
Letter
https://doi.org/10.1038/s41586-019-1548-x

Cleavage of RIPK1 by caspase-8 is crucial for 
limiting apoptosis and necroptosis
Kim Newton1*, Katherine e. Wickliffe1, Debra L. Dugger1, Allie Maltzman1, Merone roose-Girma2, Monika Dohse3,  
László Kőműves3, Joshua D. Webster3 & Vishva M. Dixit1*

The aspartate-specific cysteine protease caspase-8 suppresses 
necroptotic cell death mediated by RIPK3 and MLKL. Indeed, 
mice that lack caspase-8 die in a RIPK3- and MLKL-dependent 
manner during embryogenesis1–3. In humans, caspase-8 deficiency 
is associated with immunodeficiency4 or very early onset 
inflammatory bowel disease5. The substrates that are cleaved by 
caspase-8 to prevent necroptosis in vivo have not been defined. 
Here we show that knock-in mice that express catalytically inactive 
caspase-8(C362A) die as embryos owing to MLKL-dependent 
necroptosis, similar to caspase-8-deficient mice. Thus, caspase-8 
must cleave itself, other proteins or both to inhibit necroptosis. 
Mice that express caspase-8(D212A/D218A/D225A/D387A), which 
cannot cleave itself, were viable, as were mice that express c-FLIP 
or CYLD proteins that had been mutated to prevent cleavage by 
caspase-8. By contrast, mice that express RIPK1(D325A), in which 
the caspase-8 cleavage site Asp325 had been mutated, died mid-
gestation. Embryonic lethality was prevented by inactivation of 
RIPK1, loss of TNFR1, or loss of both MLKL and the caspase-8 
adaptor FADD, but not by loss of MLKL alone. Thus, RIPK1(D325A) 
appears to trigger cell death mediated by TNF, the kinase activity 
of RIPK1 and FADD–caspase-8. Accordingly, dying endothelial 
cells that contain cleaved caspase-3 were abnormally abundant in 
yolk sacs of Ripk1D325A/D325A embryos. Heterozygous Ripk1D325A/+ 
cells and mice were viable, but were also more susceptible to  
TNF-induced cell death than were wild-type cells or mice. Our data 
show that Asp325 of RIPK1 is essential for limiting aberrant cell 
death in response to TNF, consistent with the idea that cleavage of 
RIPK1 by caspase-8 is a mechanism for dismantling death-inducing 
complexes.

Caspase-8 is essential for apoptosis triggered by death receptors6, but 
it also prevents death receptors, the Toll-like receptors TLR3 and TLR4, 
and T-cell receptors from inducing necroptosis1–3,7,8. The pro-survival 
function of caspase-8 is essential for mouse development because 
Casp8−/− mice die around embryonic day 11 (E11)6 from unchecked 
necroptosis1–3. Caspase-8 may form heterodimers with c-FLIP to 
cleave and inactivate proteins that promote necroptosis2. To confirm 
that the catalytic activity of caspase-8 is required for mouse develop-
ment, we generated Casp8C362A/C362A knock-in mice expressing cata-
lytically inactive caspase-8(C362A) (Extended Data Fig. 1a). Similar to 
Casp8−/− mice6 and mice lacking caspase-8 only in endothelial cells9, 
Casp8C362A/C362A embryos had abnormal yolk sac vasculature (Fig. 1a) 
and died between E10.5 and E12.5 (Table 1). At E10.5, Casp8C362A/C362A 
embryos contained autophosphorylated RIPK3 (Fig. 1b), a hallmark 
of necroptosis that is also seen in Casp8−/− embryos10. Accordingly, 
MLKL deficiency allowed Casp8C362A/C362A embryos to survive to 
birth (Fig. 1c, Table 1). As expected, Casp8C362A/C362A Mlkl−/− mouse 
embryo fibroblasts (MEFs) did not cleave a caspase-8 substrate after 
treatment with cycloheximide and TNF (Extended Data Fig. 1b), and 
were as resistant as Casp8−/− Mlkl−/− MEFs to apoptosis induced by 
cycloheximide plus TNF, FasL or TRAIL (Extended Data Fig. 1c). 

Expression of caspase-8(C362A) was slightly less than that of wild-type 
caspase-8, but autophosphorylated RIPK3 and autophosphorylated 
RIPK1 were more abundant in Casp8C362A/C362A Mlkl−/− MEFs than in 
Casp8−/− Mlkl−/− MEFs (Extended Data Fig. 1d). Moreover, in contrast 
to Casp8−/− Mlkl−/− mice (which are viable3), Casp8C362A/C362A Mlkl−/− 
mice died soon after birth (Table 1). Therefore, the caspase-8(C362A) 
scaffold must cause perinatal lethality independent of necroptosis.  
At E18.5, Casp8C362A/C362A Mlkl−/− and Mlkl−/− littermates were similar 
in weight (Extended Data Fig. 1e). The only morphological abnor-
mality in Casp8C362A/C362A Mlkl−/− embryos was villous atrophy of the 
small intestine (Fig. 1d). This perinatal phenotype will be characterized 
elsewhere, but the survival of Casp8C362A/C362A Mlkl−/− mice to birth 
establishes that the proteolytic activity of caspase-8 limits necroptosis 
during embryogenesis.

Caspase-8 undergoes autoprocessing11 and its other proposed sub-
strates include c-FLIP12, CYLD13, RIPK114, and RIPK315. If cleavage of 
one of these proteins is required to prevent necroptosis during develop-
ment, then mutation of the Asp residues that are cleaved by caspase-8 
should mimic inactivation of caspase-8 and be lethal at mid-gestation. 
Transgenic expression of caspase-8(D387A), which cannot be cleaved 
between the large and small catalytic subunits, rescues the lethality of 
Casp8−/− mice16, which indicates that the Asp387 autoprocessing site is 
not required for the pro-survival function of caspase-8. We confirmed 
that Casp81×DA/1×DA knock-in mice expressing caspase-8(D387A) were 
viable (Extended Data Fig. 1e, f), but caspase-8(D387A) in thymocytes 
was still processed between its pro-domain and large catalytic subunit 
after treatment with FasL (Extended Data Fig. 1g). Therefore, we also 
mutated Asp212, Asp218 and Asp225 in this region (Extended Data 
Fig. 1a). Casp84×DA/4×DA mice expressing caspase-8(D212A/D218A/
D225A/D387A) were viable (Extended Data Fig. 1h) and we detected 
no processing of the mutant caspase-8 in response to FasL (Extended 
Data Fig. 1g). Casp84×DA/4×DA and Casp81×DA/1×DA thymocytes were 
killed by FasL, albeit not as rapidly as were wild-type thymocytes 
(Extended Data Fig. 1i), as previously found16. Accordingly, lysates from 
FasL-treated Casp84×DA/4×DA thymocytes exhibited delayed cleavage of 
a caspase-8 substrate when compared with lysates from wild-type cells 
(Extended Data Fig. 1j). Given that interdomain cleavage of caspase-8 
is essential for the proteolytic activity of caspase-8 homodimers, but is 
dispensable for the activity of c-FLIP–caspase-8 heterodimers12, it may 
be that c-FLIP–caspase-8 heterodimers mediate FasL-induced apopto-
sis in Casp84×DA/4×DA cells. Consistent with the relative preservation of 
FasL-induced apoptosis, neither Casp81×DA/1×DA nor Casp84×DA/4×DA 
mice developed the lymphadenopathy and splenomegaly that occurs 
in Fas-deficient mice17 (Extended Data Fig. 1k–n). Thus, autopro-
cessing of caspase-8 is not required for preventing necroptosis during  
development or for FasL-induced apoptosis.

