 − y) as explained in Section “Materials and Methods.” *P < 0.01 relative to DMSO (a,c,D,F) or between WT and KO cells (B,D) (t-test). (a) WT, 
JNK1, or JNK2 mouse embryonic fibroblasts (MEFs) were pretreated with necrostatin-1 (Nec-1) (50 µM) or DMSO as control. (B) WT and RIPK3 KO MEFs were 
pretreated with SP600125 or DMSO as control. (c) WT and MLKL KO MEFs were treated with 10 µM SP600125 or DMSO. (D) WT or Bid KO MEFs were treated 
with Nec-1 or DMSO. (e) WT or Bid KO MEFs were pretreated with GSK’872 at 2 or 5 µM or with DMSO as control. (F) WT or Bid KO MEFs were treated with 1 µM 
GW806742X or DMSO. All results represent at least three independent experiments.
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those of GSK’872 on Bid KO cells were much less pronounced 
as compared with their effect on WT cells places JNK and Bid in 
the C5b-9-induced RIPK3-dependent necrotic pathway. Various 
RIP kinase activators, including TNFα and DNA damage, have 
been shown to activate JNK or Bid cleavage via RIPK1 or RIPK3 
(59–63). Apparently, TNFα-induced necroptosis can involve Bid 
(64). Thus, our results are in agreement with earlier data and 
suggest that JNK and Bid are involved in RIPK-dependent, C5b-
9-mediated necrotic CD. Since GW806742X had no effect on the 
CDC of Bid KO cells, whereas SP600125 efficiently inhibited the 
CDC of MLKL KO cells, it is conceivable that Bid signals CDC by 
two distinct pathways: one dependent on RIPK3 and MLKL and 
one dependent on RIPK1, RIPK3, and JNK.

Confocal fluorescence microscopy imaging of C5b-9, RIPK1, 
RIPK3, and MLKL in cells exposed to sublytic complement 
displayed co-localizations between these molecules. This sug-
gests that direct or indirect molecular interactions exist between 
C5b-9 and RIPK3 as well as between C5b-9 and MLKL in the 
vicinity of the plasma membrane, and that RIPK1 interacts with 
RIPK3 throughout the cytoplasm. This is further supported by 
data showing that direct interactions exist between C5b-9 and 
MLKL as well as between RIPK1 and RIPK3. These interactions 
occur a few minutes after the cell membrane deposition of 
C5b-9 complexes and supposedly amplify the CD event. Thus, 
upon complement activation, death-promoting complexes are 
formed in the affected cells. The similarities and differences 
between these complement-induced protein complexes and 
the TNFα-induced necrosome remain to be investigated. An 

advanced event involved in the interaction of C5b-9 with the 
cells is its endocytosis in a caveolin-dependent process and its 
accumulation in several endocytic compartments, including the 
endocytotic recycling compartment ERC (46). Twenty or 30 min 
after C5b-9 deposition, respectively, C5b-9 is co-localized with 
RIPK1 or MLKL, but scarcely with RIPK3, in the ERC. Whether 
RIPK1 plays a role in C5b-9 endocytosis or is just carried along 
with it remains to be determined.

Since RIPK1, RIPK3, and MLKL are widely expressed proteins 
that potentially can cause toxicity, their role in disease has been 
extensively studied. Indeed, they were shown to be directly 
involved in many pathological conditions and diseases associated 
with inflammation and tissue damage (20, 65, 66). For example, 
high levels of MLKL and RIP3 are associated with inflammatory 
bowel disease in children (67). Inhibition of RIPK3 or RIPK1 
played a protective role from conditions such as atherosclerosis 
(68), renal ischemia reperfusion (69, 70), and renal graft rejection 
(69). Since complement is also known to cause pathology in many 
conditions and diseases (71), it is now tempting to propose that, 
at least to some extent, the pathophysiological effects of comple-
ment are mediated through RIP kinases and MLKL activation. 
However, this remains to be investigated. Programmed necrosis 
was also described in erythrocytes treated with bacterial pore-
forming toxins specific to human CD59 (72). Programmed 
necrosis proceeded in the eythrocytes, similar to nucleated cell 
necroptosis, through RIPK1 and MLKL. Further examination of 
the role of RIPK1 and MLKL under hemolytic conditions caused 
by complement is also warranted.
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Receptor-interacting protein kinase 3 and MLKL act as tumor 
suppressors, and thus are valuable therapeutic tools, since many 
cancers develop necroptosis resistance [reviewed in Ref. (73)]. 
For example, RIPK3 expression is significantly reduced in leu-
kemia cells of AML patients (74) and in breast cancer tumors 
(75). Primary chronic B-cell leukemia cells also express low 
RIPK3 levels and are insensitive to necroptosis (76). SuDHL10 
B-cell lymphoma cells have low or undetected levels of RIPK3 
and MLKL (77). When considering the efficacy of antitumor 
therapy based on complement-activating antibodies, it is rea-
sonable to assume that the ability of complement to utilize the 
RIPKs and MLKL for killing or inhibiting cancer cells will be 
restricted to those cells that express RIPK1, RIPK3, and MLKL 
at sufficient levels. Therefore, each primary tumor’s sensitivity to 
complement-dependent, RIPKs/MLKL-mediated cytotoxicity 
will have to be assessed individually. Nevertheless, as shown 
here, complement can still activate CD, albeit to a lower extent, 
in cells lacking RIP kinases or MLKL. This probably occurs 
through direct plasma membrane perturbations, elevation of the 
intracellular calcium to toxic levels, and/or through an additional 
unknown signaling mechanism. Hence, it is reasonable to assume 
that antibody-based antitumor therapy may be still effective in 
necroptosis-resistant cancers.

