
Nature  |  Vol 647  |  20 November 2025  |  735

Article

STING induces ZBP1-mediated necroptosis 
independently of TNFR1 and FADD

Konstantinos Kelepouras1,2,3, Julia Saggau1,2,3,4,5,11, Debora Bonasera1,2,3,4,5,11, Christine Kiefer1,2,3, 
Federica Locci6, Hassan Rakhsh-Khorshid1,2,3, Louisa Grauvogel7, Ana Beatriz Varanda4,5, 
Martin Peifer7, Elena Loricchio8, Antonella Montinaro9, Marijana Croon3,10, 
Aleksandra Trifunovic3,10, Giusi Prencipe8, Antonella Insalaco8, Fabrizio De Benedetti8, 
Henning Walczak4,5,9 & Gianmaria Liccardi1,2,3 ✉

Conditional deletion of caspase-8 in mouse epidermal keratinocytes (Casp8E-KO) 
causes necroptosis-driven lethal dermatitis1–7. Here we find that the loss of Casp8 
leads to an accumulation of cytosolic DNA that is responsible for the activation of a 
cyclic GMP-AMP synthase (cGAS)–stimulator of interferon genes (STING)-mediated 
transcriptional program. Genetic and biochemical evidence indicate that STING 
upregulates both Z-DNA-binding protein 1 (ZBP1) and mixed lineage kinase domain-
like pseudokinase. Combined caspase-8-deficiency- and STING-activation-driven 
accumulation of Z-nucleic acids activates ZBP1 and triggers the formation of a ZBP1–
RIPK1–RIPK3 complex independently of the FADD–RIPK1–RIPK3 complex, enabling 
execution of necroptosis. Genetically, we reveal a functional overlap between STING 
and ZBP1 as drivers of lethal dermatitis independently of tumour necrosis factor 
receptor 1 (TNFR1), identifying an aetiology of necroptotic inflammation. As gain-of-
function mutations in human STING cause STING-associated vasculopathy with  
onset in infancy (SAVI), we assessed the role of STING-induced necroptosis in SAVI’s 
aetiology. Chronic activation of STING in patients orchestrates a necroptotic 
transcriptional program that is confirmed in the Sting1N153S SAVI preclinical mouse 
model in which immune-cell-driven pathology and lethality are rescued by receptor-
interacting serine/threonine-protein kinase 3 (Ripk3) co-deletion. These findings 
establish STING-driven ZBP1-mediated necroptosis as a central pathogenic mechanism 
in both caspase-8-deficient inflammation and SAVI and suggest that targeting  
the ZBP1–RIPK3–MLKL axis holds therapeutic potential for interferonopathies 
characterized by excessive necroptosis.

In contrast to deletion of Ripk3 or Mlkl, loss of Tnfr1 does not prevent, 
and only delays, the embryonic lethality and the lethal dermatitis of 
Casp8−/− and Casp8E-KO mice, respectively1,8,9. Thus, RIPK3–MLKL-induced 
signalling beyond TNFR1-mediated necroptosis is responsible for 
aberrantly activated necroptosis. Similarly, removal of Tnfr1 only 
minimally delays the observed lethal dermatitis induced by loss of 
receptor-interacting serine/threonine-protein kinase 1 (Ripk1) or FAS-
associated death domain protein (Fadd) in epidermal keratinocytes 
(Ripk1E-KO or FaddE-KO)10–12. Notably, Ripk1E-KO mice can survive through 
adulthood already with single co-deletion of Zbp1, and FaddE-KO mice 
are completely rescued by co-deletion of Zbp1 and Tnfr1, suggesting 
ZBP1-dependent but TNFR1-independent necroptosis involvement7,13,14. 

Although it was shown that activation of ZBP1 depends on its binding 
to cytosolic Z-DNA or Z-RNA15–20, the pathway responsible for ZBP1 
upregulation and its consequent role in necroptosis remained unclear.

Previous studies have indicated that the loss of caspase-8 induces 
upregulation of ZBP1 in mouse embryonic fibroblasts (MEFs)21. His-
tological examination of skin obtained from Casp8−/− mice crossed 
with either RIPK3- or MLKL-deficient mice (Casp8−/−Ripk3−/− and 
Casp8−/−Mlkl−/−) revealed a significant upregulation of ZBP1 and signal 
transducer and activator of transcription 1 (STAT1) phosphorylation 
(p-STAT1) also in vivo (Fig. 1a). ZBP1 upregulation was indeed detect-
able despite the absence of any visible necroptosis-induced skin 
lesions or histologically detectable immune cell infiltration (Fig. 1a). 

