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The proteolytic activity of caspase-8 suppresses lethal RIPK1-, RIPK3- and MLKL-dependent necroptosis during mouse
embryogenesis. Caspase-8 is reported to cleave RIPK3 in addition to the RIPK3-interacting kinase RIPK1, but whether cleavage of
RIPK3 is crucial for necroptosis suppression is unclear. Here we show that caspase-8-driven cleavage of endogenous mouse RIPK3

after Asp>33

is dependent on downstream caspase-3. Consistent with RIPK3 cleavage being a consequence of apoptosis rather than

a critical brake on necroptosis, Ripk323334/P3334 knock-in mice lacking the Asp®>® cleavage site are viable and develop normally.
Moreover, in contrast to mice lacking caspase-8 in their intestinal epithelial cells, Ripk3°*3*P3334 mice do not exhibit increased

sensitivity to high dose tumor necrosis factor (TNF). Rip

D333A/D333A
k3033341

macrophages died at the same rate as wild-type (WT)

macrophages in response to TNF plus cycloheximide, TNF plus emricasan, or infection with murine cytomegalovirus (MCMV) lacking
M36 and M45 to inhibit caspase-8 and RIPK3 activation, respectively. We conclude that caspase cleavage of RIPK3 is dispensable for
mouse development, and that cleavage of caspase-8 substrates, including RIPK1, is sufficient to prevent necroptosis.
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INTRODUCTION
Apoptosis, pyroptosis, and necroptosis are cell death programs that
eliminate infected, damaged, or obsolete cells from multicellular
organisms. Toll-like receptor (TLR) 3, TNF receptor 1 (TNFR1), FAS,
TRAIL receptors, and the intracellular Z-form nucleic acid sensor ZBP1
can each induce apoptosis by activating the protease caspase-8
[1-7]. In some settings, however, activation of caspase-8 promotes
cell survival by suppressing necroptosis signaling. This pro-survival
function of caspase-8 is essential for mouse embryogenesis [8-10],
antigen receptor-induced proliferation of mouse T cells [9, 11], and
proinflammatory gene expression in mouse macrophages exposed
to TNF, TLR3 agonist poly(l:C), or TLR4 agonist lipopolysaccharide
(LPS) [12, 13]. The catalytic activity of caspase-8 mediates both
apoptosis induction and necroptosis suppression [9, 14, 15]. This dual
function of caspase-8 appears to safeguard against viruses expres-
sing inhibitors of caspase-8 [16-19]. Viruses seek to preserve their
replicative niche by inhibiting caspase-8-dependent host cell death,
but in doing so unleash RIPK3- and MLKL-dependent necroptosis.
Death receptors, including TNFR1 and FAS, induce apoptosis by
using the adaptor protein FADD to recruit caspase-8, cFLIP, and, in
humans, caspase-10 [20, 21]. Dimerization and auto-processing of
caspase-8 zymogens yields the fully active protease that cleaves
and activates caspase-3 and -7 [22-25]. Many caspase substrates
are cleaved and the cell is dismantled into membrane-enveloped
apoptotic bodies [26]. Proteolytically active heterodimers of
caspase-8 and cFLIP_ (the long isoform of cFLIP) [27, 28] are
believed to suppress necroptosis by cleaving the kinase RIPK1

[9, 14, 29, 30]. Whether RIPK1 is the only substrate cleaved by
caspase-8 to suppress necroptosis is unclear. Cleavage of RIPK1 is
thought to perturb interactions between RIPK1 and RIPK3 that
would otherwise promote RIPK3 activation, phosphorylation of the
pseudokinase MLKL, and cell lysis [31-34].

In addition to suppressing death receptor-induced, RIPK1-
dependent activation of RIPK3, caspase-8 also suppresses activation
of RIPK3 by TRIF and ZBP1 [35]. TLR3 and TLR4 use the adaptor
protein TRIF to engage RIPK3 [12, 13]. ZBP1 is induced by interferons
[36] and appears to activate RIPK3 in response to Z-form RNAs
produced by certain viruses and endogenous retroviral elements
[37-43]. Both TRIF and ZBP1 can activate RIPK3 in the absence of
RIPK1 [13, 35, 44], so it is unclear if cleavage of RIPK1 suppresses
necroptosis triggered by TRIF or ZBP1. Caspase-8 may cleave and
inactivate RIPK3 [45].