Cflar2×DA/2×DA mice expressing c-FLIP(D371A/D377A), which 
cannot be cleaved by caspase-8 (Extended Data Fig. 2a), were also 
viable (Extended Data Fig. 2b). Cflar2×DA/2×DA thymocytes exhibited 
slightly slower FasL-induced apoptosis than did wild-type thymocytes 
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(Extended Data Fig. 2c). However, as in Casp84×DA/4×DA mice, this defect 
did not cause lymphadenopathy (Extended Data Fig. 2d). Thus, c-FLIP is 
not an essential substrate of caspase-8 during embryogenesis. CyldD215A/
D215A mice expressing CYLD(D215A) (Extended Data Fig. 2e, f)  
were also viable (Extended Data Fig. 2g, h), indicating that cleavage 
by caspase-8 after CYLD Asp215 is not required to prevent necrop-
tosis. CYLD(D215A) still underwent caspase-dependent cleavage in 
thymocytes treated with FasL (Extended Data Fig. 2f). The 24-kDa 
N-terminal fragment associated with cleavage at Asp215 was elimi-
nated, but a larger fragment appeared in its place.

Ripk1D325A/D325A mice expressing RIPK1(D325A), which cannot be 
cleaved by caspase-8 (Extended Data Fig. 3a), were not viable (Table 2), 
and had abnormal yolk sac vasculature at E10.5 (Fig. 2a). Similar lethal-
ity was reported for an independent Ripk1D325A/D325A mouse strain18. 
The death of the Ripk1D325A/D325A embryos was not caused by necrop-
tosis, because neither Ripk1D325A/D325A Ripk3−/− nor Ripk1D325A/D325A  
Mlkl−/− mice were viable (Table  2). Indeed, Ripk1D325A/D325A  
Mlkl−/− embryos also had abnormal yolk sac vasculature at E10.5 
(Fig. 2a). As previously reported18, Ripk1D325A/D325A Ripk3−/− embryos 
looked normal at E12.5 (Extended Data Fig. 3b). Therefore, RIPK3 
must contribute to the lethality of Ripk1D325A/D325A embryos at E10.5 
in a necroptosis-independent manner. Immunolabelling for cleaved 
caspase-3 suggested that RIPK1(D325A) caused apoptosis in the yolk 
sac vasculature (Fig. 2b). RIPK1, similar to caspase-8 and RIPK3, is 
expressed in endothelial cells and other cell types at E10.519 (Extended 
Data Fig. 3c). Embryonic lethality required the enzymatic activity of 
RIPK1 and the presence of TNFR1, FADD and caspase-8, because 
Ripk1D138N,D325A/D138N,D325A, Ripk1D325A/D325A Tnfr1−/− (Tnfr1 is 
also known as Tnfrsf1a), Ripk1D325A/D325A Ripk3−/− Casp8−/−, and 

Ripk1D325A/D325A Mlkl−/− Fadd−/− mice survived to birth (Table 2). 
Ripk1D325A/D325A Mlkl−/− Fadd−/− mice were viable (Fig. 2c), but 
developed lymphadenopathy and splenomegaly similar to Mlkl−/− 
Fadd−/− mice (Extended Data Fig. 3d–f), whereas Ripk1D138N,D325A/
D138N,D325A and Ripk1D325A/D325A Tnfr1−/− mice were runted (Extended 
Data Fig. 4a, b), exhibited granulocytic infiltrates and inflammation in 
multiple tissues (Extended Data Fig. 4c, d), and to date have not sur-
vived to weaning. Thus, in neonates, RIPK1(D325A) must promote cell 
death independent of TNFR1 and its own kinase activity. Consistent 
with caspase-8-dependent cleavage of RIPK1 inactivating both the scaf-
fold and enzymatic death-promoting functions of RIPK1, catalytically 
inactive RIPK1(D138N) delayed lethality in Casp8−/− embryos only 
to around E14 (Extended Data Fig. 4e–g), whereas Casp8−/− Ripk1−/− 
mice survive to birth20–22. As expected, RIPK1(D325A) did not delay 
the death of Casp8−/− embryos (Extended Data Fig. 4h).

RIPK1 contributes to TNF-induced activation of NF-κB and MAPK 
in MEFs23, but Ripk1D325A/D325A Mlkl−/− Fadd−/− MEFs phosphorylated 
IκBα, RelA, JNK, p38 MAPK and ERK normally in response to TNF 
(Extended Data Fig. 4i). Thus, defects in TNF-induced NF-κB and 
MAPK signalling are unlikely to cause the FADD–caspase-8-dependent 
cell death that is triggered by RIPK1(D325A) during embryogenesis.

Ripk1D325A/D325A MEFs were viable, and their expression of 
RIPK1(D325A) was comparable to that of RIPK1 in wild-type MEFs 
(Fig. 2d). However, Ripk1D325A/D325A MEFs treated with TNF showed 
increased autophosphorylation of RIPK1 and RIPK3, increased cleav-
age of caspase-8, caspase-3, and c-FLIP (Fig. 2d), and increased cell 
death (Fig. 2e) when compared to wild-type MEFs. The pan-caspase 
inhibitor carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluo-
romethylketone (Z-VAD-FMK) largely blocked this cell death, 
despite the cells containing active RIPK3 (Fig. 2e). Wild-type MEFs 
treated with TNF and Z-VAD-FMK, untreated Ripk1−/− MEFs and 
untreated MEFs expressing RIPK1 with a mutant RIP homotypic inter-
action motif also activate RIPK3 with minimal necroptosis23, perhaps 
because primary MEFs counter the effects of phosphorylated MLKL24. 
In contrast to the embryonic lethality of Ripk1D325A/D325A mice (which 
required catalytically active RIPK1), the death of Ripk1D325A/D325A MEFs 
exposed to TNF was not blocked by inhibition of RIPK1 with necro-
statin-1 (Nec-1) (Fig. 2e). However, TNF was less effective at killing 
Ripk1D325A/D325A Ripk3−/− MEFs than Ripk1D325A/D325A MEFs (Extended 
Data Fig. 5a, b). The RIPK3 scaffold appears to be important because 
inhibition of RIPK3 with GSK′84325 offered no benefit (Extended Data 
Fig. 5b). A kinase-independent role for RIPK3 in caspase-8-dependent 
apoptosis has also been reported in immortalized MEFs killed with 
TNF plus an inhibitor of TAK1, or TNF plus an IAP antagonist26.

If RIPK1(D325A) enhances the stability of death-inducing com-
plexes because it is not cleaved by caspase-8, then even one allele of 
RIPK1(D325A) might compromise cell survival. Indeed, Ripk1D325A/+ 
cells were more sensitive than wild-type cells to apoptosis induced 
by either TNF plus cycloheximide (Fig. 3) or TNF plus TAK1 inhib-
itor (Extended Data Fig. 5c, d). Ripk1D325A/+ bone-marrow-derived 
macrophages were also more sensitive than wild-type bone-marrow- 
derived macrophages to necroptosis induced by TNF plus Z-VAD-
FMK (Extended Data Fig. 5e, f). Although RIPK1(D325A) enhanced 
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Fig. 1 | Catalytic activity of caspase-8 prevents necroptosis during 
mouse embryogenesis. a, E12.5 embryos representative of two wild-
type and three Casp8C362A/C362A embryos. b, E10.5 embryo sections 
immunolabelled for phosphorylated (p)-RIPK3(T231/S232) (brown). 
Results representative of three wild-type and three Casp8C362A/C362A 
embryos. Scale bar, 100 μm. c, E18.5 embryos representative of 19 Mlkl−/− 
and 22 Casp8C362A/C362A Mlkl−/− embryos. d, E18.5 embryo sections 
stained with haematoxylin and eosin. Results representative of five Mlkl−/− 
and five Casp8C362A/C362A Mlkl−/− embryos. Scale bar, 100 μm.

