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RIPK1is akey regulator ofinnate immune signalling pathways. To ensure an optimal
inflammatory response, RIPK1is regulated post-translationally by well-characterized
ubiquitylation and phosphorylation events, as well as by caspase-8-mediated
cleavage'™. The physiological relevance of this cleavage event remains unclear,
althoughitis thought toinhibit activation of RIPK3 and necroptosis®. Here we show
that the heterozygous missense mutations D324N, D324H and D324Y prevent caspase
cleavage of RIPK1in humans and resultin an early-onset periodic fever syndrome and
severe intermittent lymphadenopathy—a condition we term ‘cleavage-resistant
RIPKl-induced autoinflammatory syndrome’. To define the mechanism for this
disease, we generated a cleavage-resistant RipkI°** mutant mouse strain, Whereas
RipkI"" mice died postnatally from systemic inflammation, Ripk1™#VP3354 mijce died
during embryogenesis. Embryonic lethality was completely prevented by the
combined loss of Casp8and Ripk3, but not by loss of Ripk3 or Mik{ alone. Loss of RIPK1
kinase activity also prevented Ripk1°**/? embryonic lethality, although the mice
died before weaning from multi-organ inflammationin a RIPK3-dependent manner.
Consistently, Ripk1™#*?325 and Ripk1°**" cells were hypersensitive to RIPK3-
dependent TNF-induced apoptosis and necroptosis. Heterozygous Ripk1™*""* mice
were viable and grossly normal, but were hyper-responsive to inflammatory stimuli
invivo. Our results demonstrate the importance of caspase-mediated RIPK1 cleavage
during embryonic development and show that caspase cleavage of RIPK1 not only
inhibits necroptosis but also maintains inflammatory homeostasis throughout life.

Members of three families presented with a previously undescribed
autoinflammatory disorder characterized by fevers and pronounced
lymphadenopathy beginning in early childhood and continuing
throughout adulthood (Fig. 1a) From birth or shortly thereafter, all
affected individuals experienced fevers usually occurring approxi-
mately every 2-4 weeks, lasting 1-7 days, and reaching temperatures
as high as40-41°C. Seme individuals reported extreme chills, severe
headaches, and/or hallucinations that coincided with their fevers. These
flares were accompanied by intermittent episodes of cervical, axillary,
inguinal and/or periaorticlymphadenopathy that often caused painor
discomfort (Fig. 1b, Table 1). Several individuals experienced spleno-
megaly and/or hepatomegaly, which were generally more prominent

early inlife, as well as oral ulcers, arthralgia or gastrointestinal symp-
toms suchasabdominal pain, nausea, diarrhoea, constipation, loss of
appetite or weight loss (Table1). Patient 7 (P7) exhibited amore chronic
inflammation with acute exacerbation. Study participants often had
increased levels of inflammatory markers even during symptom-free
periods. In contrast to some more severe autoinflammatory disor-
ders, there were no signs of rash, arthritis, genital ulcers or end-sta ge
organdamage and the condition was notlife-threatening in any of the
patients (Table1).

Lymphocyte counts were normal between flares in the seven affected
participants (Extended Data Table 1). However, pro-inflammatory
cytokines were increased in the serum from P7 when inflamed but not
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during aflare (Fig. ). Transcriptomic analysis from P7 whole-blood
RNA revealed an enrichment of several inflammatory gene signatures
(Fig.1d, Extended DataFig.1a, b). Affected members of family 2 had all
taken prednisone during flares, with varying degrees of acute relief but
withoutlong-term prevention of future episodes (Table1). Participants
P1, P6 and P7 had tonsillitis (Table1), but tonsillectomy did not improve
symptoms. Similarly, the IL-1 receptor antagonist, anakinra, and the
TNFantagonist, etanercept, did not suppress inflammation in patients
P1,P2, P4 or P7 (Table 1). However, treatment with the IL-6 receptor
antagonist tocilizumab markedly, and in some cases severely, reduced
the severity and frequency of the symptoms of P1, P2, P3, P6 and P7
(Fig. 1e, Table 1, Extended Data Table 2a). Tocilizumab also provided
some initial relief to P4, but P4 reported aggravation of pre-existing
oral ulcers, and P6 reported eventual onset of hand pain, and both
participants elected to discontinue treatment (Table 1).

Identification of pathogenic mutations in RIPK1

Exome sequencinginPland her unaffected parentsandall eight mem-
bers of family 2 revealed that RIPKI was the only gene inwhich a variant
fromboth families satisfied filtering criteria. A third mutation in RIPKI
was later discovered in family 3. Affected individuals from the three
families had different heterozygous missense mutations at the same
crucial aspartate residue required for RIPK1 cleavage by caspase-8
(Fig.1f). The D324N and D324 Y mutations occurred de novo in families 1
(Extended DataFig. 2) and 3, respectively, whereas D324H was inherited
inanautosomal dominant patternin family 2. These mutations are not
reported in variant databases (Extended Data Table 2b), and none of the
families had rare co-segregating coding or splice mutations in genes
previouslyimplicated inautoimmune lymphoproliferative syndrome
(ALPS) or other monogenic autoinflammatory disorders. Mutations in
the RIPK1cleavage site were not found in an additional 554 individuals
withsporadic unexplained fever, lymphadenopathy, ALPS oridiopathic
Castleman disease that we screened by Sanger or targeted hybrid cap-
ture sequencing (Extended Data Table 2c). We therefore designated
this condition as cleavage-resistant RIPK1-induced autoinflammatory
(CRIA) syndrome.

The optimal caspase-8 cleavage motif is highly conserved in verte-
brates (Fig. 1g, Extended Data Table 3). RIPK1 can be cleaved by both
caspase-6 and caspase-8, yielding products of similar size, although
the caspase-6 cleavage site has not been defined® . Consistent with
these reports, RIPK1mutants found in the patients—as well as the D324A
mutant that has previously® been shown to prevent RIPK1 cleavage by
caspase-8—were resistant to both caspase-6 and caspase-8 cleavage
invitro, which suggests that the cleavage sites of caspase-6 and cas-
pase-8 are the same (Fig. 1h).