Mice lacking either caspase-8 or FADD, or expressing catalyti-
cally inactive caspase-8 (C362A or C362S), die around embryonic
day 11 (E11) from RIPK1-, RIPK3-, and MLKL-dependent necrop-
tosis [8-10, 14, 15, 44, 46-48]. Mutation of the caspase-8 cleavage
site in mouse RIPK1 also causes embryonic lethality [14, 29, 30, 49],
consistent with RIPK1 being an important substrate of caspase-8.
Here, we show that mutating the caspase cleavage site in mouse
RIPK3 does not cause embryonic lethality. Like their wild-type (WT)
counterparts, Ripk3P333403334 knock-in macrophages do not
undergo necroptosis unless caspases are inhibited. Thus, cleavage
of RIPK1, and potentially other caspase-8 substrates upstream of
RIPK3, must be sufficient to prevent necroptosis.
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Fig. 1

Cleavage of murine RIPK3 after Asp333. a Western blots of 293 T cells co-transfected with murine RIPK3 and caspase-8. b Western

blots of MEFs treated with 100 ng/ml TNF (T), 10 ug/ml cycloheximide (C) and 20 uM emricasan, as indicated. c-e Western blots of BMDMs
treated with 100 ng/ml TNF plus 5 pg/ml cycloheximide (T/C) or 1 pM staurosporine (STS). Results in (a-e) are each representative of two

independent experiments.

RESULTS
Ripk3P333A/D333A mice are viable

Human caspase-8 is reported to cleave human RIPK3 after the
sequence TEMD?%, separating the N-terminal kinase domain from
the C-terminal RIP homotypic interaction motif (RHIM) that
mediates interactions with RIPK1, TRIF, or ZBP1 [45]. This cleavage
site is conserved in mouse RIPK3, which has the sequence
TEMD>33, Consistent with cleavage of RIPK3 at this site, 293 T cells
transfected with Flag-tagged mouse RIPK3 appeared to contain a
small amount of the 38 kDa N-terminal RIPK3 cleavage product
(Fig. 1a, lanes 1 and 5). Co-transfection of mouse caspase-8
enhanced production of this RIPK3 fragment (Fig. 1a, lanes 2 and
6), but catalytically inactive caspase-8-*°* did not (Fig. 1a; lane 3).
Importantly, mutant RIPK32*33* did not yield the 38 kDa species,
confirming Asp®*® as the site of caspase-8-dependent RIPK3
cleavage (Fig. 1a; lanes 7 and 8). WT caspase-8 also limited what
appears to be ubiquitination of RIPK3 (Fig. 1a), but the significance
of this modification is unclear. RIPK3 bearing K48-linked poly-
ubiquitin may undergo proteasomal degradation [50]. Consistent
with these data, the pan-caspase inhibitor emricasan increased
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the amount of endogenous RIPK3 that was modified with M1- and
K48-linked polyubiquitin in WT mouse embryo fibroblasts (MEFs)
exposed to the pro-apoptotic stimulus of TNF plus cycloheximide
(T/Q) (Fig. 1b and S1a).