Table 1 | Offspring numbers from intercrossing Casp8C362A/+ mice
Genetic background Age Casp8+/+ Casp8C362A/+ Casp8C362A/C362A

Wild-type E10.5 6 7 5

Wild-type E12.5 2 5 3a

Wild-type P4–P7a 101 189 0

Mlkl−/− E18.5 19 37 22

Mlkl−/− P0 6 15 3 + 4b

Mlkl−/− P4–P7 69 109 0
aP, postnatal day.
bResorbing or dead.

Table 2 | P4–P7 offspring numbers from intercrossing Ripk1D325A/+ 
mice

Genetic background Ripk1+/+ Ripk1D325A/+ Ripk1D325A/D325A

Wild-type 21 38 0

Mlkl−/− 55 121 0

Mlkl−/− Fadd−/− 17 35 26

Ripk3−/− 34 62 0

Ripk3−/− Casp8−/− 3 15 5

Ripk1D138N/D138N 27 62 12

Tnfr1−/− 20 38 4
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autophosphorylation of RIPK1 and RIPK3 in MEFs treated with TNF 
plus cycloheximide (Fig. 3a), only Z-VAD-FMK afforded Ripk1D325A/+ 
MEFs some protection from this stimulus, whereas Nec-1 offered no 
benefit (Fig. 3b). Nec-1 reduced the death of only Ripk1D325A/+ cells 
treated with TNF plus cycloheximide plus Z-VAD-FMK (Fig. 3a), TNF 
plus TAK1 inhibitor (Extended Data Fig. 5c, d) or TNF plus Z-VAD-
FMK (Extended Data Fig. 5e), consistent with the kinase activity of 
RIPK1 being critical for these forms of TNF-induced cell death26,27.

Ripk1D325A/+ mice were more sensitive than wild-type mice to TNF 
toxicity (Fig. 4a). All Ripk1D325A/+ mice (n = 8) succumbed within 4 
h of TNF treatment, whereas only 50% of Ripk1+/+ littermates (5 out 
of 10) succumbed, and at later times, between 5 and 8 h after treat-
ment. After 2 h, Ripk1D325A/+ mice had increased serum chemokines 
(Fig. 4b) and increased RIPK1 autophosphorylation in their ileum 
(Fig. 4c). Increased TNF-induced apoptosis rather than necroptosis 
caused lethality in the Ripk1D325A/+ mice, because Ripk1D325A/+ Mlkl−/− 
mice succumbed as quickly as Ripk1D325A/+ mice after TNF dosing, 
whereas Ripk1D325A/+ Mlkl−/− Fadd−/− mice all survived (Fig. 4d). The 
kinase activity of RIPK1 is required for TNF-induced lethality in wild-
type mice19, and this was also true in the Ripk1D325A/+ mice because 
Ripk1D138N, D325A/D138N mice expressing catalytically inactive RIPK1 with 
one allele also bearing the D325A mutation were completely resistant 
to TNF-induced lethality (Fig. 4e).

Collectively, our data indicate that Asp325 in RIPK1 is crucial for 
preventing aberrant cell death during development and for prevent-
ing TNF-induced cell death in various cell types. Given that caspase-8 
cleaves RIPK1 at this site14, and that caspase-8 deficiency causes 

a Ripk1D325A/D325A

Ripk1D325A/D325A

Ripk1D325A/D325A

Mlkl–/– Fadd–/–

Ripk1D325A/D325A Mlkl–/–

b

d

Wild-type

Wild-type

Mlkl–/–

+– +– TNF (4 h)

Ripk1
+/+

Ripk1
D325A/D325A

c

e

PECAM-1, cleaved caspase-3

Mlkl–/– Fadd–/–

Ripk1+/+ (n = 4)
Ripk1D325A/D325A (n = 4)

Caspase-3

RIPK1

p-RIPK1
(S166/T169)

p-RIPK3
(T231/S232)

Cleaved
caspase-3

Cleaved
caspase-8

37

15
20

75

50

37

50

20
25

75

100

RIPK3

c-FLIP

100

Caspase-8

β-actin
37

37

50

50

75

50

P = 0.006 P = 0.017

– T TZ TN TZN
0

20

40

60

80

100

M
E

F 
su

rv
iv

al
 (%

)

Fig. 2 | RIPK1(D325A) triggers FADD-dependent cell death. a, E10.5 
embryos representative of five wild-type, four Ripk1D325A/D325A, six Mlkl−/− 
and nine Ripk1D325A/D325A Mlkl−/− embryos. b, E10.5 yolk sacs immuno-
labelled for PECAM-1 (red) and cleaved caspase-3 (green). Scale bar, 
100 μm. Results representative of two wild-type and three Ripk1D325A/D325A  
embryos. c, Littermate males aged eight weeks. Results representative 
of 25 Mlkl−/− Fadd−/− and 21 Ripk1D325A/D325A Mlkl−/− Fadd−/− mice. 
d, Western blots of primary MEFs. β-Actin loading control performed 
after cleaved caspase-8. For gel source data, see Supplementary Fig. 1. 
Results representative of two independent experiments. e, Graph shows 
the percentage of viable MEFs after 24 h (−, untreated; T, TNF; Z, Z-VAD-
FMK; N, Nec-1). Circles, cells from different embryos. Bars, mean ± s.e.m. 
P values (unpaired, two-sided t-test) shown if P < 0.05.
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Fig. 3 | RIPK1(D325A) heterozygosity sensitizes cells to TNF toxicity. 
a, Western blots of primary MEFs. β-Actin loading control performed 
after caspase-8. For gel source data, see Supplementary Fig. 1. Results 
representative of two independent experiments. b, Graph shows 
the percentage of viable MEFs after 19 h (−, untreated; T, TNF; C, 
cycloheximide; Z, Z-VAD-FMK; N, Nec-1). Circles, cells from different 
embryos. Bars, mean ± s.e.m. P values (unpaired, two-sided t-test) shown 
if P < 0.05.
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RIPK1-dependent embryonic lethality in mice21,22, it is likely that 
RIPK1 Asp325 is cleaved by caspase-8 in cell-death signalling com-
plexes and that cleavage of RIPK1 causes these complexes to fall apart, 
thereby terminating the death signal. We cannot, however, formally 
exclude the possibility that RIPK1(D325A) simply adopts a confor-
mation that better interacts with FADD and caspase-8 to promote 
cell death. Regardless, the identification of Asp325 as a key residue 
in RIPK1 for preventing inappropriate TNF-induced cell death may 
explain the periodic fever syndrome observed in humans with het-
erozygous mutations that affect the equivalent residue in human 
RIPK1 (N. Lalaoui et al., manuscript submitted).
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MeThOds
Mice. All mouse studies complied with relevant ethical regulations and were 
approved by the Genentech institutional animal care and use committee. 
Ripk1D138N/D138N, Ripk3−/−, and Casp8+/− mice19, Mlkl−/− mice28, and Tnfr1−/− 
mice29 have previously been described. Tnfr1−/− mice were backcrossed to a 
C57BL/6N background for at least 13 generations. Casp8C362A/+ (Extended Data 
Fig. 1a) and Fadd+/− (Extended Data Fig. 3d) mice were generated by Taconic 
(Germany) using C57BL/6 NTac embryonic stem (ES) cells. The Fadd deleted 
region corresponds to genomic position chr 7:144,581,754–144,584,070 (GRCm38.
p4 C57BL/6J). Casp8 codon TGC (encoding Cys362) was mutated to GCA (Ala). 
CyldD215A/+ mice (Extended Data Fig. 2e) were generated by Ozgene (Australia) 
from C57BL/6 ES cells. Cyld codon GAT (Asp215) was mutated to GCT (Ala).