Lack of RIPK1 cleavage causes embryoniclethality

Toinvestigate the molecular mechanism for CRIA syndrome and char-
acterize the role of RIPK1 cleavage in vivo, we generated RIPK1 cleav-
age-resistant mice. Rather than choosing one of the disease-associated
variants, wemutated the aspartate toalanine. Although the heterozygous
Ripk1™**"* mice were viable and grossly normal, the homozygous Rip-
kIP#VP33A mice died during mid-embryogenesis; muchearlier than the
postnatal lethality of the Ripk1”~ mice' ™ (Fig. 2a, Extended DataFig. 3a).
Ripk1®#¥"%lethality occurred between embryonicday 10.5(E10.5) and
E11.5, withthe embryos showing several sites of mild-to-severe haemor-
rhage beginning in the cephalic vascular plexus, in the midbrain and
hindbrain, but ultimately affectingthe entireembryoincludingthe phar-
yngeal arches and the pericardial space (Fig. 2a). At E1L5, all Ripk1®%
3% embryos were dead and displayed major haemorrhage in several
locations (Fig. 2a, Extended Data Fig. 3a). E10.5 Ripk1°**P354 embryos
had endocardial cushion hypoplasia, smaller limbs buds and a thinner
neuralretina (Fig. 2b). These developmental delays might be due to the
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Fig.1|Heterozygous mutations of the RIPK1 caspase-8 cleavagesite cause
autoinflammatory disease. a, Affected individuals (filled symbols) in three
families carried mutations in RIPK1D324. Crossed symbolindicates a deceased
individual.b, Axial (top) and coronal (bottom) planes of abdominal
compurerized tomography scans of participant P1atage 11, after 2 months on
tocilizumab but before substantial resolution of symptoms, revealing
periaorticlymphadenopathy (arrows), splenomegaly (14 cm craniocaudal
length), and liver at upper limit of normal (16 cm craniocaudal length).c, Serum
cytokine levels of two P7 samples taken within 1 week, both during infliximab
and before tocilizumab treatment, and four unrelated adolescent controls
(ctrl). Dots are from technical duplicates for each time point.Graphs show
mean. d, RNAsequencing of whole-blood RNA from P7 (two time points, as in
¢) and two unrelated adolescent unaffected controls, both with technical
duplicates. Heat map shows differentially expressed inflammatoryresponse
genes (GO: 0006954). For gene names, see SupplementaryFig.1.e, Response
to tocilizumabinfusionin P1. Erythrocyte sedimentation rate (ESR), C-reactive
protein (CRP), haemoglobin and mean corpuscularvolume (MCV) were
measured serially before and after the start of tocilizumab treatment (grey
shading). Time after the initial evaluation of this subject at age 10 years is
depicted onthexaxis. Horizontal lines indicate high values (ESR and CRP) or
high and low values (haemoglobinand MCV) for the subject age-specific
laboratory reference ranges for these markers. RBC, red blood cell count.
f.RIPKIDNA sequence chromatograms show heterozygous single-base
substitutions. g, WebLogo demonstrating conservation of the caspase-8
cleavage tetrapeptide motifin RIPK1 (human numbering) in184 vertebrate
species. h, Invitro caspase assays on wild-type (WT) and RIPK1mutants.
Western blots are representative of two independent experiments. For gel
source data, see Supplementary Fig. 2.

defective vasculature, associated with extensive cell death observed
in the yolk sac of these embryos (Fig. 2¢). This phenotype was reminis-
cent of several strains of knockout mice with defects in TNF signalling,
including Casp8™~ mice®'* The E10.5 lethality of Casp§” miceis TNF-
dependent?, and can be prevented by loss of either Ripk3 or MIKE22,
whichsuggests that the lethality is due to TNF-induced activation of the
necroptotic pathway that is normally inhibited by caspase-8. These find-
ings led to theidea that cleavage of RIPK1 by caspase-8 inhibits necrop-
tosis during embryogenesis®*, However, Ripk1®?*?3254Rink 37~ mice
were not viable, consistent with a previous report®. Nevertheless, loss
of RIPK3 extended survival more than loss of MLKL, whichindicates that
RIPK3 has anon-necroptoticrolein the early embryonic lethality (Fig. 2d,
Extended DataFig. 3b). Combined loss of Casp8and Ripk3in these mice
prevented the embryonic lethality, which suggests that caspase-8
does more than inhibiting RIPK1/RIPK3/MLKL-induced nec roptosis



Table 1] Clinical features of patients with CRIA syndrome

Family1 Family 2 Family 3
Mutation Asp324Asn Asp324His Asp324Tyr
Patient number P1 P2 P3 P4 P5 P6 P7
Gender F F M F M F M
Age at evaluation (years) 10 82 55 54 22 20 13
Age at onset 2 months Birth 2 weeks Birth Birth Birth 6 months
Recurrent fevers - + + + + + +
Fever maximum (°C/°F) 40.5/105 41/106 38.9/102 40.5/105 411106 41/106 40.5/105
Fever frequency 1/2 week 1/month 1/3 weeks 1/2 weeks 1/3 weeks 1/2 weeks 1-3/2 weeks
Fever duration 3-7days 3days 3-5days 2-5days 2-5days 3-5days 1day
Lymphadenopathy + + + + + + +
Splenomegaly + - - - * + +
Hepatomegaly - - - - + + -
Tonsillitis + - - - - + +
Abdominal pain + - + - - + +
Rash - - - - = = -
Oral ulcers = = + + + + +
Genital ulcers = = = = = = -
Arthritis - - - - - - -
Arthralgia - - * - - + +
Autoantibodies +ANA +RF - - - NA =
Responseto:
Prednisone + + + + - + + +
Colchicine NA = = . = = =
Anti-IL-1R = - NA 4 NA NA =
Anti-TNF = = NA = NA NA £
Anti-IL-6R + + + +D NA +D +

Family 2 was first evaluated at the NIH in 1998 for unexplained periodic fever, but the data shown here are from their first return visit after identification of their RIPK1 mutation. For fever fre-

quency, ‘1/2 weeks’ means once every 2 weeks.

+, partial or mixed response; ANA, antinuclear antibody; D, discontinued treatment after less than 1 year owing to reported side effects; NA, not applicable; RF, rheumatoid factor.

at this embryonic stage (Fig. 2d, Extended Data Fig.3b). Although loss
of RipkI ameliorates the ALPS-like disorder observed in Casps™
Ripk3”"mice®>", Jack of RIPKI cleavage did not notably affect
it (Extended Data Fig. 3c, d), consistent with observations in
Fadd™ Ripk3™ RipkI™*"3*# mice?, Interestingly, inhibition of RIPK1
kinase activity also rescued the embryonic lethality of Ripk7®32#032s4
(Fig. 2d). However, RipkPPVPRsADISNDZ4 mice were runty and did not

-3

Ripk1*"*  Ripk1Di25AD325A @

Ripk1+/*

Ripk1++ Ripk 10325403254

survive past weaning (Fig. 2d, e). These mice had a multi-organ inflam-
mation presenting with skinhyperplasia, infiltration of leukocytesin the
liverand the lung, disorganized splenicarchitecture and scattered cleaved
caspase-3-positive cellsinthese organs (Extended DataFig. 3e). Loss of one
allele of Ripk3 or Casp8 prolonged the survival of Ripk1°PsND3ZADIEN.0325A
miceto 5weeks of age, and complete loss of Ripk3rescued theinflamma-
tory phenotype of RipkPHSNP3SAPISNDZSA mjce (Fig, 2d, €).
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Fig.2|Homozygous mutation of the RIPK1 caspase-8cleavagesitein mice
causes early embryoniclethality. a, E10.5 (top) and E11.5 (bottom) embryos,
representative of four embryos per genotype. FB, forebrain; HB, hindbrain; He,
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b, Haematoxylin and eosin (H&E)-stained section of E10.5 embryos,
representative of three embryos per genotype. Arrows denote endocardial
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Fig.3|Ripk1®*4™3> and Ripk1°*** cells are hypersensitive to TNF-induced
death. a, ¢, Cell death of MEFs, monitored by time-lapse imaging of propidium
iodide (PI) staining over16 h. I denotes S pM caspase-8 inhibitor; Ndenotes

10 UM necrostatin; NT denotes untreated; R denotes1uM RIPK3 inhibitor: S
denotes100 nM SMAC mimetic; T denotes 100 ngml™(a) or10 ngml™ (c) TNF.

RIPK1 cleavage limits TNF-induced cell death

To explore the function of RIPK1 cleavage in TNF signalling, we tested
homozygous RipkI®***4 mouse embryonic fibroblasts (MEFs) for
their response to TNF-induced cell death. Notably, even though TNFis
not usually cytotoxic, we found that RipkI®24/°3254 MEFs were sensitive
to TNF alone and this induced increased phosphorylation of RIPK1,
as well as activation of caspase-8 when compared to wild-type MEFs
(Fig. 3a, b). Although inhibiting caspases or RIPK3 kinase activity didnot
affect cell death induced by TNF, genetic loss of RIPK3 or RIPKI kinase
activity significantly reduced TNF-induced cell death (Fig. 3a, b). Loss
of RIPK3 not only completely abrogated death, but also blocked RIPK1
phosphorylation and caspase activation (Fig. 3a, b).