To investigate the physiological significance of RIPK3 cIeavage
at Asp333, we generated knock-in mice expressing RIPK3P333A,
Ripk3P3334/D333A “mice were viable and born at the expected
frequency (56 out of 224 pups from Ripk333*** parents were
Ripk3P333#/D3334) \Western blotting of WT and Ripk3P3334/D3334
MEFs or bone marrow-derived macrophages (BMDMs) showed
that RIPK3P33** was expressed to the same extent as WT RIPK3
(Fig. 1b, ). When treated with T/C to activate caspase-8, WT and
Ripk3P3334/D3334 ce|ls exhibited comparable cleavage of caspase-8,
cFLIP, RIPK1, or caspase-3, but cleaved RIPK3 was only detected in
WT cells (Fig. 1b, c¢). The 17 kDa C-terminal RIPK3 cleavage
fragment and full-length RIPK3 were detected with antibody 1G6
(raised against residues 310-478 of mouse RIPK3). We also
detected the 36 kDa N-terminal RIPK3 cleavage fragment in T/C-
treated MEFs using an antibody that recognizes autophosphory-
lated RIPK3 (p-RIPK3"23" 232) (Fig. 1b). Both the N- and C-terminal
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RIPK3 cleavage products were caspase-dependent because they
were not detected in the presence of emricasan (Fig. 1b). RIPK3
cleavage was also less evident in caspase-8 deficient cells
(Figure S1b).

To exclude RIPK3 cleavage by caspase-3 and -7 downstream of
caspase-8, we treated BMDMs lacking caspase-3 and/or -7 with T/
C (Fig. S1¢). To our surprise, Casp3~’~ BMDMs exhibited normal
cleavage of RIPK1 and N4BP1, but no RIPK3 cleavage (Fig. 1d and
S1c). This result suggests that caspase-3 cleaves RIPK3, not
caspase-8 or -7. T/C-induced caspase-8 cleavage was slightly
reduced in Casp3™~ BMDMs compared with WT BMDMs,
consistent with caspase-3 being able to cleave caspase-8 [51].
However, as demonstrated using Casp8°*4”4P387A BMDM:s, clea-
vage between the catalytic subunits of caspase-8 is dispensable
for the cleavage of RIPK3, RIPK1, N4BP1, and caspase-3 (Fig. 1d).

To confirm that RIPK3 is a caspase-3 substrate, we treated
BMDMs with staurosporine to activate caspase-3 via the intrinsic
apoptosis pathway. RIPK3 cleavage was detected in WT and
Casp8’~ MIkI”’~ BMDMs, but not Casp3™~~ BMDMs (Fig. 1le
and S1d). Thus, caspase-3 can cleave RIPK3 independent of
caspase-8. Interestingly, when we revisited murine RIPK3
cleavage in 293 T cells, co-transfected caspase-8 enhanced RIPK3
cleavage even in the absence of endogenous caspase-3 (Fig. S1e).
Therefore, caspase-8 may cleave RIPK3 directly when both
proteins are overexpressed, whereas under more physiologically
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relevant conditions, caspase-8 or -9 appears to activate caspase-3
to cleave RIPK3.

Ripk3P333#/P3334 mjce aged for up to 1 year had no overt health
problems (Fig. 2a). Histological analysis of the major organs did
not reveal marked or consistent differences between WT and
Ripk3P333#/P3334  siblings (Fig. 2 The hematopoietic compart-
ments of WT and Ripk3°*® A/D333A mice aged 9-14 weeks were
comparable (Fig. 2c), and spleens from 1-year-old WT and
Ripk3P3334/D333A ‘mice were comparable in size (Fig. 2d). Collec-
tively, these data indicate that cleavage of RIPK3 at Asp333 is
dispensable for normal mouse development.

RIPK3P3332 does not increase sensitivity to TNF, poly(I:C), or LPS
TNF, poly(l:C), and LPS do not kill WT BMDMs in isolation, but
induce necroptosis when combined with a pan-caspase inhibitor
[12, 13, 52, 53]. We tested whether RIPK3P333* b;/passed the
requirement for caspase inhibition, but Ripk3°*3*4/P333A BMDMs,
like WT BMDMs, remained viable after treatment with TNF,
poly(l:C), or LPS (Fig. 3a and S2a—c). Ripk3P3*3#P3334 BMDMs also
activated MAPK and NF-kB signaling normally in response to TNF,
poly(l:C), or LPS (Fig. S3a-c), and secreted normal amounts of
cytokines and chemokines, including IL-6, CCL3, CCL5, CXCL1,
CXCL2, and CXCL9 (Fig. S3d).