Casp81×DA/+ mice were generated at Genentech using C57BL/6 C2 ES cells 
and had Casp8 codon GAT (Asp387) mutated to GCC (Ala). Casp81×DA/1×DA 
zygotes were then modified using Cas9 mRNA (ThermoFisher A29378), a sgRNA 
(Synthego) targeting the sequence 5′ GTA AAC TTT GTC TGA AGT C with 
protospacer adjacent motif (PAM) TGG, and oligonucleotide template (5′CTG 
AGC ACT TGG ACA TAG CCA GTG TCT GAG CTG CAG CAT CAA CCC 
CTG GAT TGG GCT TGT GTT TTC CAG ACC TCA GCT AAA GTT TAC CAA 
ATG AAG AAC AAA CCT CGG GGA TAC TGT CTG ATC ATC AAC AAT CAT 
GAT TTC AGC AAG GCC CGG; Integrated DNA Technologies), which were 
injected into the pronucleus to mutate codons ACT TCA GAC (Thr-Ser-Asp225) 
to ACC TCA GCT (Thr-Ser-Ala225) (sequence underlined in the oligonucleotide 
template). Mosaic founders containing the desired mutations were screened using 
next-generation sequencing at the top 15 off-target loci predicted by the CRISPR 
gRNA design tool Benchling. Founders lacking alterations at these off-target loci 
were then backcrossed to Casp81×DA/1×DA mice for germline transmission of the 
edited chromosome. Another round of gene editing was then performed with 
Cas9, a sgRNA targeting 5′CAA GCT AGT GAG TCA CGG GT with PAM AGG, 
and oligonucleotide template (5′AGT GTG ACG TTT TTT TGG TTG CTT GCA 
GAG ATG AGC CTC AAA ATG GCG GAA CTG TGT GAC TCG CCA AGA 
GAA CAA GCT AGT GAG TCA CGC GTA GGT GTG TCT CCT ACC TCT 
CTC TTT GCA TTG GTG TTC CTG TTT CCT TTG GTT GGT TCC TTT) to 
mutate codons GAC AGT GAG TCA CGG (Asp218-Ser-Glu-Ser-Arg) to GCT 
AGT GAG TCA CGC (Ala218-Ser-Glu-Ser-Arg). The Casp8D218A, D225A, D387A allele 
was abbreviated to Casp83×DA. Casp83×DA/3×DA zygotes were then edited with Cas9, 
an sgRNA targeting 5′ AGA GAT GAG CCT CAA AAT GG and PAM CGG, and 
oligonucleotide template (5′AAA CAG GAA CAC CAA TGC AAA GAG AGA 
GGT AGG AGA CAC ACC TAC CCG TGA CTC ACT AGC TTG TTC TCT 
TGG CGA GGC ACA GAG CTC CGC CAT CTT CAG GCT CAT CTC TGC 
AAG CAA CCA AAA AAA CGT CAC ACT TAG GAC AAC CTA AGG ACC) to 
mutate codons CTC AAA ATG GCG GAA CTG TGT GAC TCG CCA AGA GAA 
CAA GCT AGT GAG TCA CGC (Leu-Lys-Met-Ala-Glu-Leu-Cys-Asp212-Ser-
Pro-Arg-Glu-Gln-Ala218-Ser-Glu-Ser-Lys) to CTG AAG ATG GCG GAG CTC 
TGT GCC TCG CCA AGA GAA CAA GCT AGT GAG TCA CGG (Leu-Lys-Met-
Ala-Glu-Leu-Cys-Ala212-Ser-Pro-Arg-Glu-Gln-Ala218-Ser-Glu-Ser-Lys). This 
Casp8D212A, D218A, D225A, D387A allele was abbreviated to Casp84×DA.

Ripk1D325A/+ mice and Ripk1D138N,D325A/D138N mice were generated at Genentech 
using C57BL/6N and Ripk1D138N/D138N zygotes, respectively. Cas9 mRNA, an 
sgRNA targeting 5′TTT GAC CTG CTC GGA GGT AA with PAM GGG, 
and oligonucleotide template (5′ GTA CAT GTC TTC TCA TTA CAG AAA 
GAG TAT CCA GAT CAA AGC CCA GTG CTG CAG AGA ATG TTT TCA 
CTG CAG CAT GCC TGC GTT CCC TTA CCA CCA AGC AGG TCA AAT 
TCA GGT AAC TCA CCT ATT CGT TCA TTT GCA TAC TCG CTC ACT  
TAC) were used to mutate Ripk1 codons GAC TGT GTA CCC TTA CCT CCG 
(Asp325-Cys-Val-Pro-Leu-Pro-Pro) to GCC TGC GTT CCC TTA CCA CCA 
(Ala325-Cys-Val-Pro-Leu-Pro-Pro).

CflarD371A, D377A/+ mice were generated at Genentech. C57BL/6N zygotes were 
injected with Cas9 mRNA, an sgRNA targeting 5′ TGA TGG CCC ATC TAC CTC 
C, and PAM AGG, and an oligonucleotide template (5′ ACG TGC CCT TCT CTC 
AGA GGG AAG CCA AAG CTC TTT TTT ATT CAG AAC TAT GAG TCG TTA 
GGT AGC CAG TTG GAA GCA AGT AGT CTA GAA GTT GCA GGG CCA 
TCA ATA AAA AAT GTG GAC TCT AAG CCC CTG CAA CCC AGA CAC TGC 
ACA ACT CAC CCA GAA GCT GAT ATC) to mutate codons GAT AGC AGC 
CTG GAG GTA GAT (Asp371-Ser-Ser-Leu-Glu-Val-Asp377) to GCA AGT AGT 
CTA GAA GTT GCA (Ala371-Ser-Ser-Leu-Glu-Val-Ala377). This CflarD371A, D377A 
allele was abbreviated to Cflar2×DA.