In summary, our data indicate that complement can activate 
several necrotic CD pathways, including a necroptotic-like sign-
aling pathway involving RIPK1, RIPK3, and MLKL. This shows 
remarkable similarities between complement-induced necrosis 
and necroptosis induced by TNFα, FasL, TRAIL, LPS, and other 
inducers. Cross talks between C5b-9 and the various ligands 
activating RIPK1, RIPK3, and MLKL may, therefore, occur. In 
agreement, TNFα-mediated CD of carcinoma cells was reduced 
after a brief pretreatment with a sulytic dose of complement (78). 
Similarly, a brief pretreatment with TNFα was shown to protect 
K562 cells from C5b-9-mediated death (79). In general, it is likely 
that at sites of autoimmune reactivity and inflammation involving 
complement activation, the relative amount and timing of death 
ligands binding and C5b-9 deposition determine which signal-
ing pathway will dominate and to what extent. However, these 
interactions are complex and involve many components and may 
either amplify or inhibit each other.

eThics sTaTeMenT

Ethical approval was given for use of human serum by the local 
Ethics Committee of Tel Aviv University (reference 20130605_ 
11204919). Approval was given for antibody preparation in 
rabbits by the local Animal Ethics Committee (reference M-11-
064). The rabbits were kept at the animal facilities of Tel Aviv 
University, which is supervised by two trained and certified 
Veterinarians. The Animal House adheres to NRC Guidelines 
“Guide for the Care and Use of Laboratory Animals.”

aUThOr cOnTriBUTiOns

ZF designed the study. ML and ZF wrote the article. ML and ND 
performed the experiments. NM performed the confocal micro-
scope analyses. All authors approved the manuscript.

acKnOWleDgMenTs

We wish to thank Dr. Francis Chan (University of Massachusetts, 
Worcester, MA, USA) for the WT and kinase-dead mutant RIPK1 
(RHIM ALAA) plasmids, Drs. Xiaodong Wang and Liming Sun 
(NIBS, Beijing, China) for the RIPK3-shRNA, Flag RIPK3 WT 
plasmid, and Flag-RIPK3-K50A (the kinase-dead form of RIPK3) 
plasmid, Dr. Zheng-Gang Liu (NCI, NIH) for the MLKL knockout 
and wild-type MEFs, Dr. Michael Karin (University of California, 
San Diego, CA, USA) for the JNK1 KO and JNK2 KO MEFs, and 
Dr. Stanley Korsmeyer (Harvard Medical School, Boston, MA, 
USA) for the wild-type and Bid KO MEFs.

FUnDing

This research was supported in part by grants from the Israel 
Science Foundation and the Israel Cancer Association.

sUPPleMenTarY MaTerial

The Supplementary Material for this article can be found online at 
http://www.frontiersin.org/articles/10.3389/fimmu.2018.00306/
full#supplementary-material.

reFerences

1. Walport MJ. Complement. First of two parts. N Engl J Med (2001) 344:1058–66. 
doi:10.1056/NEJM200104053441406 

2. Ricklin D, Hajishengallis G, Yang K, Lambris JD. Complement: a key system 
for immune surveillance and homeostasis. Nat Immunol (2010) 11:785–97. 
doi:10.1038/ni.1923 

3. Merle NS, Noe R, Halbwachs-Mecarelli L, Fremeaux-Bacchi V, Roumenina LT. 
Complement system part II: role in immunity. Front Immunol (2015) 6:257. 
doi:10.3389/fimmu.2015.00257 

4. Muller-Eberhard HJ. The membrane attack complex of complement.  
Annu Rev Immunol (1986) 4:503–28. doi:10.1146/annurev.iy.04.040186. 
002443 

5. Morgan BP, Luzio JP, Campbell AK. Intracellular Ca2+ and cell injury: a par-
adoxical role of Ca2+ in complement membrane attack. Cell Calcium (1986) 
7:399–411. doi:10.1016/0143-4160(86)90042-4 

6. Reiter Y, Ciobotariu A, Jones J, Morgan BP, Fishelson Z. Complement 
membrane attack complex, perforin, and bacterial exotoxins induce in K562 

cells calcium-dependent cross-protection from lysis. J Immunol (1995) 155: 
2203–10. 