Ripk3D3334/D333A BMDMs exposed to either the apoptotic
stimulus of T/C, or the necroptotic stimulus of TNF plus emricasan

Cell Death & Differentiation (2024) 31:254 - 262
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(T/E), died at the same rate as WT BMDMs (Fig. 3a and S2a).
Ripk3P333A/D333A BMDMs  exhibited a subtle, but reproducible
acceleration in cell death between 4 and 8 h after treatment with
LPS plus emricasan (L/E; Fig. 3a and S2b) or poly(l:C) plus
emricasan (P/E; Fig. 3a and S2c). However, markers of necroptosis
(p-RIPK13765 T162 "5 RIPK3T23" 5232 and p-MLKL>**%) were largely
comparable in WT and Ripk3°3334P3334 BMDMs within the first 4 h
of T/E, L/E, or P/E treatment (Fig. 3b-d). Intriguingly, control
Ripk3~~ BMDMs revealed that autophosphorylation of RIPK1
Ser166 and Thr169 in response to L/E or P/E required RIPK3 (Fig. 3¢
and d). By contrast, T/E-induced RIPK1 autophosphorylation did
not require RIPK3 (Fig. 3b), as reported previously for TNF-induced
necroptosis [35]. These data suggest that RIPK1 recruitment to
and/or oligomerization within TLR3 and TLR4 signaling complexes

Cell Death & Differentiation
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requires RIPK3. Although the RIPK1 scaffold is required for TLR3- or

TLR4-induced TRIF-dependent NF-k
dispensable for poly(l:C)-induced

B signaling [54, 55], RIPK3 was
MAPK and NF-kB signaling

(Figure S4). Taken together, our data suggest that RIPK1 can be
recruited directly to TRIF, but oligomerization and activation of its

kinase activity is driven by interacti
Given that TNF toxicity in mice

[56, 571, we examined the response of Rip

high dose TNF. In contrast to mice
epithelial cells, which were sens

ons with RIPK3.

is mediated inA/part by RIPK3
k3D333 'D333A mice to

lacking caspase-8 in intestinal

itized to TNF toxicity when

compared with control mice (Fig. 4a), Ripk33*3#4P3334 mice

exhibited TNF-induced hypotherm

ia and morbidity comparable

to that of WT mice (Fig. 4b). Therefore, caspase cleavage of RIPK3
is not required to suppress TNF toxicity in cells or mice.
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RIPK3P333A does not alter sensitivity to MCMV-induced

cell death

To assess the effect of RIPK3®**** on cell death mediated by ZBP1,
we infected MEFs and BMDMs with WT and mutant forms of MCMV.
AM36 MCMV induces apoptosis because it lacks the caspase-8
inhibitor M36 [58]. By contrast, M45mutRHIM MCMV promotes
ZBP1- and RIPK3-dependent necroptosis because M45, the RHIM-
bearing viral protein that inhibits RIPK1-RIPK3 or ZBP1-RIPK3
interactions, is disabled [59]. AM36, M45mutRHIM MCMV with both
cell death inhibitors disabled has been shown to induce markers of
apoptosis and necroptosis [60]. As expected, the mutant viruses
induced more cell death in WT MEFs or BMDMs than the parental
WT strain of MCMV (Fig. 5a, b, and S5). WT and Ripk3P33*4/P3334 cells
exhibited comparable cell death after infection with each of the
viruses. Therefore, RIPK3 D333A does not overtly sensitize cells to
MCMV-induced cell death.