Given that the patients contain RIPKI mutations in only one allele,
we tested the sensitivity of several RipkI?34/ heterozygous cell types
to TNF. In contrast to homozygote Ripk1°3*4/35 MEFs, none of the
tested RipkI™*** cell types were sensitive to TNF alone (Extended
Data Fig. 4a, b). However, inhibitors that directly activate the cyto-
toxic activity of RIPK1 (for example, SMAC mimetic, or TAKI, IKK or
MK2 inhibitors)'*$*? rapidly sensitized Ripk1°** MEFs and mouse
dermal fibroblasts (MDFs) to low-dose TNF (Fig. 3¢, Extended Data
Fig.4a, c). By contrast, only SMAC mimetic and TAK1 inhibitor sensitized
RipkI®4* hone-marrow-derived macrophages (BMDMs) to low-dose
TNF (Extended Data Fig. 4b). In Ripk1°324/%35 MEFs, TNF-induced cell
death was more pronounced after the addition of IKK or TAK1inhibitors
oracombination of SMAC mimetic and MK2 inhibitor (Extended Data
Fig. 4c).Inaddition, homozygote and heterozygote Ripk1®**MEFsand
MDFs were slightly more sensitive to apoptosis induced by low-dose
TNF and cycloheximide (Extended Data Fig. 4a, ¢).

Treatment with TNF plus SMAC mimetic induced a strong phos-
phorylation of RIPK1and RIPK3, as well as activation of caspase-8 and
caspase-3, in RipkI®**" cells (Extended Data Fig. 4d-f), which was more
pronounced in the Ripk1°*** homozygote cells (Fig. 3d, Extended Data
Fig. 4f). Thisincrease in cell death induced by TNF plus SMAC mimetic
correlated with increased formation ofa RIPK1-caspase-8-containing
complex 2 (Extended DataFig. 4g).

Notably, given the increase in caspase-8 activation, loss of RIPK3
markedly delayed cell death induced by TNF plus SMAC mimetic or
TAKL, IKK or MK2 inhibitors in both RipkI®** homozygote and het-
erozygote fibroblasts (Fig. 3¢, Extended DataFig. 4a, c). In fibroblasts,
loss of RIPK3 correlated with significantly reduced autophosphoryla-
tion of RIPK1and caspase activation after TNF and SMAC mimetic treat-
ment (Fig. 3d, Extended DataFig. 4d, e). However, inhibition of RIPK3
kinase had little effect on the induction of cell death (Extended Data
Fig. 4a-c), whichsuggests that RIPK3 contributes mostlyinastructural
capacity to the activation of caspase-8 in Ripk1°2 cells.
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Graphsare representative of four independent experiments performedwith
two biological repeats per genotype. b, d, Western blot of MEFs treated asin
afor2h(b),andasincfor2h(d). Resultsare representative oftwoindependent
experiments. p-RIPK1, phosphorylated RIPK1. B-Actin was used as a loading
control. For gel source data, see Supplementary Fig. 2.

We next analysed both RipkI®******* homozygote and heterozygote
cells and, as expected, genetic loss of RIPK1 kinase activity prevented
RIPK1 autophosphorylation (Fig. 3d, Extended Data Fig. 4d).Italso
provided some protection from cell death and this effect was mirrored
by treatment with the RIPK1 inhibitor necrostatin (Fig. 3¢, Extended
DataFig. 4a-c). Similar to RIPK3 loss, this correlated with reduced
caspase-8 activation (Fig. 3d, Extended DataFig. 4d). Together, these
results indicate that in fibroblasts, RIPK3 promotes caspase-8 activa-
tion in a manner that is independent of its kinase activity and mostly
independent of RIPK1kinase activity (Fig. 3a, b), unless RIPK1 is further
activated by an activating stimulus, such as SMAC mimetic (Fig.3c,d).

One surprising observation was that the strong activation of cas-
pase-8 in RipkI1®*** cells led to RIPK1 cleavage (Fig. 3d, Extended Data
Figs. 4d, f, 5a). In the case of the heterozygote cells, this was almost
certainly due to cleavage of the wild-type protein; however, we also
detectedaslightly smaller RIPK1 cleavage productin homozygote cells
(Fig.3d, Extended Data Figs. 4f, 5a). This was the result of an alternative
cleavage site (D301in mouse) thatis as well-conserved as the canonical
site (Extended DataFig. 5, Extended Data Table 2b). However, possibly
owing to the unfavourable hydrophobic amino acid in the P1’ position?,
the D301site was far less efficiently cleaved than the D325 site and only
when the canonical site was mutated (Fig. 3d, Extended Data Figs.4f,5).

RIPKI cleavage limitsinflammatory responses

Patients with CRIA syndrome have recurrent fevers, so to understand
how loss of RIPK1 cleavage might affect the response to inflammatory
stimuli, we tested the responsiveness of the Ripk1”**** mice to Toll-like
receptor (TLR) ligands. Although there was not a marked difference in
levels of IL-6, the levels of TNF and IL-1B were higher in the Ripk1®3%/*
sera after injection of a non-lethal dose of either lipopolysaccharide
(LPS) or polyinosinic:polycytidylic acid (poly(1:C)) (Fig. 4a, Extended
DataFig. 6a). Similarly, PBMCs from P7 produced more TNF and IL-1B
after LPS or poly(I:C) treatment (Fig. 4b, Extended Data F ig.6b). Despite
these increased levels of cytokines, hypothermia induced by LPS was
notlife-threatening (Extended Data Fig. 6¢), which was also consistent
with the symptoms of the patients with CRIA syndrome. BMDMs also
produced more TNF after TLR activation (Fig. 4¢), which correlated
with the amount of cell deathinduced (Extended Data Fig. 6d).

To define the contribution of the haematopoietic compartment
to the hyper-inflammatory phenotype, we generated bone marrow
chimaeras. Notably, both wild-type mice transplanted with Ripk1?32/+
haematopoietic cells and RipkI°**"* mice transplanted with wild-type
bone marrow were hyper-responsive to LPS compared with the controls
(Fig.4d). Although our data suggest that the increased inflammatory
response in mice correlates with increased cell death in Ripk1°25/+
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Fig. 4|RIPK1cleavage limits inflammation invive. a, Serum cytokinelevels
after Zh treatment with2mg kg LPS. Data are meants.e.m., n=3micefor TNF
and n=5mice for IL-6 and IL-1B. b, Cytokine levels in the supernatant of two
unrelated adolescent controls (RIPKI**) and P7 RIPKI** PBMCs treated for
3hwith10 ngml™LPS. Dataare mean of triplicates. ¢, TNF levels in the
supernatant of BMDMs treated for 24 hwith 25 ngml™” LPS or 2.5 pgml™?
poly(I:C). Dataare mean +s.e.m., n =3 for Ripk1** and n = 3-4 far Ripk1°2*,

d, Serum TNF levelsin wild-type mice reconstituted with Ripk123/+
haematopoietic cells (left) or Ripk1°>** mice reconstituted with wild-type
haematopoietic cells (right), treated for 2 h with 2mgkg™LPS.Dataare
meants.e.m., n=3and4 Ripk1” - RipkI"*, n=6 Ripk1°**" > RipkI**, n=3 for
RipkI'* - Ripk1™** mice per genotype. e, Serum cytokines levels after 2 h
treatmentwith2mgkg™ of LPS. Dataare mean +s.e.m., n =4 for Ripk1P?%"* n=5
forthe other genotypes. Resultsina,cand eare representative of two
independent experiments.Eachdotinaandc-e representsamouse. All P
values determined by unpaired, two-tailed t-test.

cells, RIPKI also contributes to the activation of NF-kB and MAPK
signalling pathways'**~°, However, loss of RIPK1 cleavage did not
affect TNF-induced NF-kB or MAPK activation in either mouse cells
or patient-derived dermal fibroblasts (Extended Data Fig. 6e-g).
Furthermore, the cytokine increases observed in the Ripk1°354/*
seraweredependent onRIPK3 and caspase-8, which suggests that cell
death is the major contributor to cytokine induction in these mice
(Fig.4e).