7. Kraus S, Fishelson Z. Cell desensitization by sublytic C5b-9 complexes and  
calcium ionophores depends on activation of protein kinase C. Eur J Immu nol (2000) 
30:1272–80. doi:10.1002/(SICI)1521-4141(200005)30:5&#60;1272::AID-
IMMU1272&#62;3.0.CO;2-9 

8. Kraus S, Seger R, Fishelson Z. Involvement of the ERK mitogen-activated 
protein kinase in cell resistance to complement-mediated lysis. Clin Exp 
Immunol (2001) 123:366–74. doi:10.1046/j.1365-2249.2001.01477.x 

9. Gancz D, Lusthaus M, Fishelson Z. A role for the NF-kappaB pathway in 
cell protection from complement-dependent cytotoxicity. J Immunol (2012) 
189:860–6. doi:10.4049/jimmunol.1103451 

10. Gancz D, Donin N, Fishelson Z. Involvement of the c-jun N-terminal kinases 
JNK1 and JNK2 in complement-mediated cell death. Mol Immunol (2009) 
47:310–7. doi:10.1016/j.molimm.2009.09.016 

11. Ziporen L, Donin N, Shmushkovich T, Gross A, Fishelson Z. Programmed 
necrotic cell death induced by complement involves a Bid-dependent pathway. 
J Immunol (2009) 182:515–21. doi:10.4049/jimmunol.182.1.515 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/articles/10.3389/fimmu.2018.00306/full#supplementary-material
http://www.frontiersin.org/articles/10.3389/fimmu.2018.00306/full#supplementary-material
https://doi.org/10.1056/NEJM200104053441406
https://doi.org/10.1038/ni.1923
https://doi.org/10.3389/fimmu.2015.00257
https://doi.org/10.1146/annurev.iy.04.040186.
002443
https://doi.org/10.1146/annurev.iy.04.040186.
002443
https://doi.org/10.1016/0143-4160(86)90042-4
https://doi.org/10.1002/(SICI)1521-4141(200005)30:5&#60;1272::AID-IMMU1272&#62;3.0.CO;2-9
https://doi.org/10.1002/(SICI)1521-4141(200005)30:5&#60;1272::AID-IMMU1272&#62;3.0.CO;2-9
https://doi.org/10.1046/j.1365-2249.2001.01477.x
https://doi.org/10.4049/jimmunol.1103451
https://doi.org/10.1016/j.molimm.2009.09.016
https://doi.org/10.4049/jimmunol.182.1.515


13

Lusthaus et al. RIP Kinases, MLKL, and Complement

Frontiers in Immunology | www.frontiersin.org February 2018 | Volume 9 | Article 306

12. Degterev A, Hitomi J, Germscheid M, Ch’en IL, Korkina O, Teng X, et  al. 
Identification of RIP1 kinase as a specific cellular target of necrostatins. Nat 
Chem Biol (2008) 4:313–21. doi:10.1038/nchembio.83 

13. Holler N, Zaru R, Micheau O, Thome M, Attinger A, Valitutti S, et  al.  
Fas triggers an alternative, caspase-8-independent cell death pathway using the 
kinase RIP as effector molecule. Nat Immunol (2000) 1:489–95. doi:10.1038/ 
82732 

14. Wang L, Du F, Wang X. TNF-alpha induces two distinct caspase-8 activation 
pathways. Cell (2008) 133:693–703. doi:10.1016/j.cell.2008.03.036 

15. Lin Y, Choksi S, Shen HM, Yang QF, Hur GM, Kim YS, et al. Tumor necrosis 
factor-induced nonapoptotic cell death requires receptor-interacting protein- 
mediated cellular reactive oxygen species accumulation. J Biol Chem (2004) 
279:10822–8. doi:10.1074/jbc.M313141200 

16. Thapa RJ, Nogusa S, Chen P, Maki JL, Lerro A, Andrake M, et al. Interferon-
induced RIP1/RIP3-mediated necrosis requires PKR and is licensed by FADD 
and caspases. Proc Natl Acad Sci U S A (2013) 110:E3109–18. doi:10.1073/
pnas.1301218110 

17. Vanden Berghe T, Hassannia B, Vandenabeele P. An outline of necrosome 
triggers. Cell Mol Life Sci (2016) 73:2137–52. doi:10.1007/s00018-016-2189-y 

18. Pasparakis M, Vandenabeele P. Necroptosis and its role in inflammation. 
Nature (2015) 517:311–20. doi:10.1038/nature14191 