Next, we analyzed the MCMV-infected cells for markers of cell
death by western blotting. Expression of viral I[E-1 confirmed
successful infection of BMDMs (Fig. 5c). Markers of necroptosis
(p-RIPK3™3" 5232 3nd p-MLKL3**) and apoptosis (cleaved caspase-8
and cleaved caspase-3) were comparable between infected WT and
Ripk3P333A/D333A BMDMss, consistent with RIPK3 D333A not sensitiz-
ing to MCMV-induced cell death. As expected, infection with AM36
MCMV or AM36, M45mutRHIM MCMV (lanes 3, 4, 8, and 9)
stimulated more robust cleavage of caspase-8 and -3 than WT or
M45mutRHIM MCMV (lanes 2, 5, 7, and 10). However, what
appeared to be the 17 kDa RIPK3 cleavage product (because it
was detected in WT but not Ripk3P3334P3334 BMDMs) was detected
after infection with AM36 MCMV, AM36, M45mutRHIM MCMV, or
M45mutRHIM MCMV (compare lanes 3, 4 and 5 with lanes 8, 9, and
10). M45mutRHIM MCMV infection aIsoEroduced a slightly smaller
RIPK3 species in both WT and Ripk3°3334P333A BMDMs (lanes 5 and
10). These findings suggest that a protease(s) other than caspase-3
or -8 may cleave RIPK3 in cells infected with M45mutRHIM MCMV.

DISCUSSION
The proteolytic activity of caspase-8 suppresses necroptosis in
many cell types, including murine endothelial cells, macrophages,

SPRINGER NATURE

and T cells [9, 11, 14, 15]. Caspase-8 does this without inducing
apoptosis, presumably because there is limited and/or transient
activation of caspase-8. Caspase-8 cleavage of RIPK1, in particular,
appears to destabilize the death signaling complex so that neither
necroptosis nor apoptosis is triggered. Hence, mice expressing
caspase-8 non-cleavable RIPK173%** exhibit aberrant caspase-8-
dependent apoptosis and embryonic lethality [14, 29, 30, 49].
RIPK3 cleavage by caspase-8 has been reported [45], but its role in
necroptosis suppression was unclear. We now show that
endogenous RIPK3 cleavage in mouse cells is mediated by
caspase-3 downstream of caspase-8 or -9. Indeed, we have only
detected RIPK3 cleavage in cells given an apoptotic stimulus.
Caspase-3 is dispensable for necroptosis suppression during
embryogenesis because Casp3™~ C57BL/6 mice are viable [61].
Therefore, it is perhaps unsurprising that Ripk3P3334/P3334 mjce
were born at the expected frequency and had a normal lifespan.

The only phenotype of note in our analyses of Ripk3°3334/P3334
cells was a subtle acceleration of P/E- or L/E-induced cell death. In
P/E- or L/E-treated BMDMs, RIPK1 autophosphorylation was
dependent on RIPK3, implying that RIPK3 promotes oligomeriza-
tion of RIPK1 within the TRIF death signaling complex. Activation
of RIPK1 is required for TLR3- or TLR4-induced necroptosis in
BMDMs [12, 13, 62], but if it occurs downstream of RIPK3, then this
might explain why the TRIF death signaling complex is slightly
more sensitive to mutation of RIPK3 Asp333 than the TNFR1 death
signaling complex. However, in the absence of detectable RIPK3
cleavage in this context, it is difficult to know whether RIPK3P333#
is preventing RIPK3 cleavage or just tweaking the structure of the
RIPK3 scaffold.

We infected cells with MCMV to assess whether RIPK3 cleavage
might impact ZBP1-driven cell death. M45mutRHIM MCMV
triggers ZBP1-dependent necroptosis [59], whereas TNF-driven
apoptosis is thought to contribute to the death of cells infected
with AM36 MCMV [58]. AM36,M45mutRHIM MCMV might also
engage the cell death machinery by other means because the
virus remains attenuated in mice lacking both ZBP1 and TNF [60].
Therefore, we cannot be certain that the RIPK3 cleavage in WT
MEFs infected with AM36,M45mut RHIM MCMV is dependent on
ZBP1. Regardless of the upstream trigger, RIPK32333# prevented
the appearance of the 17 kDa RIPK3 cleavage fragment. There
were two RIPK3 cleavage products in cells infected with M45mut
RHIM MCMV, one dependent on the Asp333 site and a smaller
fragment that was not. It is unclear what produced the smaller
RIPK3 fragment. Processing of caspase-3 and -8 was reduced in
cells infected with M45mut RHIM MCMV when compared to cells
infected with AM36,M45mut RHIM MCMV, presumably owing to
caspase-8 inhibition by M36. Whether another caspase cleaves
RIPK3 at Asp333 in cells infected with M45mut RHIM MCMYV is
unclear. MCMV infection of macrophages has been shown to
trigger AIM2-dependent activation of caspase-1 [ref. [63]], but
whether caspase-1 can cleave RIPK3 directly is unknown. We have
observed what appears to be caspase-1-dependent cleavage of
RIPK1 and RIPK3 in the intestines of Casp8-32V362A wjjki~/~
embryos [64]. Regardless, preventing cleavage of RIPK3 at Asp333
did not cause a marked increase in MCMV-induced cell death.