RIPK1 has arole in activating NF-kB and MAPK inflammatory path-
ways, caspase-8-mediated apoptosis and RIPK3-dependent necropto-
sis. Each of these distinct responses can contribute to inflammatory
signalling and it has been difficult to disentangle which pathway causes
inflammationin any given physiological situation. We describe ahuman
autoinflammatory disorder caused by heterozygous mutations in RIPK1
seemingly constrained toasingle, evolutionarily conserved aspartate
residue at the caspase-6/8 cleavage site. Mutation of this keyaspartate
prevents caspase-6/8 cleavage of RIPK1, sensitizes cells to TNF-induced
cell death and causes embryonic lethality in homozygous mice. Sev-
eral mechanisms inhibit cell death after TNF stimulation'72¢% and
our dataemphasize howimportant thisisin limiting aninflammatory
response. Pathogens may counter cell-death-mediated inflammation
by expressing caspase-8 inhibitors and a cellular defensive mecha-
nism that amplifies the cell death response in the absence of RIPK1
cleavage makes intuitive sense, and may explain why some pathogens
also attempt to cleave RIPK1***, Previously, pathogen inhibition of
caspase-8 was thought to unleash the necroptotic pathway; however,
RIPK1 cleavage not only limits necroptosis, as previously assumed,
but can also limit caspase-8-mediated apoptosis. Furthermore, the
kinase activities of RIPK3 and RIPK1 have mainly been thought of as
activators of necroptosis. However, the rescue of the postnatal lethal
phenotype of the RipkI”**?** mjce by loss of Casp8or Ripk3revealsa
far more complex interaction between these molecules than previously

anticipated. Our data provide support for the concept of a hierarchy
of preferred responses to TNF signalling: cell survival, then caspase-
8-mediated apoptosis, with necroptosis asa last resort (Extended Data
Fig. 7). Notably, despite the fact that most of our knowledge of RIPK1
function comes from analyses of TNF signalling, and that TNF hasa piv-
otalrole in many inflammatory diseases, patients with CRIA syndrome
respondedto theL-6 inhibitor tocilizumab but did not respond to TNF
inhibitors. It will be interesting therefore to determine what role RIPK1
hasin IL-6-mediated inflammation.
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Methods

Participant enrolment

Families were enrolled and evaluated in the Clinical Center at the
National Institutes of Health under a protocol approved by the Insti-
tutional Review Board of the National Institute of Diabetes and Digestive
and Kidney Diseases and the National Institute of Arthritis and Mus-
culoskeletal and Skin Diseases. Humanstudies complied withrelevant
ethical regulations and all participants provided written informed
consent. Nosstatistical methods were used to predetermine sample size.

Tocilizumab treatment

Plwas 11years old at the time of her first intravenous infusion of toci-
lizumab at adose of § mg kg™, She initially received medication every
3weeksbutlater reduced the frequency to every 4 or 5 weeks because
of abusy school schedule. On the less frequent dosing, P1had more
breakthrough symptoms, mainly tender lymphadenopathy. In 2018,
when the US FDA approved the use of the injectable form in children
withjuvenileidiopathicarthritis, PLwas switched to 162 mg by subcu-
taneous injection every 2 weeks and did very well on this regimen. P2,
P3, P4 and P6 received regular self-administered tocilizumab by1l62mg
subcutaneous injections starting at every 2 weeks—the standard
dose and route of administration for adults. The dose frequency for
P3wasgraduallyincreased toevery 6 days. P7 received aninitial infusion
of tocilizumab at 8 mg kg™ before being switched to the subcutane-
ous injectable form (162 mg every 2 weeks) for convenience. On this
regimen, P7 noted prompt resolution of fevers, abdominal pain
and joint pain, and gradual normalization of laboratory testing,
including CRP, ESR, haemaglobin, haematological indices and serum
iron.

Exomesequencing

Exome capture (lllumina TruSeq v2 for family 1, Roche SeqCapEZ
Exome+UTR for family 2, and IDT xGen Exome Research Panel for
family 3) and sequencing (Illumina HiSeq 2000, 2500 and NovaSeq
6000) was performed for all available family members at the National
Institutes of Health (NIH) Intramural Sequencing Center (NISC) using
2x101-,2%126-, and 2 x 151-base-pair (bp) paired-end reads. The data
were analysed as follows: alignment with Novoalign; duplicate mark-
ing with Picard; re-alignment, re-calibration, and variant calling with
GATK; and annotation with Annovar. Variants were filtered to select
those that were nonsynonymous or in splice sites within 6 bpofan
exon, hadless than 1% mutantallele frequency in variant databases, and
co-segregated with the phenotype. The mutations were validated by
Sanger sequencing inall family members, and to rule out non-paternity,
non-maternity or other sample identity errors, genders and related-
ness were confirmed by examining heterozygous call rates on the X
chromosome, Y chromosome call rates and Mendelian inheritance
error rates in the exome data.

Invitrocleavage assays

Unlabelled in vitro transcription and translation of 1 pg of empty
PCMVé-Entry control vector (Origene), wild-type RIPKZ cDNA cloned
into pCMV6-Entry vector (Origene), p.D324N, p.D324H, p.D324Y and
p-D324A mutant RIPKI constructs (GENEART Site-Directed M utagen-
esis System, Invitrogen) was performed in a 50-pl reaction using the
TnT T7 Quick Coupled Transcription/Translation System (Promega).
Weincubated 2 pl of this reaction with either 12 U of purified recombi-
nant caspase-8 (Calbiochem), 12U of purified recombinant caspase-6
(Calbiochem), or an equal volume of re-suspension buffer, in caspase
reaction buffer from the Caspase-8 Fluorometric Assay Kit (Enzo Life
Sciences) and 10 mM dithiothreitol (DTT) in a 40 pl final volume at
37 °Cfor 3 h. These reactions were blotted for RIPK1 using anantibody
recognizing a RIPK1 C-terminal antibody (610459, BD Transduction
Laboratories).

RNA sequencing

Total RNA was isolated from whole blood collected in PAXgene Blood
RNA Tubes using PAXgene Blood RNA Kit (PreAnalytiX) as per the manu-
facturer’s instructions. Total RNA was used for cDNA library prepa-
ration using the TruSeq Stranded mRNA Library Preparation kit for
NeoPrep (lllumina). Sequencing was performed on an lllumina HiSeq
3000 System in a1x 50-bp single-read mode. Sequenced reads were
mapped against the human reference genome (GRCh38) using hisat
v.2.2.1.0°. Reads mapped to haemoglobin genes were removed from
further analysis. Mapped reads were quantified using HTSeq. All the
count data were normalized using TCC¥ and differentially expressed
genes were detected using edgeR™. Gene Ontology enrichment analysis
was performed using DAVID?,