All alleles were maintained on a C57BL/6N genetic background. For timed preg-
nancies, mice were designated E0.5 on the morning a vaginal plug was detected. 
Mice were designated P0 on the day their birth was detected. Where indicated, 
mice were injected intravenously with 500 μg mouse TNF (Genentech) per kg 
body weight. Calculations to determine group sizes were not performed, mice 
were not randomized but were grouped according to genotype, and experiments 
were unblinded. Body temperatures were measured using a lubricated digital  

rectal probe. Mice were euthanized if severely lethargic or if their body temperature 
dropped to 25 °C. Serum samples were analysed by Luminex assay using a mouse 
cytokine/chemokine 32-plex panel (EMD Millipore).
Genotyping. Primers for Casp8C362A/+ mice (5′GAC AAA GAC AAG GAA ATG 
GAC C and 5′ACT TTG CTG AGT TCT TGC ACC) amplified 282-bp wild-type 
and 351-bp knock-in DNA fragments; primers for Fadd+/− mice (5′CTG AGC 
TAC ATG GTG TGA AG, 5′ACT GGA CTG GCT TAC TTG A, and 5′AAC AGA 
AGT AAC TGC CGA TAA C) amplified 238-bp wild-type and 326-bp knockout 
DNA fragments; primers for Casp81×DA/+ mice (5′CCT ACC GAG ATC CTG TGA 
ATG G, 5′AGA GAA TAG GAA CTT CCA TGC CAA and 5′CAC TGA CCT GGG 
AAA TAC AAC TG) amplified 255-bp wild-type, and 216-bp and 289-bp knock-in 
DNA fragments; primers for Casp83×DA/+ mice (5′AAG CTT CCG AGT CAC G, 
5′AAG AGA ACA AGA CAG TGA GT, and 5′CTC CAG AGT TTC CAA AAG 
G) amplified 139-bp wild-type and 131-bp knock-in DNA fragments; primers for 
Casp84×DA/+ mice (5′GTG TGA CTC GCC AAG A, 5′AGC TCT GTG CCT CGC, 
and 5′TTT CTC TCC AGA GTT TCC AAA) amplified 156-bp wild-type and  
160-bp knock-in DNA fragments; primers for Cflar2×DA/+ mice (5′TCA AGA GAC 
CTT CAC TTC C, 5′CCT CCA GGC TGC TAT C, and 5′GAC TAC TTG CTT 
CCA ACT G) amplified 320-bp wild-type and 314-bp knock-in DNA fragments; 
primers for CyldD215A/+ mice (5′ACG ATG AGG TAA TTT CAC TGT, 5′AGT 
TGC CAA TAG GGT TAT CC, and 5′ATT GGC AAT GAA ACT AAT ACA TAT) 
amplified 536-bp wild-type and 589-bp knock-in DNA fragments.

The Ripk1D325A allele was genotyped by digital-droplet (dd)PCR. Genomic DNA 
was prepared using the DNeasy Blood & Tissue kit (Qiagen 69506) and diluted 
to 30 ng/μl. Primers (Ripk1-F, 5′ACT GGT TAC TAA AGT GTG TAC; Ripk1-R, 
5′GAA CGA ATA GGT GAG TTA CC; Apob-F, 5′CAC GTG GGC TCC AGC ATT; 
Apob-R, 5′-TCA CCA GTC ATT TCT GCC TTT G; 25 μM stock concentration) 
and probes (Ripk1 knock-in 5′-[6-FAM]-CAG CAT GCC TGC GTT CCC-3′-
[Iowa Black FQ] and Apob 5′-[HEX]-CC+ A+A TGG +TC-[ZEN]-GGG CAC 
+TG-3′-[Iowa Black FQ], or Apob 5′-[6-FAM]-CC+A+ATGG+TC-[ZEN]-GGG 
CAC+TG-3′-[Iowa Black FQ] and Ripk1 WT 5′-[HEX]-CAG CAT +GA +CT 
+GT GTA CCC-3′-[Iowa Black FQ]; stock concentration 6.25 μM) were from 
Integrated DNA Technologies. + indicates a locked nucleic acid base. Apob served 
as a reference gene. Reactions (2 per sample) contained 12.5 μl ddPCR Supermix 
for Probes (no dUTP) (Bio-Rad 186-3023), 1 μl of each of the 4 primers, 1 μl of 
each of the 2 probes and 1 μl DNA in a final volume of 25 μl. Droplets were gener-
ated on the QX200 AutoDG Droplet Digital PCR System (Bio-Rad Laboratories). 
Plates were heat-sealed with foil and placed in a C1000 Touch Thermal Cycler 
(Bio-Rad Laboratories) with the following cycling conditions: 95 °C for 10 min; 
40× (94 °C for 30 s, 58 °C for 30 s; 98 °C for 10 min) then kept at 4 °C. Droplets 
were scanned on the QX200 Droplet Reader (Bio-Rad Laboratories) and copy 
numbers were assessed with QuantaSoft software. At least 10,000 droplets were 
counted per sample.
Cells. Thymocytes, bone marrow cells and primary MEFs were cultured in the 
high-glucose version of Dulbecco’s modified Eagle’s medium supplemented 
with 10% heat-inactivated fetal bovine serum, 2 mM glutamine, 10 mM HEPES  
(pH 7.2), 1 × non-essential amino acids solution, 100 U/ml penicillin and 100 μg/ml  
streptomycin. MEFs in Fig. 2 and Extended Data Fig. 5a, b were isolated from 
E10.5 embryos and grown on tissue culture dishes pre-coated with 0.1% gelatin in 
PBS. All other MEFs were from E13.5 or E14.5 embryos. Primary macrophages  
were differentiated from bone marrow cells in non-treated plates in medium  
supplemented with 25 ng/ml M-CSF (R&D Systems) for 5–6 d.

Mouse cells were stimulated with 100 ng/ml mouse TNF (Genentech), 20 μM 
Z-VAD-FMK (Promega), 100 ng/ml FasL (Enzo Life Sciences), 100 ng/ml TRAIL 
(Enzo Life Sciences), 250 ng/ml (Fig. 3a, b), 1 μg/ml (Extended Data Fig. 1b) or 
10 μg/ml (Extended Data Fig. 1c) cycloheximide (Sigma), 30 μM Nec-1 (Tocris 
Bioscience), 100 nM 5Z-7-oxozeaenol (Sigma) and 1 μM GSK′84325. To assess 
cell viability, adherent MEFs and bone-marrow-derived macrophages (BMDMs) 
were detached with trypsin, pooled with floating dead cells, stained with 2.5 
μg/ml propidium iodide (PI; BD Biosciences), and analysed in a FACSCanto II 
cytometer (BD Biosciences) with BD FACSDiva 8.0. Viable cells were PI-negative. 
Thymocytes in suspension were stained directly with PI. Caspase-8 activity was 
measured using the Caspase-Glo 8 assay (Promega).

Mesenteric lymph node cells were stained with APC-Cy7- or FITC-conjugated 
145-2C11 anti-CD3ε (BD Biosciences) and FITC- or APC-conjugated RA3-6B2 
anti-B220 (BD Biosciences) antibodies in the presence of 2% normal rat serum 
and 1 μg/ml 2.4G2 anti-CD16/CD32 (BD Biosciences). Leukocytes were identi-
fied based on their forward scatter (FSC) and side scatter profiles. Dead cells that 
stained with 7-AAD (BD Biosciences), plus doublets, identified by their FSC-A 
versus FSC-W profiles, were excluded from analyses as indicated in Extended Data 
Fig. 1l. Data were acquired using a BD FACSCantoII cytometer (BD Biosciences) 
and analysed with FlowJo 10.3.

293T cells (ATCC CRL-3216; tested for mycoplasma but not authenticated) were 
transfected with FuGENE HD transfection reagent (Promega), mouse caspase-8 
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cloned into pCMV-3tag7 (Agilent Technologies) with a N-terminal 3× Myc 
tag, and mouse RIPK1 (wild-type or D325A) cloned into pCMV-3tag6 (Agilent 
Technologies) with a N-terminal 3× Flag tag for 18 h.
Immunoprecipitation and western blotting. Cells were lysed in 20 mM Tris.HCl 
pH 7.5, 135 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 1% Triton X-100, 10% glyc-
erol, phosSTOP phosphatase inhibitor (Roche), and Halt protease inhibitor cock-
tail (Pierce). Insoluble material was removed by centrifugation at 20,000g before 
addition of LDS sample buffer or immunoprecipitation. In the experiments shown 
in Fig. 3a, Extended Data Fig. 5f, cells were lysed in 10 mM Tris-HCl pH 7.5, 150 
mM NaCl, 2.5 mM MgCl2, 0.5 mM CaCl2, 1% NP40, phosSTOP phosphatase 
inhibitor (Roche), Halt protease inhibitor cocktail (Pierce), and DNase (about 80 
U/ml, Qiagen). The whole-cell lysate was denatured directly in LDS sample buffer.