In sum, we can demonstrate caspase-3-dependent RIPK3
cleavage in apoptotic cells, but to date have been unable to detect
RIPK3 cleavage in viable cells demonstrating caspase-8-dependent
cleavage of N4BP1. Given that Ripk3P3334P3334 mice are viable, we
conclude that cleavage of other caspase-8 substrates, including
RIPK1, must be sufficient to hold necroptosis in check.

MATERIALS AND METHODS

Mice

Mouse studies complied with relevant ethics regulations and were
approved by the Genentech institutional animal care and use committee.
Ripk3™"~ mice [52] were on a C57BL/6 N background. Villin.cre transgenic
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Fig. 5 Effect of RIPK3P333A on cell death induced by M45mutRHIM, AM36 or AM36M45 MCMV. a, b Graphs indicate MEF (a) or BMDM (b)
viability after infection with MCMV for 18 h (moi = 5). Cell viability relative to uninfected cells was determined by Cell Titer Glo assay. Bars
indicate the mean. Circles indicate technical replicates. Results are representative of 2 independent experiments. ¢ Western blots of BMDMs

infected with MCMV for 10 h (moi = 5).

mice [65] were on a C57BL/6 J background. Casp8ﬂ/ﬂ mice were generated
using C57BL/6 N C2 ES cells. loxP sites flanked the region corresponding to
chr1:58,866,044-58,866,744 (NCBI GRCm39 assembly, annotation release
109), which contains exon 4. Genotyping primers 5'CAG TGG ATG CAT GCA
AGG, 5'TCT CCT GAA GAT GGG TCA CC, and 5'GGA GCC AGT ATT CTG CTA
GCA A amplified 349 bp WT, 435 bp cKO, and 304 bp KO DNA fragments.
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Ripk3P3334/D3334 mice were generated by injecting C57BL/6 N zygotes
with Cas9 mRNA, a sgRNA targeting 5'GCA CAG AAA TGG ATT GCC CG, and
PAM AGG, and an oligonucleotide template (5TCC AGG AAC TGG TCC GGA
GGG TTC CTC CAA ATG CAG GCG GTC CAG CATTTT AGA AAC CAT GGT TTC
tCT gGG aCA ggC CAT TTC TGT GCC TCT TTG GCT TGG CTC TCT GGC AGA
CAA GTT TCT GCC GCT GCT TCT GTG CTG AGA CAG ATA ATG) to mutate
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codons GAT (-Asp®*3-) to GCC (-Ala**3-). Genotyping primers 5'AGT CTT
GCC AGT GTCT, 5’AAA TGG ATT GCC CGA G, and 5'GCC TGT CCC AGA GAA
amplified 276 bp WT and 271 bp Ripk3”*3** DNA fragments.

Littermates were dosed intravenously with 500 ug murine TNF
(Genentech) per kg body weight. Mice were euthanized if severely
lethargic or their body temperature dropped to 25°C. For timed
pregnancies, mice were designated E0.5 on the morning a vaginal plug
was detected. Histological analyses were performed on tissues from
unchallenged, 1-year-old mice. Serum cytokines and chemokines were
measured using a mouse luminex panel (Millipore-Sigma, Burlington,
MA, USA).