Mice

All mouse studies complied with relevant ethical regulations and
approved by the Walter and Eliza Hall Institute Animal Ethics Com-
mittee. The RipkI°** and Ripk1”***3*4 mice were generated by
the MAGEC laboratory (WEHI) on a C57BL/6) background. To gen-
erate Ripk1”*" mice, 20 ng pI™ of Cas9 mRNA, 10 ng pl™ of sgRNA
(ATTTGACCTGCTCGGAGGTA) and 40 ng pl™ of the oligo donor
(tgtctectcattacagAAAGAGTATCCAGATCAAAGCCCAGTGCTGCAGAG
AATGTTTTCACTGCAGCATGCCTGTGTACCATTACCTCCGAGCAGGTC
AAATTCAGgtaactcacctattcgttcatttgeatactegetea) (in which
uppercase bases denote exons; lowercase bases denote intron
sequences) were injected into the cytoplasm of fertilized one-cell
stage embryos generated from wild-type C57BL/6) breeders. To
generate Ripk1®*%324 mice, 20 ng pl™ of Cas9 mRNA, 10 ng pl™
of sgRNA (TGACAAAGGTGTGATACACA) and 40 ng pl™ of oligo
donor (GGATAATCGTGGAGGCCATAGAAGGCATGTGCTACTTACAT
GACAAAGGTGTGATACACAAGAACCTGAAGCCTGAGAATATCCTCGTT
GATCGTGACTTTCACATTAAGgtaatccacaatctg) wereinjected into the
cytoplasm of fertilized one-cell stage embryos generated from Rip-
KIPZNDEARipk 3 Casp8™* breeders. Twenty-four hours later, two-cell
stage embryos were transferred into the uteri of pseudo-pregnant
female mice. Viable offspring were genotyped by next-generation
sequencing. Targeted animals were backcrossed twice to wild-type
C57BL/6] to eliminate off-target mutations and to re-integrate Ripk3
and Casp8genesinto Ripk1®**"** mice, The Ripk3" mice®, Casp§™-
mice" and Miki”- mice** wereall previously described. The Ripk3™ mice
were backcrossed to C57BL/6) mice for more than ten generations,

TLRchallenge

Eight-to-twelve-week-old male mice received intraperitoneal injection
of either 2mg kg™ LPS or 50 pg poly(I:C). Calculations to determine
group sizes were not performed, mice were not randomized but were
grouped according to genotype, and experiments were blinded.

Cells

MEFs were isolated from E10.5 embryos and MDFs were isolated from
mouse tails. After SV40 transformation, MEFs and MDFs were tested
for mycoplasma. 293T cells (ATCC) used to produce SV40 viruses and
inExtended Data Fig. 5b were tested for mycoplasma but not authen-
ticated.

Time-lapse imaging

Percentage cell death was assayed every 30-45 min by time-lapseimag-
ing using the IncuCyte live cell analysis imaging (Essenbioscience) or
the Opera Phenix High Content Screening System (PerkinElmer) for
16 hwith 5% CO,and 37 °C climate control. For the IncuCyte and Opera
Pheniximaging, dead cells were identified by propidiumiodide (0.25pg
ml™) staining, and for the Opera Phenix imaging, all cells were stained
with 250nM of SiR-DNA (Spirochrome). Dyes were added to the cells 2
hbefore imaging and compounds were added 10 min before the start
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ofimaging. For the Opera Phenix imaging, images were analysed using
the server-based Columbus 2.8.0 software (PerkinElmer) to identify
nuclei based on SiR-DNA stainingand dead cells using propidiumiodide
staining. Results were exported as counts per well to be processed and
graphed using RStudio (https://www.R-project.org/) with the tidyverse
package (https://CRAN.R-project.org/package=tidyverse).

Human and mouse cytokines measurement

Humanserumand PBMC supernatant cytokine content was measured
by enzyme-linked immunosorbent assay (ELISA) (R&D: SLB50, STAOOC
and S6050) according to the manufacturer’s instructions. The meas-
urements were performed intechnical duplicates. Student’s t-test was
performed for the statistical analysis. Mouse serumand BMDMssuper-
natant cytokine content was measured by ELISA (eBioscience for TNF
andIL-6 and R&D for IL-1B} according to the manufacturer’s instructions.

Human PBMC ex vivo stimulation

Ficoll-isolated human PBMCs were serum-starved for 20 minand stimu-
lated for 3hwith LPS (Invivogen, tirl-3pelps) or 6 hwith pol y(I:C) (Invi-
vogen, tlrl-pic). Cytokines were measured by ELISA as described above.

Reagents

The SMAC mimetic compound A, the caspase inhibitor IDN-6556 (Idun
Pharmaceuticals) and the RIPK1inhibitor necrostatin were synthesized
by Tetralogic Pharmaceuticals. The RIPK3 inhibitor GSK’872 was from
Calbiochem. The TAKLinhibitor (5Z)-7-oxozeaenol, the IKK inhibitor
IKK-16 and the MK2 inhibitor PF-3644022 were from Tocris Bioscience.
Cycloheximide was from Sigma. Recombinant Fc-TNF was produced in
house. Ultrapure LPS-EB and poly(l:C) were purchased from Invivogen.

Immunostaining

Embryonic yolk sacs were fixed for 20 min at room temperaturein 4%
paraformaldehyde, blocked and permeabilized in PBS with 2% normal
donkey serum (JacksonlmmunoResearch, 017-000-121) and 0.6% Triton
X, probed with primary antibodies, cleaved caspase-3 (9661, CST) and
PECAM1 (AF3628, R&D Systems) at 4 °C overnight, then secondary
antibodies goat anti-rabbit AF488 (Invitrogen A-11008) and donkey
anti-goat cy3 (705-165-147, Jackson ImmunoResearch) at room tem-
perature for Lh. Samples were cleared in a glycerol gradient (5-80%)
overnight, whole-mounted in 80% glycerol and imaged using a DP72
microscope and cellSens Standard software (Olympus).

Immunoprecipitation

Tenmillion cellswere seeded in10-cmdishes. After theindicated treat-
ments, cells were lysed in DISC lysis buffer (150 mM sodium chloride,
2mMEDTA, 1% Triton X-100,10% glycerol, 20 mM Tris, pH7.5). Proteins
wereimmunoprecipitated with 20 pl of protein G Sepharose plus 1.5 HE
of FADD antibody (clone 7A2, in house) with rotation overnight at4 °C.
Beads were washed four times in DISC and samples eluted by boiling
in 60 pl1x SDS loading dye.

Westernblotting

Cells lysates were separated on 4-12% gradient SDS-pol yacrylamide
gels (Biorad), transferred to polyvinylidene fluoride (Millipore) mem-
branes and blotted with indicated antibodies purchased from CST
except for phospho-RIPK3 (a gift from Genentech), actin (Sigma) and
FADD (clone 7A2, in house). Invitro cleavage assays were blotted with
awith an anti-RIPK1 antibody recognizing the C-terminal part (BD
Transduction Laboratories, 610459). Cell lysates were blotted with
ananti-RIPK1 antibody recognizing the N-terminal part (3493, Cell
Signaling Technology).