19. Vandenabeele P, Declercq W, Van Herreweghe F, Vanden Berghe T. The role of 
the kinases RIP1 and RIP3 in TNF-induced necrosis. Sci Signal (2010) 3:re4. 
doi:10.1126/scisignal.3115re4 

20. Galluzzi L, Kepp O, Chan FK, Kroemer G. Necroptosis: mechanisms and 
relevance to disease. Annu Rev Pathol (2017) 12:103–30. doi:10.1146/
annurev-pathol-052016-100247 

21. Chan FK, Luz NF, Moriwaki K. Programmed necrosis in the cross talk of cell 
death and inflammation. Annu Rev Immunol (2015) 33:79–106. doi:10.1146/
annurev-immunol-032414-112248 

22. Declercq W, Vanden Berghe T, Vandenabeele P. RIP kinases at the cross-
roads of cell death and survival. Cell (2009) 138:229–32. doi:10.1016/j.cell. 
2009.07.006 

23. Sun L, Wang X. A new kind of cell suicide: mechanisms and functions of 
programmed necrosis. Trends Biochem Sci (2014) 39:587–93. doi:10.1016/j.
tibs.2014.10.003 

24. Haas TL, Emmerich CH, Gerlach B, Schmukle AC, Cordier SM, Rieser E, 
et al. Recruitment of the linear ubiquitin chain assembly complex stabilizes 
the TNF-R1 signaling complex and is required for TNF-mediated gene 
induction. Mol Cell (2009) 36:831–44. doi:10.1016/j.molcel.2009.10.013 

25. Ofengeim D, Yuan J. Regulation of RIP1 kinase signalling at the crossroads 
of inflammation and cell death. Nat Rev Mol Cell Biol (2013) 14:727–36. 
doi:10.1038/nrm3683 

26. Micheau O, Tschopp J. Induction of TNF receptor I-mediated apoptosis via 
two sequential signaling complexes. Cell (2003) 114:181–90. doi:10.1016/
S0092-8674(03)00521-X 

27. He S, Wang L, Miao L, Wang T, Du F, Zhao L, et  al. Receptor interacting 
protein kinase-3 determines cellular necrotic response to TNF-alpha. Cell 
(2009) 137:1100–11. doi:10.1016/j.cell.2009.05.021 

28. Zhang DW, Shao J, Lin J, Zhang N, Lu BJ, Lin SC, et  al. RIP3, an energy 
metabolism regulator that switches TNF-induced cell death from apoptosis to 
necrosis. Science (2009) 325:332–6. doi:10.1126/science.1172308 

29. Cho YS, Challa S, Moquin D, Genga R, Ray TD, Guildford M, et  al. 
Phosphorylation-driven assembly of the RIP1-RIP3 complex regulates pro-
grammed necrosis and virus-induced inflammation. Cell (2009) 137:1112–23. 
doi:10.1016/j.cell.2009.05.037 

30. Lee TH, Shank J, Cusson N, Kelliher MA. The kinase activity of Rip1 is not 
required for tumor necrosis factor-alpha-induced IkappaB kinase or p38 
MAP kinase activation or for the ubiquitination of Rip1 by Traf2. J Biol Chem 
(2004) 279:33185–91. doi:10.1074/jbc.M404206200 

31. Sun X, Yin J, Starovasnik MA, Fairbrother WJ, Dixit VM. Identification of 
a novel homotypic interaction motif required for the phosphorylation of 
receptor-interacting protein (RIP) by RIP3. J Biol Chem (2002) 277:9505–11. 
doi:10.1074/jbc.M109488200 

32. Li J, McQuade T, Siemer AB, Napetschnig J, Moriwaki K, Hsiao YS, et  al. 
The RIP1/RIP3 necrosome forms a functional amyloid signaling complex 
required for programmed necrosis. Cell (2012) 150:339–50. doi:10.1016/j.
cell.2012.06.019 

33. Zhao J, Jitkaew S, Cai Z, Choksi S, Li Q, Luo J, et al. Mixed lineage kinase 
domain-like is a key receptor interacting protein 3 downstream component 
of TNF-induced necrosis. Proc Natl Acad Sci U S A (2012) 109:5322–7. 
doi:10.1073/pnas.1200012109 

34. Wu X, Tian L, Li J, Zhang Y, Han V, Li Y, et al. Investigation of receptor inter-
acting protein (RIP3)-dependent protein phosphorylation by quantitative 
phosphoproteomics. Mol Cell Proteomics (2012) 11:1640–51. doi:10.1074/
mcp.M112.019091 

35. Sun L, Wang H, Wang Z, He S, Chen S, Liao D, et al. Mixed lineage kinase 
domain-like protein mediates necrosis signaling downstream of RIP3 kinase. 
Cell (2012) 148:213–27. doi:10.1016/j.cell.2011.11.031 