Cells

Primary macrophages were differentiated from bone marrow cells in
non-treated plates in the high glucose version of Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% heat inactivated-
fetal bovine serum, 2 mM glutamine, 50 uM 2-mercaptoethanol, 10 mM
HEPES (pH 7.2), 1X non-essential amino acids solution, 100 U/ml
penicillin, and 100 pg/ml streptomycin, and 50ng/ml M-CSF (R&D
Systems, Minneapolis, MN, USA) for 5-6 days. For survival assays,
BMDMs were trypsinized and replated in 96-well dishes (5 x 10* cells/
well) in the same medium. The next day cells were treated with 100 ng/
ml murine TNF (R&D Systems), 100 ng/ml ultra-pure LPS (Invivogen,
San Diego, CA, USA), or 50pug/ml low molecular weight poly(l:C)
(Invivogen) either alone, or in combination with 20 pg/ml cycloheximide
(Sigma-Aldrich, St. Louis, MO, USA), or 10uM emricasan (Selleck
Chemicals, Houston, TX, USA). In Fig. S2, BMDM viability was assessed
after YOYO-1 (Molecular Probes, Eugene, OR, USA) staining and live-cell
imaging in an Incucyte S3 Live-Cell Analysis System (Essen BioScience,
Ann Arbor, MI, USA). In Fig. 3a, adherent BMDMs were trypsinized
and pooled with non-adherent cells. Pooled cells were stained
with propidium iodide (Pl). The percentage of live, Pl-negative cells
was determined by flow cytometry.

MEFs were prepared by trypsin digestion of E14.5 embryo carcasses
after removing the head and internal organs. Cells were plated on dishes
pre-coated with 0.1% gelatin in PBS and grown in high glucose DMEM
supplemented with 10% heat inactivated-fetal bovine serum, 50 uM 2-
mercaptoethanol, 2mM glutamine, 10 mM HEPES (pH 7.2), 1x non-
essential amino acids solution, 100 U/ml penicillin, and 100 pg/ml
streptomycin. MEFs were passaged no more than 5 times.

Human 293 T cells (ATCC CRL-3216, mycoplasma negative, but not
authenticated) were transfected for 18 h with mouse Ripk3 in pCMV-
3tag6 (Agilent Technologies, Santa Clara, CA, USA) and mouse caspase-8
in pCMV-3tag7 (Agilent Technologies) using FUGENE HD (Promega,
Madison, WI, USA).

For gene deletion, we used Alt-R Cas9 (IDT, Coralville, IA, USA) and gene-
specific sgRNAs (IDT). BMDMs were electroporated using nucleofector
solution P3 and program CM-137 (Lonza, Morristown, NJ, USA). For
293T cells, we used solution SF and program CM-130 (Lonza). BMDMs
were maintained for an additional 5 days before further treatments.
293 T cells were cultured for a minimum of one week after electroporation.
Target sequences were in mouse Casp7 (CAT CAT CGA GCT CCG TCC CT
and GGA CGG TTA CTT CAA AAC CC) and human CASP3 (GAT CGT TGT AGA
AGT CTA AC, GGA AGC GAA TCA ATG GAC TC, and CGT GGT ACA GAA CTG
GAC TG). Negative control crRNAs (IDT) were annealed to Alt-R tracrRNA
(IDT) prior to electroporation.

Virus Infections

K181-BAC as well as K181-derived M45mutRHIM, AM36, and AM36/
M45mutRHIM viruses were propagated in NIH 3T3 cells (ATCC CRL-1658,
neither mycoplasma tested nor authenticated) as described [60, 66]. Cells
were infected for 1h (multiplicity of infection, moi=5), and then the
inoculate was replaced with fresh medium.