NF-kB assay in patient-derived cells
NF-kB activation was assessed by measuring nuclear translocation
of subunit p65 in fibroblasts derived from a single skin biopsy. Cells

were grownovernight in 96-well plates seeded at 16,000 cells per well,
and treated for 30 min with TNF (PeproTech) in PBS containing 1
mM CaCl, and 1 mM MgCl, (PBS-CM). Cells were pre-fixed for 5 min
with 2% paraformaldehyde (PFA) in PBS-CM, then fixed for 10 min
with 6% PFA in PBS-CM, and aldehyde groups were quenched with
50 mM NH,Cl in PBS-CM for 15 min. After permeabilization with 0.3%
SDS in PBS-CM for 5 min, cells were incubated with donkey serum
dilution buffer (DSDB; 16% donkey serum, 0.3% Triton X-100, and
0.3 M NaCl in PBS) for 30 min, followed by overnight incubation at
4 °Cwithrabbit monoclonal NF-kB subunit pé65 antibody (8242, Cell
Signaling Technology) diluted at 1:500 in DSDB. Samples were then
washed 3 times with permeabilization buffer (0.3% Triton X-100 and
0.1% BSAinPBS) and incubated with a1:300 dilution of donkey anti-
rabbit secondary antibody coupled to Alexa 488 (A21206, Molecular
Probes) in DSDB for 1 h. Nuclei were counter-stained with a 1:2,000
dilution of SYTO 59 (Thermo Fisher) for 15 min. Automated field
selection and plate imaging were performed with an IncuCyte Zoom
incubator-microscopy system (Essen Bioscience) using a 20 objec-
tive. Nine fields per well of four wells per participant were pooled
for analysis of nuclear p65 signal intensity. Nuclei were marked in
red over a phase-contrastimage, and p65 immunofluorescence was
labelled in green. Overlaying a p65 mask on a nuclear mask showed
both positive and negative nuclei, whereas a yellow co-staining mask
showed positive nuclei only.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

The original RNA sequencing data are uploaded and available at the
Gene Expression Omnibus (GEO) under accession GSE127572. All other
data are available from the corresponding authors upon reasonable
request.
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Extended DataFig. 1| Inflammatory gene signature in P7 whole-blood RNA. expressed genes (false discovery rate < 0.05), with 903 genes upregulatedin P7,
a,MAplotbetween two P7 samples and two unrelated adolescent healthy and 491genes downregulatedinP7. b, Representative Gene Ontologyterms
controls, both sequenced with technical duplicates. TCC-edgeR package of R associated withimmune signalling.

followed by adjustment for multiple comparisons detected 1,394 differentially



Proband P1

Father

Mother

TCTCTTCAACTTGATTGTGTGGCA

RIPK1 f

Extended DataFig. 2| Exome readsin family 1. Excerpts of coverage
histograms and aligned exome sequence reads for the proband and her parents
infamily1, displayed using the integrative genomics viewer, demonstrate
denovo occurrence of the ¢.970G>A (p.D324N) missense mutation in the LXXD
caspase-6/8 cleavage motif preceding the cleavage site (arrow). Paternityand
maternity were confirmed using Mendelian inheritance errorrates fromthe
same exome data.
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Extended DataFig. 4| Ripk1®**" cells are hypersensitive to TNF-induced (MEFs and MDFs) and two (BMDMs) biologically independent cell lines per
death. a-c, MDFs (a), BMDMs (b) and MEFs (c) of the indicated genotypes were genotyperepeated independently.d, MEFs were treated asin Fig. 3d for 2 h.
treated with either a high dose of TNF (T100;100 ngml™) or alow dose of TNF e, f, MDFs (e) and MEFs (f) were treated as in Fig. 3d for the indicated times.

(T; 10 ng mI™) combined with SMAC mimetic (S; 100 nM), caspaseinhibitor Resultsind-farerepresentative of two independent experiments. B-Actin was
(I; 5pM), RIPK3 inhibitor (R; 1uM), necrostatin (N; 10 uM), TAKLinhibitor (TAKi; usedasaloading control. g, BMDMs were treated with TNF (100 ngml™)

100 nM), IKK inhibiter (IKKi; 100 nM), MK 2 inhibitor (MK 2i; 2 HM)or combined with SMAC mimetic (500 nM) with or without caspase inhibitor
cycloheximide (1ug mlI™) for 16 h. Cell death was quantified by propidium (5 uM) for 90 min, and lysates were immunoprecipitated with anti-FADD.
iodide uptake and time-lapse imaging every 30-45 min using IncuCyte. Results arerepresentative of two independent experiments. Forgel source

Duplicatesare shown for each genotype. Graphsare representative of three data, see Supplementary Fig. 2.
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Extended DataFig. 5| Alternative cleavage of RIPK1. a, MEFs were treated

with10 ng ml™ TNF combined with 500 nM SMAC mimetic for 2 h.
b, Doxycycline-inducible caspase-8-gyrase*, wild-type and mutant mouse
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RIPK1constructs or GFPwere co-expressed in 293T cells. Cells were treated for
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for 2Zh with 700 nM coumermycin to dimerize caspase -8-gyrase. Antibody
recognizing the N-terminal end of RIPK1was used. Results are representative
of four (a) and two (b) independent experiments. Forgelsource data, see
SupplementaryFig. 2.
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Extended DataFig. 6 |RIPK1 cleavage limitsinflammation in an NF-kB-
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aremeants.e.m. n=3mice.b, TNF levelsin the supernatant (5/N) of two
unrelated adolescent controls (Ctl RIPK1**) and P7 RIPKI™2** PBMCs treated
for 3hwithSpgmi™ poly(I:C). Dataare mean of triplicates. c, Body temperature
of mice of the indicated genotypes after injection of 2 mgkg™ LPS. Eachline
representamouse; n=5mice per genotype.d, BMDMs of theindicated
genotypeswere treated for 24 hwith 25 ng mI™ LPS or with 2.5 yg mi™ poly(I:C).
Celldeath was quantified by propidiumiodide staining and flow cytometry.

Each dot representsabiological repeat. Graph shows mean; n=1 for Ripk1** and
n=2forRipk1®**"* . e,f, BMDMs (e) and MDFs (f) were treated with 100 ngml™
of TNF for the indicated times. Results are representative of two independent
experiments. B-Actin was used as aloading control. For gelsource data, see
Supplementary Fig. 2. g, NF-kB activation in fibroblasts derived from patient
skinbiopsies was assessed by measuring nuclear translocation of subunit pés.
Eachdotrepresents the median of more than 1,000 single-cell measurements
of nuclear mean pé5 fluorescent intensities for one individual subject. Dataare
meants.d., n=4 patients and 4 controls. Pvalues determined by unpaired one-
tailed (a) or unpaired two-tailed (g) t-tests.
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Current models for cellular response to TNF

Potential outcomes in Ripk1032540325A cglis treated with TNF
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Proposed model for Ripk 103253254 cellg

Increased cell death
Increased levels of RIPK1 recruit more caspase-8, however this appears lo be
RIPK3 dependent (kinase independent). RIPK3 is potentially cleaved, however
this does not appear to affect caspase-8 activation. RIPK1 and RIPK3 become
auto-phosphorylated, however neither event appears to be essantial to increass
caspase-8 activity.

Proposed model for Ripk10325a4 celis

Increased sensitivity to TNF induced cell death

As in the homozygote case but caspase-8 cleaves wt RIFK1, The increased
sensitivity 1o TNF induced death may cause the hyper-inflammatory response
vbserved in lhe CRIA palients.

Extended DataFig.7|See next page for caption.




Extended DataFig. 7| Proposed model for RIPK1(D325A)-induced cell death.