36. Gong YN, Guy C, Crawford JC, Green DR. Biological events and molecular 
signaling following MLKL activation during necroptosis. Cell Cycle (2017) 
16:1748–60. doi:10.1080/15384101.2017.1371889 

37. Zhang J, Yang Y, He W, Sun L. Necrosome core machinery: MLKL. Cell Mol 
Life Sci (2016) 73:2153–63. doi:10.1007/s00018-016-2190-5 

38. Moskovich O, Fishelson Z. Live cell imaging of outward and inward vesicu-
lation induced by the complement c5b-9 complex. J Biol Chem (2007) 
282:29977–86. doi:10.1074/jbc.M703742200 

39. Mayer M. Complement and complement fixation. In: Kabat E, Mayer M, 
editors. Experimental Immunochemistry. IL: Charles C. Thomas, Springfield 
(1961). p. 133–240.

40. Degterev A, Huang Z, Boyce M, Li Y, Jagtap P, Mizushima N, et  al.  
Chemical inhibitor of nonapoptotic cell death with therapeutic potential 
for ischemic brain injury. Nat Chem Biol (2005) 1:112–9. doi:10.1038/
nchembio711 

41. Kaiser WJ, Sridharan H, Huang C, Mandal P, Upton JW, Gough PJ, et al. Toll-
like receptor 3-mediated necrosis via TRIF, RIP3, and MLKL. J Biol Chem 
(2013) 288:31268–79. doi:10.1074/jbc.M113.462341 

42. Wang H, Sun L, Su L, Rizo J, Liu L, Wang LF, et  al. Mixed lineage kinase 
domain-like protein MLKL causes necrotic membrane disruption upon 
phosphorylation by RIP3. Mol Cell (2014) 54:133–46. doi:10.1016/j.molcel. 
2014.03.003 

43. Chen X, Li W, Ren J, Huang D, He WT, Song Y, et al. Translocation of mixed 
lineage kinase domain-like protein to plasma membrane leads to necrotic cell 
death. Cell Res (2014) 24:105–21. doi:10.1038/cr.2013.171 

44. Cai Z, Jitkaew S, Zhao J, Chiang HC, Choksi S, Liu J, et al. Plasma membrane 
translocation of trimerized MLKL protein is required for TNF-induced 
necroptosis. Nat Cell Biol (2014) 16:55–65. doi:10.1038/ncb2883 

45. Xia B, Fang S, Chen X, Hu H, Chen P, Wang H, et al. MLKL forms cation 
channels. Cell Res (2016) 26:517–28. doi:10.1038/cr.2016.26 

46. Moskovich O, Herzog LO, Ehrlich M, Fishelson Z. Caveolin-1 and dynamin-2 
are essential for removal of the complement C5b-9 complex via endocytosis. 
J Biol Chem (2012) 287:19904–15. doi:10.1074/jbc.M111.333039 

47. Tegla CA, Cudrici C, Patel S, Trippe R III, Rus V, Niculescu F, et  al.  
Membrane attack by complement: the assembly and biology of terminal com-
plement complexes. Immunol Res (2011) 51:45–60. doi:10.1007/s12026-011- 
8239-5 

48. Morgan BP. The membrane attack complex as an inflammatory trigger. 
Immunobiology (2016) 221:747–51. doi:10.1016/j.imbio.2015.04.006 

49. Morgan BP, Harris CL. Complement, a target for therapy in inflammatory and 
degenerative diseases. Nat Rev Drug Discov (2015) 14:857–77. doi:10.1038/
nrd4657 

50. Papadimitriou JC, Phelps PC, Shin ML, Smith MW, Trump BF. Effects of 
Ca2+ deregulation on mitochondrial membrane potential and cell viability 
in nucleated cells following lytic complement attack. Cell Calcium (1994) 
15:217–27. doi:10.1016/0143-4160(94)90061-2 

51. Kim SH, Carney DF, Papadimitriou JC, Shin ML. Effect of osmotic protection 
on nucleated cell killing by C5b-9: cell death is not affected by the preven-
tion of cell swelling. Mol Immunol (1989) 26:323–31. doi:10.1016/0161- 
5890(89)90087-4 

52. Kim SH, Carney DF, Hammer CH, Shin ML. Nucleated cell killing by comple-
ment: effects of C5b-9 channel size and extracellular Ca2+ on the lytic process. 
J Immunol (1987) 138:1530–6. 