Western blots and immunoprecipitations

Cells in Figs. 1Ta-e, S1b-e, S3a-c, and S4 were lysed in 20 mM Tris.HCl pH
7.5, 135mM NadCl, 1.5mM MgCl,, 1mM EGTA, 1% Triton X-100, 10%
glycerol, phosSTOP phosphatase inhibitor (Millipore-Sigma), and Halt
protease inhibitor cocktail (Thermo Fisher Scientific, Waltham, MA, USA).
Cells in Figs. 3b-d and 5c were lysed in 10 mM Tris-HCl pH 7.5, 150 mM
NaCl, 25 mM MgCl,, 0.5mM CaCl,, 1% NP40, phosSTOP phosphatase
inhibitor, Halt protease inhibitor cocktail, and DNase (approximately
80 U/ml; Qiagen, Germantown, MD, USA).

SPRINGER NATURE

For immunoprecipitations (IPs), 1% Triton X-100 lysis buffer was
supplemented with 6 M urea and 10 mM N-ethylmaleimide. Lysates were
diluted to 3 M urea prior to IP of K48- and K63-linked ubiquitin chains.
Genentech antibodies binding to M1- (1F11/3F5/Y102L), K63- (Apu3.A8),
and K48-linked chains (Apu2.07) were captured with Protein A Dynabeads
(Thermo Fisher Scientific) at room temperature.

Genentech antibodies were used to immunoblot cFLIP (2.21H2), RIPK1
(10C7), p-RIPK1°7%% T1%9 (GEN175-DP-B1), RIPK3 (1G6), and p-RIPK3'231- 5232
(GEN135-35-9). Cell Signaling Technology (Danvers, MA, USA) antibodies
detected cleaved caspase-8 (8952), caspase-3 (9662), cleaved caspase-3
(9664), caspase-7 (9492), cleaved caspase-7 (9491), PARP (9542), RIPK1
(3493), RIPK3 (15828), p-ERK (9101), ERK (9102), p-JNK (4668), JNK (9258),
p-IkBa (2859), IkBa (9242), p-RelA (3033), RelA (8242), p-p38 (9211), and
p38 (8690). Millipore-Sigma antibodies detected MLKL (3H1), p-MLKL**®
(MABC1158), and FLAG (A8592). Other antibodies detected B-actin (MP
Biomedicals, Solon, OH, USA; mouse clone C4), caspase-8 (1G12, Enzo Life
Sciences, Farmingdale, NY, USA), MCMV 1E-1 (Croma101; gift from Stipan
Jonjic, University of Rijeka), and myc (GTX21261, Genetex, Irvine, CA, USA).

Uncropped western blots are provided as Supplementary Data.

Flow cytometry

Cells were labelled with antibodies from BD Biosciences (San Jose, CA, USA).
APC-anti-c-Kit  (553356), APC-Cy7-anti-CD3  (557596), BV421-anti-Gr-1
(562709), BV421-anti-lgM (562595), BV421-anti-Sca-1 (562729), FITC-anti-
B220 (553088), V500-anti-B220 (561226), FITC-anti-CD3 (553061), FITC-anti-
CD4 (553651) FITC-anti-CD5 (553021), FITC-anti-CD8 (553031), FITC-anti-Gr-1
(553127), FITC-anti-Mac-1 (553310), FITC-anti-TER-119 (557915), PE-anti-CD4
(553653), PE-anti-Mac-1 (553311), PE-Cy7-anti-CD62L (560516) were diluted in
2% normal rat serum and 1 pg/ml 2.4G2 anti-CD16/CD32 (553142). Leukocytes
were identified by 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. Data were
acquired using a BD FACSCantoll cytometer and BD FACSDiva 8.0, and
analyzed with FlowJo 10.3.

Statistics

No sample size calculations were performed. Tissues and cells from at least
3 animals per genotype were analyzed. TNF challenge studies used 8-10
mice/group because there is greater variability between WT controls in
these experiments. There was no method of randomization, no blinding,
and no samples or animals were excluded from analyses. Statistics were
calculated using Prism 9.1.2.

DATA AVAILABILITY

The datasets generated during and/or analysed during the current study are available
from the corresponding author on reasonable request. Mice and antibody reagents
generated by Genentech are available under a material transfer agreement with
Genentech.
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