Left, TNFbinding to TNFR1triggers the formation of complexl, and
subsequent ubiquitylation and phosphorylation of RIPKL. These post-
translational modifications (PTMs) inhibit the cytotoxicactivity of RIPK1.
ComplexIformation activates NF-kB- and MAPK-dependentsurvival genes
suchas CFLAR, which encodes cFLIP. Subsequently, a cytosolic complex Il
containing FADD, caspase-8, RIPK1and cFLIP is formed. In this complex, cFLIP
inhibits caspase-8 activity so that arestricted number of substrates (suchas
RIPK1) are cleaved, but others (such as pro-caspase-3) are not. Cleavage of
RIPK1dismantles complex II. Activation of the NF-xB and MAPK signalling
pathways PTM of RIPK1prevent TNF from inducing cell death, resultingin cell
survival (top left). Inhibition of the NF-kB or MAPK signalling pathways reduces
levels of cFLIP and accelerates formation of complex 1, resulting in cell death
viaapoptosis (middle left). When NF-kB or MAPK signallingis disruptedin
caspase-8-deficient conditions, RIPK1is not cleaved and autophosphorylates,
whichtriggers therecruitment of RIPK3 and its autophosphorylation. RIPK3
phosphorylates MLKL and necroptosis occurs (bottom left). Right,according
tothis model, lack of RIPK1cleavage could result in several distinct outcomes,
as follows. (1) RIPK1accumulation could stabilize complexIl,andthe presence
of cFLIP and inhibitory PTMs to RIPK1may prevent caspase-8 from killing,
resultingin cell survival. (2) Theaccumulation of ‘uncleavable’ RIPK1 to
complex llcould override the inhibitory RIPK1PTMs, resultingin
autophosphorylation of RIPK1 and recruitment of RIPK3, leading to
necroptosis. (3) RIPK1accumulation could resultin activated caspase-8 that

cleaves RIPK3, resulting in cell survival. (4) Stabilization of complexIicould
resultinrecruitmentandactivation of caspase-8 that induces apoptosisand
possibly prevents necroptosis by cleaving RIPK3. (5) Finally, the accumulation
of RIPK1could resultin activation of both RIPK3 and caspase-8 and therefore
inducebothapoptoticand necroptotic cell death. In terms of how these
potential outcomes match with our data, in homozygote Ripk1®? cells, both
caspase-8and RIPK3 are activated after TNF signalling, which suggests that
apoptosis and necroptosis occur at the same time (Figs. 2d, 3a, b). However,
accordingto these models, loss of RIPK3 limits caspase-8 activation (Fig.3a, b).
Thissuggests that the recruitment of RIPK3 to complexllincreasesthe
recruitmentandactivation of caspase-8. A precedent for this observation
comes from experiments in which RIPK3 inhibitors promoted RIPK1-
dependent caspase-8activation***, in a manner we term ‘reverse activation’. In
our experiments, however, RIPK3 activation occurs downstream of TNF
signalling, which suggests that reverse activation mightrepresenta
physiological amplification loop that increases caspase-8 activation. Yet, this
requirement for RIPK3isnot presentinall cells, as the embryonic lethality of
the RIPK1-cleavage mutantis only partially rescued byloss of Ripk3. Inthe
heterozygote Ripk1°* cells, caspase-8 cleaves wild-type RIPK1, thus limiting
TNF-induced cell death as compared to homozygote cells. However, reduction
of cFLIPand/or RIPK1PTMsby treatment with IAP, TAK1, IKK or translational
inhibitors decreases the threshold of TNF sensitivity (Extended Data Fig.4).
This may cause the hyper-inflammatory response observed in patients with
CRIA syndrome (Fig.1).
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Extended Data Table 1| Leukocyte surface markers in patients with CRIA syndrome

Controls Affected subjects
Family 2 Family 2 Family 3
sp::se Pason | P2 | P3 | Pa | P5 | ps P7
Gender M M & M = M F M
Age at evaluation 57 22 82 55 54 22 20 12
Percentage of leukocytes range
Neutrophils [34.0-67.9] 53.1 49.7 54.3 56.2 74.21 61.9 7158 61.9
Monocytes [6.3-12.2] 9 4.5* 10.3 8.1 6.8 7.9 10.8 11.6
Eosinophils [0.8-7.0] 3.1 4 45 4.5 22 4 2.3 2.7
Basophils [0.2-1.2] 0.4 0.5 12 1 0.8 0.6 0.3 0.08
Immature granulocytes [0.0-0.4] 0.4 NA 0.4 0.3 0.3 0.74 0.94 0.3
Total lymphocytes [21.8-53.1] 34 41.2 203 209 16.7" 249 14.2* 229
Percentage of lymphocytes | Surface markers
Total T CD3+ [60.0-83.7] 79.5 81.8 83.3 62.8 82.3 83.94 67 70
Total helper T CD3+CD4+ [31.9-62.2] 44.6 345 242" 36.3 48.7 31.2* 30" 34.9
Helper T, naive CD3+CD4+CD62L+CD45RA+ [7.6-37.7] 18 22.4 2.4 22" 10.2 6.7* ks 18.1
Helper T, central memory CD3+CD4+CD82L+CD45RA- [10.4-30.7] 18.8 92" 17 25.1 284 17.6 16.7 18.2
Helper T, eftector memory CD3+CD4+CD62L-CD45RA- [2.3-15.6] 74 28 4.8 9 7.4 6.9 58 35
Helper T, TEMRA CD3+CD4+CD62L-CD45RA+ [0.0-1.5] 0.7 0.1 0 0 264 0 0.1 3A
Total cytotoxic T CD3+CD8+ [11.2-34.8] 32 37.54 56.94 20 302 37.97 31.8 259
Cytotoxic T, naive CD3+CDB+CD82L+CD45RA+ [5.7-19.7] 14 26.6A 8.3 47" 85 14.2 11.4 15.8
Cytotoxic T, central memory | CD3+CD8+CD62L+CD45RA- [1.5-10.3] 4.2 29 17.27 7.9 46 13.84 28 3.8
Cytotoxic T, effector memory | CD3+CD8+CD62L-CD45RA- [1.1-9.2] 24 3.1 8.6 59 3.6 8.1 4.1 33
Cytotoxic T, TEMRA CD3+CD8+CD62L-CD45RA+ [0.7-7.8] 11.4A 5 22,84 It5 13.44 1.7 13.64 3
Total double negative T CD3+CD4-CDs- [1.3-9.2] 1.6 9.2 1.8 55 21 13.94 5 88
Double negative T, ap CD3+CD4-CD8- [0.3-1.3] 0.3 1.4A 0.3 0.7 0.6 23A 1 NA
Double negative T, y& CD3+CD4-CD8- [0.3-7.6] 0.8 7 0.8 4.1 1.1 10.74 3.3 NA
Total B CD20+ [3.0-19.0] 6.6 121 18" 10.8 11.4 3.3 12.6 12.9
Total B CD19+ [3.3-19.3] 6.8 12.1 1.8 10.8 11.4 3.3 12.6 12.9
Total NK CD16+ or CD56+CD3- [6.2-34.6] 13.6 7 15.3 26.3 6.6 13 20 17.1
Total NKT CD16+ or CD56+CD3+ [2.2-12.4] 9.3 9 14,67 58 8.4 26,70 3.6 9.8

Percentages before tocilizumab treatment are shown. Values above or below reference ranges are marked by carets () or asterisks (*). respectively.
NA, not applicable; TEMRA, T effector memory re-expressing CD45RA,



Extended Data Table 2 | Effect of tocilizumab treatment and RIPK1 caspase cleavage site mutations is absent in known
autoinflammatory diseases

a
Affected subject Months on tocilizumab | ESR (mm/hr) [0-42] CRP (mg/L) [0-4.99]
P2 0 50 30.4
P2 12 7 0.6
P3 0 8 3.9
P3 10 2 <0.15
P3 10 1 <0.15
P3 34 2 <0.15
b
dbSNP v151

141,456 exomes and genomes from the Genome Aggregation Database (v2.1)
77,238 exomes and genomes from the Kaviar database (September 2015 release)
60,706 exomes from the Exome Aggregation Consortium (v0.3.1)

32,488 exomes from the Haplotype Reference Consortium

6,503 exomes from the NHLBI Exome Sequencing Project

2,577 genomes from the 1000 Genomes Project (August 2015 release)

662 exomes from the NHGRI ClinSeq project

95 exomes from the NIEHS Environmental Genome Project

69 genomes sequenced at Complete Genomics, Inc.