53. Beum PV, Lindorfer MA, Peek EM, Stukenberg PT, de Weers M, Beurskens FJ,  
et al. Penetration of antibody-opsonized cells by the membrane attack com-
plex of complement promotes Ca(2+) influx and induces streamers. Eur 
J Immunol (2011) 41:2436–46. doi:10.1002/eji.201041204 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/nchembio.83
https://doi.org/10.1038/
82732
https://doi.org/10.1038/
82732
https://doi.org/10.1016/j.cell.2008.03.036
https://doi.org/10.1074/jbc.M313141200
https://doi.org/10.1073/pnas.1301218110
https://doi.org/10.1073/pnas.1301218110
https://doi.org/10.1007/s00018-016-2189-y
https://doi.org/10.1038/nature14191
https://doi.org/10.1126/scisignal.3115re4
https://doi.org/10.1146/annurev-pathol-052016-100247
https://doi.org/10.1146/annurev-pathol-052016-100247
https://doi.org/10.1146/annurev-immunol-032414-112248
https://doi.org/10.1146/annurev-immunol-032414-112248
https://doi.org/10.1016/j.cell.
2009.07.006
https://doi.org/10.1016/j.cell.
2009.07.006
https://doi.org/10.1016/j.tibs.2014.10.003
https://doi.org/10.1016/j.tibs.2014.10.003
https://doi.org/10.1016/j.molcel.2009.10.013
https://doi.org/10.1038/nrm3683
https://doi.org/10.1016/S0092-8674(03)00521-X
https://doi.org/10.1016/S0092-8674(03)00521-X
https://doi.org/10.1016/j.cell.2009.05.021
https://doi.org/10.1126/science.1172308
https://doi.org/10.1016/j.cell.2009.05.037
https://doi.org/10.1074/jbc.M404206200
https://doi.org/10.1074/jbc.M109488200
https://doi.org/10.1016/j.cell.2012.06.019
https://doi.org/10.1016/j.cell.2012.06.019
https://doi.org/10.1073/pnas.1200012109
https://doi.org/10.1074/mcp.M112.019091
https://doi.org/10.1074/mcp.M112.019091
https://doi.org/10.1016/j.cell.2011.11.031
https://doi.org/10.1080/15384101.2017.1371889
https://doi.org/10.1007/s00018-016-2190-5
https://doi.org/10.1074/jbc.M703742200
https://doi.org/10.1038/nchembio711
https://doi.org/10.1038/nchembio711
https://doi.org/10.1074/jbc.M113.462341
https://doi.org/10.1016/j.molcel.
2014.03.003
https://doi.org/10.1016/j.molcel.
2014.03.003
https://doi.org/10.1038/cr.2013.171
https://doi.org/10.1038/ncb2883
https://doi.org/10.1038/cr.2016.26
https://doi.org/10.1074/jbc.M111.333039
https://doi.org/10.1007/s12026-011-
8239-5
https://doi.org/10.1007/s12026-011-
8239-5
https://doi.org/10.1016/j.imbio.2015.04.006
https://doi.org/10.1038/nrd4657
https://doi.org/10.1038/nrd4657
https://doi.org/10.1016/0143-4160(94)90061-2
https://doi.org/10.1016/0161-
5890(89)90087-4
https://doi.org/10.1016/0161-
5890(89)90087-4
https://doi.org/10.1002/eji.201041204


14

Lusthaus et al. RIP Kinases, MLKL, and Complement

Frontiers in Immunology | www.frontiersin.org February 2018 | Volume 9 | Article 306

54. Lindorfer MA, Cook EM, Tupitza JC, Zent CS, Burack R, de Jong RN, 
et al. Real-time analysis of the detailed sequence of cellular events in mAb- 
mediated complement-dependent cytotoxicity of B-cell lines and of chronic 
lymphocytic leukemia B-cells. Mol Immunol (2016) 70:13–23. doi:10.1016/j.
molimm.2015.12.007 

55. Murphy JM, Czabotar PE, Hildebrand JM, Lucet IS, Zhang JG, Alvarez-
Diaz S, et al. The pseudokinase MLKL mediates necroptosis via a molecular 
switch mechanism. Immunity (2013) 39:443–53. doi:10.1016/j.immuni. 
2013.06.018 

56. Su L, Quade B, Wang H, Sun L, Wang X, Rizo J. A plug release mechanism for 
membrane permeation by MLKL. Structure (2014) 22:1489–500. doi:10.1016/j.
str.2014.07.014 

57. Hildebrand JM, Tanzer MC, Lucet IS, Young SN, Spall SK, Sharma P, et al. 
Activation of the pseudokinase MLKL unleashes the four-helix bundle 
domain to induce membrane localization and necroptotic cell death. Proc Natl 
Acad Sci U S A (2014) 111:15072–7. doi:10.1073/pnas.1408987111 

58. Dondelinger Y, Declercq W, Montessuit S, Roelandt R, Goncalves A, 
Bruggeman I, et  al. MLKL compromises plasma membrane integrity by 
binding to phosphatidylinositol phosphates. Cell Rep (2014) 7:971–81. 
doi:10.1016/j.celrep.2014.04.026 