RIPK1 was immunoprecipitated with rat 10C7 anti-mouse RIPK1 anti-
body (Genentech) conjugated to Dynabeads M-270 epoxy beads (Invitrogen). 
Western blot antibodies recognized RIPK3 (1G6, Genentech), phosphoryl-
ated RIPK3(Thr231/Ser232) (GEN135-35-9, Genentech), RIPK1 (610459, BD 
Biosciences, or 10C7, Genentech), phosphorylated RIPK1(Ser166/Thr169) 
(GEN150-33-4, Genentech), β-actin (MP Biomedicals, mouse clone C4), FADD 
(1.28E12, Genentech), caspase-8 (1G12, Enzo Life Sciences), c-FLIP (2.21H2, 
Genentech), CYLD (GN55-9, Genentech), MLKL (3H1, Millipore), phosphoryl-
ated MLKL Ser345 (ab196436, Abcam), Flag (A8592, Sigma), and Myc (GTX21261, 
Genetex). Other antibodies were from Cell Signaling Technologies: p-ERK (9101), 
ERK (9102), p-JNK (4668), JNK (9258), p-IκBα (2859), IκBα (9242), p-p65/RelA 
(3033), p65/RelA (8242), p-p38 (9211), p38 (8690), caspase-3 (9662), cleaved 
caspase-3 (9664) and cleaved caspase-8 (8592).
Immunohistochemistry and immunofluorescence. Paraformaldehyde-fixed 
yolk sacs and formalin-fixed, paraffin-embedded tissue sections were labelled with  
antibodies detecting cleaved caspase-319, PECAM-119, or p-RIPK3(T231/S232)10 
as described. Caspase-8 was labelled with 2.5 μg/ml 1G12 rat anti-caspase 8 anti-
body (Enzo) on a Dako autostainer with pH 6 target retrieval (Dako), hydrogen  
peroxidase, and ScyTek biotin block. Bound antibody was detected with rabbit 
anti-rat secondary and the ABC-Peroxidase Elite KIT (Vector Labs) with DAB 

chromogen. RIPK1 was labelled with 1.5 μg/ml 10C7 rat anti-RIPK1 antibody 
(Genentech) on a Dako autostainer with pH 6 target retrieval, hydrogen peroxi-
dase and TNB block, and Powervision polymer-HRP (Leica) detection with DAB.
Reporting summary. Further information on research design is available in 
the Nature Research Reporting Summary linked to this paper.

Data availability
The datasets generated during and/or analysed during the current study are  
available from the corresponding authors on reasonable request.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Catalytic activity of caspase-8 is required to 
prevent necroptosis, but autoprocessing of caspase-8 is not required. 
a, Schematic showing the organization of the different Casp8 alleles 
and of pro-caspase-8 protein. Non-coding and coding Casp8 exons are 
represented by grey and black boxes, respectively. b, Graph indicates 
cleavage of a proluminogenic caspase-8 substrate in primary MEF lysates 
at 6 h after treatment (−, no treatment; C, cycloheximide; T, TNF). 
RLU, relative luminescence unit. Circles, cells from different embryos 
(Mlkl−/−, n = 3; Casp8C362A/C362A Mlkl−/−, n = 3; Casp8−/− Mlkl−/−, 
n = 3). Bars, mean ± s.e.m. Unpaired two-tailed t-test. c, Graph indicates 
the percentage of primary MEFs that were viable 16 h after treatment 
(F, FasL; Tr, TRAIL). Circles, cells from different embryos (Mlkl−/−, 
n = 3; Casp8C362A/C362A Mlkl−/−, n = 2; Casp8−/− Mlkl−/−, n = 3). Bars, 
mean ± s.e.m. d, Western blots of primary MEFs. Each lane represents 
cells from a different embryo (Mlkl−/−, n = 3; Casp8C362A/C362A Mlkl−/−, 
n = 2; Casp8−/− Mlkl−/−, n = 3). β-Actin loading control performed after 
caspase-8. e, Body weights of E18.5 embryos. Circles, different embryos 
(Mlkl−/−, n = 11; Casp8C362A/C362A Mlkl−/−, n = 11). Lines, mean ± s.e.m. 
P = 0.7; unpaired two-tailed t-test. f, Kaplan–Meier survival curve of 
wild-type (n = 25) and Casp81×DA/1×DA (n = 29) littermates. P = 0.9; 
two-sided log-rank test. g, Western blots of thymocytes. The pan-
caspase inhibitor emricasan revealed caspase-dependent cleavage events. 
Asterisk, non-specific band detected by the caspase-8 antibody. β-Actin 
loading control performed after cleaved caspase-8. Results representative 

of two independent experiments. h, Kaplan–Meier survival curve of 
Casp83×DA/3×DA (n = 40) and Casp84×DA/4×DA (n = 43) littermates. 
P = 0.2; two-sided log-rank test. i, Graph indicates the percentage of viable 
thymocytes before treatment (−), and after culture in either medium 
alone (Med.) or FasL for 24 h. Circles, cells from different mice (wild-type, 
n = 3; Casp81×DA/1×DA, n = 3; Casp83×DA/3×DA, n = 3; Casp84×DA/4×DA, 
n = 3). Bars, mean ± s.e.m. Unpaired two-tailed t-test. j, Graph indicates 
cleavage of a proluminogenic caspase-8 substrate in thymocyte lysates. 
Circles, cells from different mice (wild-type, n = 3; Casp84×DA/4×DA, 
n = 3). Bars, mean ± s.e.m. Unpaired two-tailed t-test. k, Graph indicates 
leukocyte numbers in spleen and lymph nodes (axillary, brachial, inguinal, 
and mesenteric) of mice aged 12–16 months (spleen, n = 3 per genotype; 
lymph nodes, n = 4 wild-type, n = 5 Casp81×DA/1×DA). Circles, cells from 
different mice. Lines, mean ± s.e.m. l, Flow cytometric analysis of lymph 
node cells from 1 wild-type and 2 Casp81×DA/1×DA mice aged 16 months, 
and as a control, one Casp8−/− Mlkl−/− mouse aged 3 months (this strain 
develops lymphadenopathy due to impaired Fas-induced apoptosis3). 
m, Graph indicates leukocyte numbers in spleen and mesenteric lymph 
node of mice aged 4–5 months (n = 3 mice per genotype). Circles, cells 
from different mice. Lines, mean ± s.e.m. n, Flow cytometric analysis of 
mesenteric lymph node cells from the mice in m. Percentages represent the 
mean ± s.e.m. The three gates in l were also applied to these samples. For 
gel source data, see Supplementary Fig. 1.
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Extended Data Fig. 2 | Characterization of mice expressing 
c-FLIP(D371A/D377A) or CYLD(D215A). a, Western blots of 
thymocytes that were freshly isolated (−), or cultured in either medium 
alone or FasL for 2.5 h. β-Actin loading control performed after  
caspase-8. Results representative of two independent experiments.  
b, Kaplan–Meier survival curve of Cflar+/+ (n = 10) and Cflar2×DA/2×DA 
littermates (n = 14). P = 0.3, two-sided log-rank test. c, Graph shows the 
percentage of thymocytes that were viable 24 h after treatment. Circles, 
cells from different mice (Cflar+/+, n = 3; Cflar2×DA/2×DA, n = 3). Bars, 
mean ± s.e.m. Unpaired two-tailed t-test. d, Flow cytometric analysis 
of mesenteric lymph node cells of wild-type (n = 2) and Cflar2×DA/2×DA 