Cc
Phenotype Number of subjects RIPK1 cleavage site mutations
Unexplained recurrent fever 168 0
Lymphadenopathy 332 0
ALPS or ALPS-like 52 0
Idiopathic Castleman disease 2 0

a, Inflammatory markers in subjects treated with tocilizumab. The first time point for each subject i
week at his 10-month post-tocilizumab evaluation. Reference ra nges are given in brackets. b, Variant databases in which mutations in the RIPKT caspase cleavage site are absent. Variant data-

bases are notindependent.

¢, Result of additional screening for mutations in the RIPK1 caspase cleavage site.

ALPS, autoimmune lymphoproliferative syndrome; NHGRI, National Human Genome Research Institute; NHLBI, National Heart, Lung, and Blood Institute; NIEHS, National

mental Health Sciences.

s from 3 days before the first tocilizumab injection. P3 had two measurernents from the same

Institute of Environ-
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Extended Data Table 3 | Conservation of RIPK1 caspase-8 cleavage site
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Protein sequences orthologous to human RIPK1 were aligned in 235 vertebrate species, using Multiz alignment in the UCSC Genome Browser. These include representative species from the
major classes: 51fish, 3 amphibians (A.), 14 reptiles (Rept.), 58 birds (Aves) and 109 mammals (Mammalia). Most species within these classes, except fish (7 out of 51), contain the very highly
conserved D324 (human numbering) caspase cleavage site within this region. Notably, nearly all species (223) have a potential caspase cleavage site, D300; however, it is noteworthy that this
Asp is in most cases succeeded by a large hydrophobic amino acid that is less favourable for caspase cleavage.
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HiSeq 3000 System.
Cell death was monitored by time-lapse imaging using the IncuCyted live cell analysis imaging {Essenbioscience) and the Opera PhenixTM
High Content Screening System (PerkinElmer, USA),

Data analysis Exome Sequencing was analyzed as follows: alignment with Novoalign; duplicate marking with Picard; re-alignment, recalibration, and

variant calling with GATK; and annotation with Annovar.
RN A Sequenced reads were mapped against the human reference genome (GRCh38) using hisat v2.2.1.035. Reads mapped to
hemaglobin genes were removed from further analysis. Mapped reads were quantified using HTSeq36,37. All the count data were
normalized using TCC38 and differentially expressed genas were detected using edgeR39. Gene ontology enrichment analysis was
performed using DAVID37. The original RNA sequencing datais uploaded and available online {Gene Expression Omnibus: GSEL127572).
For the Opera PhenixTM, images were analysed using the server based Columbus 2.8.0 software (PerkinElmer, USA) to identify nudei
based on SiR-DNA staining and dead cells using PI staining. Results were exported as counts per well to be processed and graphed using R
Studio (https://www.R-project.org /) with the tidyverse package (https://CRAN R-project org/packagestidyverse).

For manuscripts utiizing custom aigorithims or software that are central to the research but not yet described in published Bterature, software must be made available to editors/reviewers

We strongly encourage code depasition in a community repository {e.g. GitHub). See the Nature fleseanch guidelings for subenitting code & software for further nformation.
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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
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The original RNA sequencing data is uploaded and available online (Gene Expression Omnibus: GSE127572).
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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. For the in vitro experiments the variability between biclogical repeats was very low, when
possible at least 3 independent biological cell lines were analysed at least twice. For in vivo experiments, for each experiments at least 3to 5
animals per genotype were used and experiments were performed twice to ensure reproducibility.

Data exclusions  No data were excluded from the study.
Replication Experiments were reproduced at least twice and all attempts at replication were successful.
Randomization  Mice were grouped according to genotype and animals were age- and sex-matched.

Blinding Animal technicians were blinded to treatment conditions and temparture and body temperature measurements without any input from the
experimental investigator.

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.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies [] chiP-seq
<] Eukaryetic cell lines XI|[] Flow cytometry
D Palaeontology D MRI-based neuroimaging

Animals and other organisms
(<] Human research participants
[] clinical data

KOOROOS

Antibodies

Antibodies used RIPK1 N-terminal antibody (clone D94C12, cat number 3493, Cell Signaling Technology)
RIPK1 C-terminal antibody (cat number 610459, BD Transduction Laboratories)
Phospho-RIPK1 (clone D1L3S, cat number 65746, Cell Signaling Technology)
Phospho -RIPK3 (Gift from Genetech)

Caspase-6 (clone EPR4405, cat number ab108335, Abcam)

Caspase-8 (clone E7, cat number ab32397, Abcam)

Cleaved caspase-3 (cat number 9661, Cell Signaling Technology)

Cleaved caspase-8 (clone D5B2, cat number 8592, Cell Signaling Technology)
PECAM1 (cat number AF3628, R&D Systems)

goat anti-rabbit AF488 (cat number A-11008, Invitrogen)

donkey anti-goat cy3 (cat number 705-165-147, Jackson ImmunoResearch)
FADD (clone 7A2, WEHI in house)




Validation

Eukaryotic cell lines

IkBat (cat number 9242, Cell Signaling Technology)

phospho-p65 (clone 93H1, cat number 3033, Cell Signaling Technology)
P65 (clone D14E12, cat number 8242, Cell Signaling Technology)
phospho-INK1/2 (clone cat number 4668P, Cell Signaling Technology)
phospho-p38 (clone D3FS, cat number 4511, Cell Signaling Technology)
phospho ERK1/2 (cat number 9101 Cell Signaling Technology)

P-actin (clone AC-15, cat number A-1978; Sigma-Aldrich)

Validation data for commercial antibodies are available on vendor websites.

Validation of p-RIPK3 has been done on RIPK3 knock-out cells (Figure 3e). GEN135-35-9 anti-mouse phospho-RIPK3 7231, 5232
is validated for WB and IHC in Newton et al (2016) Nature 540:129-133.

Validation of anti FADD was with FADD knock-out cells in O'Reilly et al (2004) Cell Death Differ 11:724-736

Policy information about cell lines

Cell line source(s)
Authentication

Mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

293T were from ATCC. All mouse cell line were generated from the different mice in this study.
Mouse cell lines were sequenced to confirm the RIPK1 D325A genotyping. 293T were not authenticated.
293T and most of mouse cell lines were tested and negative for mycoplasma

No commonly misidentified line was used

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals

Wild animals
Field-collected samples

Ethics oversight

All mice are Mus musculus maintained on a C57BL/6 background. Litter-mates males of 8-12 weeks old were used for Figda,e
and Extended Data Fig6a. Litter-mates females of 8-12 weeks old were used for Fig 4d. Mice of both sexes of 8-12 weeks old
were used for timed matings and to generate MDFs and BMDMs. Litter-mates mice of both sexes were monitor for enlarged
lymph nodes and spleen until ethical point (extended data fig3c, d). Litter-mates mice of both sexes of 2 weeks old were used for
HE and caspase-3 staining in Extended Data fig3e

The study did not involve wild animals.
The study did not involve samples collected from the field.

All mouse experiments were performed according to the guidelines of the animal ethics committee of WEHI

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

Human research participants

Policy information about studies involving human research participants

Population characteristics

Recruitment

Ethics oversight

Patient 1 Female 10 yrs

Patient 2 Female 82 yrs

Patient 3 Male 55 yrs

Patient 4 Female 54 yrs

Patient 5 Male 22 yrs

Patient 6 Female 20 yrs.

Patient 7 Male 13 yrs.

All had Recurrent fevers. For more information please see Table 1.

Families were enrolled and evaluated in the Clinical Center at the National Institutes of Health under a protocol approved by the
Institutional Review Board of the National Institute of Diabetes and Digestive and Kidney Diseases and the Naticnal Institute of
Arthritis and Musculoskeletal and Skin Diseases. All subjects provided written informed consent. Patients with unexplained
recurrent fevers were recruited.

All experiments in human samples were performed according to the guidelines of the human ethics committee of the NIH.

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