59. Chen G, Cheng X, Zhao M, Lin S, Lu J, Kang J, et al. RIP1-dependent Bid 
cleavage mediates TNFalpha-induced but Caspase-3-independent cell death  
in L929 fibroblastoma cells. Apoptosis (2015) 20:92–109. doi:10.1007/s10495- 
014-1058-0 

60. Kamata H, Honda S, Maeda S, Chang L, Hirata H, Karin M. Reactive 
oxygen species promote TNFalpha-induced death and sustained JNK 
activation by inhibiting MAP kinase phosphatases. Cell (2005) 120:649–61. 
doi:10.1016/j.cell.2004.12.041 

61. Devin A, Lin Y, Liu ZG. The role of the death-domain kinase RIP in tumour- 
necrosis-factor-induced activation of mitogen-activated protein kinases. 
EMBO Rep (2003) 4:623–7. doi:10.1038/sj.embor.embor854 

62. Gautheron J, Vucur M, Reisinger F, Cardenas DV, Roderburg C, Koppe C,  
et al. A positive feedback loop between RIP3 and JNK controls non-alcoholic  
steatohepatitis. EMBO Mol Med (2014) 6:1062–74. doi:10.15252/emmm. 
201403856 

63. Xu Y, Huang S, Liu ZG, Han J. Poly(ADP-ribose) polymerase-1 signaling to 
mitochondria in necrotic cell death requires RIP1/TRAF2-mediated JNK1 
activation. J Biol Chem (2006) 281:8788–95. doi:10.1074/jbc.M508135200 

64. Tischner D, Manzl C, Soratroi C, Villunger A, Krumschnabel G. Necrosis-
like death can engage multiple pro-apoptotic Bcl-2 protein family members. 
Apoptosis (2012) 17:1197–209. doi:10.1007/s10495-012-0756-8 

65. Silke J, Rickard JA, Gerlic M. The diverse role of RIP kinases in necroptosis and 
inflammation. Nat Immunol (2015) 16:689–97. doi:10.1038/ni.3206 

66. Conrad M, Angeli JP, Vandenabeele P, Stockwell BR. Regulated necrosis: 
disease relevance and therapeutic opportunities. Nat Rev Drug Discov (2016) 
15:348–66. doi:10.1038/nrd.2015.6 

67. Pierdomenico M, Negroni A, Stronati L, Vitali R, Prete E, Bertin J, et  al. 
Necroptosis is active in children with inflammatory bowel disease and 
contributes to heighten intestinal inflammation. Am J Gastroenterol (2014) 
109:279–87. doi:10.1038/ajg.2013.403 

68. Lin J, Li H, Yang M, Ren J, Huang Z, Han F, et al. A role of RIP3-mediated  
macrophage necrosis in atherosclerosis development. Cell Rep (2013) 3: 
200–10. doi:10.1016/j.celrep.2012.12.012 

69. Lau A, Wang S, Jiang J, Haig A, Pavlosky A, Linkermann A, et  al. RIPK3-
mediated necroptosis promotes donor kidney inflammatory injury and 
reduces allograft survival. Am J Transplant (2013) 13:2805–18. doi:10.1111/
ajt.12447 

70. Linkermann A, Brasen JH, Darding M, Jin MK, Sanz AB, Heller JO,  
et  al. Two independent pathways of regulated necrosis mediate ischemia- 
reperfusion injury. Proc Natl Acad Sci U S A (2013) 110:12024–9. doi:10.1073/
pnas.1305538110 

71. Ricklin D, Reis ES, Lambris JD. Complement in disease: a defence system 
turning offensive. Nat Rev Nephrol (2016) 12:383–401. doi:10.1038/nrneph. 
2016.70 

72. LaRocca TJ, Stivison EA, Hod EA, Spitalnik SL, Cowan PJ, Randis TM,  
et  al. Human-specific bacterial pore-forming toxins induce programmed 
necrosis in erythrocytes. MBio (2014) 5:e1251–1214. doi:10.1128/mBio. 
01251-14 

73. Krysko O, Aaes TL, Kagan VE, D’Herde K, Bachert C, Leybaert L, et  al. 
Necroptotic cell death in anti-cancer therapy. Immunol Rev (2017) 280:207–19. 
doi:10.1111/imr.12583 

74. Nugues AL, El Bouazzati H, Hetuin D, Berthon C, Loyens A, Bertrand E, 
et al. RIP3 is downregulated in human myeloid leukemia cells and modulates 
apoptosis and caspase-mediated p65/RelA cleavage. Cell Death Dis (2014) 
5:e1384. doi:10.1038/cddis.2014.347 

75. Koo GB, Morgan MJ, Lee DG, Kim WJ, Yoon JH, Koo JS, et al. Methylation-
dependent loss of RIP3 expression in cancer represses programmed necrosis 
in response to chemotherapeutics. Cell Res (2015) 25:707–25. doi:10.1038/
cr.2015.56 