(n = 2) littermates, and as controls, Fadd−/− Mlkl−/− mice (n = 2). 
Numbers below each genotype indicate total lymph node cellularity. 
Analyses used the gating strategy shown in Extended Data Fig. 11. 
e, Schematic showing the organization of the CyldD215A allele. f, Western 
blots of thymocytes. Arrowheads highlight caspase-dependent CYLD 
cleavage products. β-Actin loading control performed after cleaved 
caspase-8. Results representative of two independent experiments. 
g, Littermate males aged 18 days. Results representative of 29 wild-type 
and 23 CyldD215A/D215A mice. h, Kaplan–Meier survival curve of Cyld+/+ 
(n = 29) and CyldD215A/D215A (n = 23) littermates. P = 0.9, two-sided  
log-rank test. For gel source data, see Supplementary Fig. 1.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Ripk1D325A/D325A Mlkl−/− Fadd−/− mice develop 
splenomegaly and lymphadenopathy similar to Mlkl−/− Fadd−/− 
mice. a, Western blots of 293T cells overexpressing mouse caspase-8 
and mouse RIPK1 (left), primary MEFs (middle), or BMDMs (right). 
Results representative of two independent experiments. The N-terminal 
RIPK1 cleavage product appears larger in the 293T cells owing to the 
N-terminal Flag tag. T, TNF; C, cycloheximide. β-Actin loading control 
performed after MYC (left) or caspase-8 (middle, right). For gel source 
data, see Supplementary Fig. 1. b, E12.5 littermates representative of six 
Ripk1D325A/+ Ripk3−/− and four Ripk1D325A/D325A Ripk3−/− embryos.  

c, E10.5 embryo sections immunolabelled for either RIPK1 or caspase-8 
(brown). Results representative of five wild-type and six Casp8−/− 
embryos. Scale bar, 100 μm. Asterisk shows maternally derived Casp8+/− 
decidua in the placenta. d, Schematic showing the organization of the 
Fadd knockout allele. e, Leukocyte numbers in mice aged 10–12 weeks 
(wild-type, n = 2; Mlkl−/−, n = 3; Mlkl−/− Fadd−/−, n = 4; Ripk1D325A/D325A 
Mlkl−/− Fadd−/−, n = 4). Circles, different mice. Lines, mean ± s.e.m.  
f, Flow cytometric analysis of mesenteric lymph node cells from the mice 
in e. Mean ± s.e.m.



LetterreSeArCH

Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Ripk1D325A/D325A Tnfr1−/− and  
Ripk1D138N, D325A/D138N, D325A mice survive until after birth. 
a, Ripk1D325A/+ Tnfr1−/− female with her 9-day-old male pups. Results 
representative of two Ripk1D325A/D325A Tnfr1−/− mice. b, Body weights 
of Ripk1D138N,D325A/D138N,D325A pups (n = 3 males, 2 females) and their 
littermates (n = 1 male, 4 females) aged 14–16 days. Circles, individual 
mice. Lines, mean ± s.e.m. P = 3 × 10−5; unpaired two-sided t-test with 
Welch’s correction. c, Tissues from seven-day-old littermates stained 
with haematoxylin and eosin. Results representative of two Ripk1D325A/

D325A Tnfr1−/− and three Tnfr1−/− mice. Scale bar, 50 μm. d, Tissues from 
17-day-old Ripk1D138N,D325A/D138N,D325A mice. Asterisks, granulocytic 

infiltrates. Results representative of two mice. Scale bar, 100 μm. e, P4–P7 
offspring from intercrossing Casp8+/− mice. f, E15.5 littermates. Results 
representative of two mice of each genotype. g, E13.5 embryo sections 
immunolabelled for p-RIPK3(T231/S232) (brown). Results representative 
of three Casp8−/− Ripk1D138N/D138N and two Ripk1D138N/D138N embryos. 
Scale bar, 200 μm. h, E12.5 littermates. Results representative of four 
Casp8−/− Ripk1D325A/D325A and three Ripk1D325A/+ control embryos. 
i, Western blots of primary MEFs. β-Actin loading control performed after 
IκBα. For gel source data, see Supplementary Fig. 1. Results representative 
of two independent experiments.
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Extended Data Fig. 5 | The RIPK3 scaffold contributes to TNF-induced 
apoptosis in Ripk1D325A/D325A MEFs. a, c–e, Graphs show the percentage 
of primary MEFs (a, c) or BMDMs (d, e) that were viable at 24 h (a), 8 h 
(c, e), or 5 h (d) after treatment (−, untreated; T, TNF; N, Nec-1; i, TAK1 
inhibitor 5Z-7-oxozeaenol; G, RIPK3 inhibitor GSK′843). Circles, cells 
from different mice (Ripk1+/+, n = 4 (a), 2 (c), and 3 (d, e); Ripk1D325A/D325A,  

n = 4 (a); Ripk1D325A/D325A Ripk3−/−, n = 3 (a); Ripk3−/−, n = 4 (a); 
Ripk1D325A/+, n = 2 (c) and 3 (d, e)). Bars, mean ± s.e.m. Unpaired two-
sided t-test. ∗not determined. b, f, Western blots of primary MEFs after 4 
h treatment (b) or of BMDMs (f). β-Actin loading control performed after 
c-FLIP (b) or p-RIPK1 (f). For gel source data, see Supplementary Fig. 1. 
Results representative of two independent experiments.
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Whole embryo images were acquired with Leica Application Suite v4.11.0.  Immunohistochemistry and histology images were acquired 
with Leica Application Suite v4.6.0.  Flow cytometry data were acquired with BD FACSDiva v8.0.  Digital droplet PCR data were acquired 
with QuantaSoft 1.7.4.0917.  Luminex data were acquired with Bio-Plex Manager 6.1.1.  Caspase-Glo 8 data were acquired with 
PerkinElmer EnVision Manager 1.13.3009.1401.

Data analysis Flow cytometry data were analysed with Flow Jo 10.3.  Graphs were generated with Prism 7.0e. Digital droplet PCR data were analysed 
with QuantaSoft 1.7.4.0917.  Luminex data were analysed with Bio-Plex Manager 6.1.1.  Caspase-Glo 8 data were analysed with 
PerkinElmer EnVision Manager 1.13.3009.1401.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers. 
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

The datasets generated during and/or analysed during the current study are available from the corresponding authors on reasonable request.
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size calculations were performed.  Whenever possible, tissues and cells from at least 3 animals per genotype were analysed to be 
sure differences were reproducible.  Variability in the ex vivo assays used in this study tends to be low, so n=3 is the accepted norm in the 
field.  Larger numbers (n=5-10 per group) were used for the in vivo TNF challenge studies to account for the greater variability between wild-
type controls in these experiments.

Data exclusions No data were excluded.

Replication Whenever possible, readouts were performed with at least 3 animals of a given genotype and all attempts at replication were successful.

Randomization Mice were grouped according to genotype, not randomized.  Where possible, animals were age- and sex-matched.

Blinding Embryos were imaged blindly before genotypes were known. 
However, adult mice were selected and treated by the same individual, so blinding was not possible.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Antibodies used for flow cytometry were from BD Biosciences (145-2C11 anti-CD3, cat#557596, lot#7201885, or cat#553061, 

lot#41936; RA3-6B2 anti-B220, cat#553088, lot#3352893, or cat#553092, lot#50613; 2.4G2 anti-CD16/CD32, cat#553142, 
lot#M063276). 
 
Antibodies used for western blots were from Genentech (1G6 anti-mouse RIPK3; GEN135-35-9 anti-mouse phospho-RIPK3 
Thr231, Ser232; 10C7 anti-mouse RIPK1;  GEN150-33-4 anti-mouse phospho-RIPK1 Ser166, Thr169; 1.28E12 anti-mouse FADD; 
2.21H2 anti-mouse c-FLIP; GN55-9 anti-mouse CYLD), Enzo Life Sciences (1G12 anti-mouse caspase-8, cat#ALX-804-447-C100, 
lot#11131404), BD Biosciences (38/RIP anti-RIPK1, cat#610459, lot#5177938), MP Biomedicals (C4 anti-beta actin, cat#69100, 
lot#QR14180), Millipore (3H1 anti-MLKL, cat#MABC604, lot#2677923), Abcam (EPR9515(2) anti-phospho-MLKL S345, 
cat#ab196436 , lot#GR3204546-5), Cell Signaling Technology (p-ERK, cat#9101, lot#28; ERK, cat#9102, lot#26; p-JNK, cat#4668, 
lot#12; JNK, cat#9258, lot#6; p-IkappaBalpha, cat#2859, lot#13; IkappaBalpha, cat#9242, lot#9; p-p65 cat#3033, lot#16; p65, 
cat#8242, lot#8; p-p38, cat#9211, lot#23; p38, cat#8690, lot#4; caspase-3, cat#9662, lot#18; cleaved caspase-3, cat#9664, 
lot#21; cleaved caspase-8, cat#8592, lot#3), Sigma (M2 anti-Flag, cat#A8592, lot#SLBD9930), Genetex (anti-myc polyclonal, 
cat#GTX21261, lot#821805083), and Jackson Immunoresearch (HRP-anti-mouse, cat#115-035-174; lot#139280; HRP-anti-rabbit, 
cat#211-032-171; lot#120918; HRP-anti-rat, cat#112-035-175; lot#115169). 
 
Antibodies used for immunofluorescence were from BD Biosciences (MEC 13.3 anti-PECAM1, cat #550274, lot#2243973), Cell 
Signaling Technology (anti-cleaved caspase-3, cat #9661, lot#38), and Jackson Immunoresearch (Cy3-anti-rabbit, 
cat#711-165-152, lot#86183; Cy5-anti-rat, cat#112-175-167, lot#123967). 
 
Antibodies for immunohistochemistry were from Genentech (GEN135-35-9 anti-mouse phospho-RIPK3 Thr231, Ser232; 10C7 
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anti-mouse RIPK1), Enzo Life Sciences (1G12 anti-mouse caspase-8, cat#ALX-804-447-C100, lot#11131404), and Vector labs 
(rabbit anti-rat cat#AI-4001, lot#Y0920).

Validation 1G6 anti-mouse RIPK3 is validated for WB using RIPK3 KO mouse tissues in Newton et al (2004) Mol. Cell. Biol. 24:1464-1469, 
and for IHC using RIPK3 KO mouse tissues in Newton et al (2014) Science 343:1357-1360. 
GEN135-35-9 anti-mouse phospho-RIPK3 T231, S232 is validated for WB and IHC in Newton et al (2016) Nature 540:129-133. 
10C7 anti-mouse RIPK1 is validated for IHC using RIPK1 KO mouse tissues in Newton et al (2014) Science 343:1357-1360.  We 
have also validated its use for WB using RIPK1 KO mouse tissues.  
38/RIP anti-RIPK1 is validated for WB using RIPK1 KO mouse cells in Newton et al (2016) Nature 540:129-133. 
GEN150-33-4 anti-mouse phospho-RIPK1 S166, T169 is validated for WB in Heger et al (2018) Nature 559:120-124. 
1.28E12 anti-mouse FADD was validated for WB using cells from Fadd-/- Mlkl-/- mice. 
2.21H2 anti-mouse c-FLIP was validated for WB using cells from 3xFlag-c-FLIP knock-in mice. 
GN55-9 anti-mouse CYLD was validated for WB using cells from Cyld-/- mice. 
1G12 anti-mouse casp8 is validated for WB in O'Reilly et al (2004) Cell Death Differ 11:724–736, and we have confirmed this 
using Casp8-/- Mlkl-/- mouse cells (Extended data fig. 1d).  It was validated for IHC using Casp8-/- mouse embryos (Extended 
data fig. 3c). 
3H1 anti-MLKL is validated for WB using Mlkl-/- mouse cells in Murphy et al (2013) Immunity 39:443-453. 
Validation data for commercial antibodies are available on vendor websites.

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) 293T cells (ATCC CRL-3216).

Authentication Cells not authenticated.

Mycoplasma contamination Cells negative for mycoplasma.

Commonly misidentified lines
(See ICLAC register)

Not used.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals All mice (Mus musculus) were maintained on a C57BL/6N genetic background.  Mutant strains included Ripk1 D138N/D138N 
(Newton et al. 2014 Science 343:1357-1360), Ripk1 D325A/+ (this study), Ripk3-/- (Newton et al. 2014 Science 343:1357-1360), 
Casp8+/- (Newton et al. 2014 Science 343:1357-1360), Casp8 1xDA/1xDA (this study), Casp8 3xDA/3xDA (this study), Casp8 
4xDA/4xDA (this study), Cyld 1xDA/1xDA (this study), Fadd+/- (this study), Cflar 2xDA/2xDA (this study), Mlkl-/- (Murphy et al. 
2013 Immunity 39:443-453), and Tnfr1-/- (Peschon et al. 1998 J immunol 160:943-952).  Mice of both sexes were analysed, 
ranging in age from E10.5 through 21 months. 

Wild animals This study did not involve wild animals.

Field-collected samples This study did not involve samples collected from the field.

Ethics oversight All mouse studies were approved by the Genentech institutional animal care and use committee (IACUC).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry
Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Thymocyte or lymph node single cell suspensions were prepared by gently pressing the thymus or mesenteric lymph node 
through a 40 um cell strainer with the rubber plunger from a 3 ml syringe.  An aliquot of cells was stained with acridine orange 
and DAPI (solution 18; Chemometec) and the viable cell concentration determined using a Nucleoview NC-250 cell counter 
(Chemometec).  Adherent MEFs or BMDMs in culture were trypsinized and pooled with floating dead cells, then stained with 
propidium iodide.
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Instrument BD FACSCantoII  (BD Biosciences)

Software Data was acquired using BD FACSDiva software v8.0, and analysed using FlowJo 10.3.

Cell population abundance No sorting was performed.

Gating strategy Leukocytes were identified based on their forward scatter (FSC-A) and side scatter (SSC-A) profiles.  Dead cells that stained with 
propidium iodide or 7-AAD (BD Biosciences), plus doublets, identified by their FSC-A versus FSC-W profiles, were excluded from 
analyses of cells stained for CD3 and B220.  Survival studies only excluded cell debris with a small FSC, that was well separated 
from cells.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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