76. Liu P, Xu B, Shen W, Zhu H, Wu W, Fu Y, et al. Dysregulation of TNFalpha-
induced necroptotic signaling in chronic lymphocytic leukemia: suppression 
of CYLD gene by LEF1. Leukemia (2012) 26:1293–300. doi:10.1038/leu. 
2011.357 

77. Bhatti IA, Abhari BA, Fulda S. Identification of a synergistic combination of 
Smac mimetic and Bortezomib to trigger cell death in B-cell non-Hodgkin  
lymphoma cells. Cancer Lett (2017) 405:63–72. doi:10.1016/j.canlet.2017. 
07.008 

78. Liu L, Li W, Li Z, Kirschfink M. Sublytic complement protects prostate 
cancer cells from tumour necrosis factor-alpha-induced cell death. Clin Exp 
Immunol (2012) 169:100–8. doi:10.1111/j.1365-2249.2012.04596.x 

79. Jurianz K, Ziegler S, Donin N, Reiter Y, Fishelson Z, Kirschfink M.  
K562 erythroleukemic cells are equipped with multiple mechanisms of 
resistance to lysis by complement. Int J Cancer (2001) 93:848–54. doi:10.1002/
ijc.1406 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2018 Lusthaus, Mazkereth, Donin and Fishelson. This is an open-access 
article distributed under the terms of the Creative Commons Attribution License 
(CC BY). The use, distribution or reproduction in other forums is permitted, 
provided the original author(s) and the copyright owner are credited and that the 
original publication in this journal is cited, in accordance with accepted academic 
practice. No use, distribution or reproduction is permitted which does not comply 
with these terms.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.molimm.2015.12.007
https://doi.org/10.1016/j.molimm.2015.12.007
https://doi.org/10.1016/j.immuni.
2013.06.018
https://doi.org/10.1016/j.immuni.
2013.06.018
https://doi.org/10.1016/j.str.2014.07.014
https://doi.org/10.1016/j.str.2014.07.014
https://doi.org/10.1073/pnas.1408987111
https://doi.org/10.1016/j.celrep.2014.04.026
https://doi.org/10.1007/s10495-
014-1058-0
https://doi.org/10.1007/s10495-
014-1058-0
https://doi.org/10.1016/j.cell.2004.12.041
https://doi.org/10.1038/sj.embor.embor854
https://doi.org/10.15252/emmm.
201403856
https://doi.org/10.15252/emmm.
201403856
https://doi.org/10.1074/jbc.M508135200
https://doi.org/10.1007/s10495-012-0756-8
https://doi.org/10.1038/ni.3206
https://doi.org/10.1038/nrd.2015.6
https://doi.org/10.1038/ajg.2013.403
https://doi.org/10.1016/j.celrep.2012.12.012
https://doi.org/10.1111/ajt.12447
https://doi.org/10.1111/ajt.12447
https://doi.org/10.1073/pnas.1305538110
https://doi.org/10.1073/pnas.1305538110
https://doi.org/10.1038/nrneph.
2016.70
https://doi.org/10.1038/nrneph.
2016.70
https://doi.org/10.1128/mBio.
01251-14
https://doi.org/10.1128/mBio.
01251-14
https://doi.org/10.1111/imr.12583
https://doi.org/10.1038/cddis.2014.347
https://doi.org/10.1038/cr.2015.56
https://doi.org/10.1038/cr.2015.56
https://doi.org/10.1038/leu.
2011.357
https://doi.org/10.1038/leu.
2011.357
https://doi.org/10.1016/j.canlet.2017.
07.008
https://doi.org/10.1016/j.canlet.2017.
07.008
https://doi.org/10.1111/j.1365-2249.2012.04596.x
https://doi.org/10.1002/ijc.1406
https://doi.org/10.1002/ijc.1406
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Receptor-Interacting Protein Kinases 1 and 3, and Mixed Lineage Kinase Domain-Like Protein Are Activated by Sublytic Complement and Participate in Complement-Dependent Cytotoxicity
	Introduction
	Materials and Methods
	Cells
	Reagents
	Complement-Dependent Cytotoxicity (CDC) Assay
	Transfection of Plasmids and siRNA
	Co-Immunoprecipitation (co-IP)
	RIPK1–RIPK3 co-IP
	C9-MLKL co-IP
	MLKL-C5b-9 co-IP

	Confocal Immunofluorescence Microscopy
	Fluorescence Resonance Energy 
Transfer (FRET) Analysis
	Statistical Analysis

	Results
	A Role for RIPK1 in CDC
	A Role for RIPK3 in CDC
	Complement Induces RIPK1–RIPK3 Interaction
	A Role for MLKL in CDC
	MLKL, RIPK1, and RIPK3 Interact 
with Complement C5b-9
	Bid and JNK Are Involved in RIPK1/
RIPK3/MLKL Signaling during CDC

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