https://doi.org/10.1038/s41586-025-09536-4

Received: 9 December 2024

Accepted: 14 August 2025

Published online: 20 August 2025

Open access

 Check for updates

1Genome Instability, Inflammation and Cell Death Laboratory, Institute of Biochemistry I, Centre for Biochemistry, Faculty of Medicine, University of Cologne, Cologne, Germany. 2Centre for 
Molecular Medicine Cologne (CMMC), University of Cologne, Cologne, Germany. 3Cologne Excellence Cluster on Cellular Stress Responses in Ageing-Associated Diseases (CECAD), Medical 
Faculty, University of Cologne, Cologne, Germany. 4Cell Death, Inflammation and Immunity Laboratory, CECAD Cluster of Excellence, University of Cologne, Cologne, Germany. 5Cell Death, 
Inflammation and Immunity Laboratory, Institute of Biochemistry I, Centre for Biochemistry, Faculty of Medicine, University of Cologne, Cologne, Germany. 6Department of Plant–Microbe 
Interactions, Max Planck Institute for Plant Breeding Research, Cologne, Germany. 7Department of Translational Genomics, Centre of Integrated Oncology Cologne-Bonn, Medical Faculty, 
University of Cologne, Cologne, Germany. 8Division of Rheumatology, Ospedale Pediatrico Bambino Gesù, IRCCS, Rome, Italy. 9Centre for Cell Death, Cancer and Inflammation, UCL Cancer 
Institute, University College London, London, UK. 10Institute for Mitochondrial Diseases and Ageing, Medical Faculty and Centre for Molecular Medicine Cologne (CMMC), University of 
Cologne, Cologne, Germany. 11These authors contributed equally: Julia Saggau, Debora Bonasera. ✉e-mail: gianmaria.liccardi@uk-koeln.de

https://doi.org/10.1038/s41586-025-09536-4
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-025-09536-4&domain=pdf
mailto:gianmaria.liccardi@uk-koeln.de


736  |  Nature  |  Vol 647  |  20 November 2025

Article

This suggested that caspase-8 prevents the sustained tonic activation 
of interferon (IFN) signalling, probably responsible for driving ZBP1 
expression independently of cell death.

Given that Zbp1 deletion is required to neutralize aberrantly 
activated necroptosis14–16,20,22–24, we hypothesized that the acti
vation of this IFN-mediated transcriptional response would have  
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a pathological role in regulating an arm of inflammatory necropto-
sis. We therefore aimed to identify the critical pathway component 
responsible for this IFN-mediated transcriptional ZBP1 upregulation. 
By doing so, we would establish a mechanistic link between necrop-
tosis activation and the clinical manifestations of interferono
pathies specifically driven by untoward activation of this upstream  
regulator.

STING orchestrates necroptosis through ZBP1
To address this question, we generated Casp8E-KO mice (Fig. 1b). As 
expected, these mice succumbed to keratinocyte necroptosis-driven 
dermatitis (Fig. 1b and Extended Data Fig. 1a,b) and systemic inflam-
mation (Extended Data Fig. 1c–f) by postnatal day 7 (P7)1. Transcrip-
tional analysis of P5 Casp8E-KO lesion-containing skin using bulk 3′ mRNA 
sequencing (RNA-seq) identified the upregulation of 1,808 genes, 
including Mlkl, Zbp1 and, notably, numerous other IFN-stimulated 
genes (ISGs) (Extended Data Fig. 1g,h). Functional grouping associated 
these genes with inflammation, cell death and IFN response pathways 
(Extended Data Fig. 1i–n). Unexpectedly, we observed that the IFN 
response signature was associated with innate immune signalling, 
cytosolic DNA sensing and, specifically, the STING signalling path-
way (Extended Data Fig. 1i–n). Histological examination of Casp8E-KO 
skin at P5 confirmed an expected infiltration of CD45+ immune cells 
in the dermis in response to keratinocyte necroptosis; however, it also 
revealed elevated STING levels in epidermal cells which were causative 
of necroptotic cell death (Fig. 1c). Notably, these same cells also exhib-
ited increased p-STAT1, MLKL and, decisively, de novo upregulation of 
ZBP1 (Fig. 1c). We therefore hypothesized that caspase-8 deficiency 
drives STING-mediated IFN response in keratinocytes that, in turn, 
was responsible for ZBP1 and MLKL upregulation, thereby priming 
these cells to necroptosis.

To test this hypothesis, we used caspase-8-deficient, caspase-8 and 
RIPK3-deficient and caspase-8 and MLKL-deficient MEFs. As previously 
reported21, caspase-8 deficiency resulted in endogenous upregula-
tion of ZBP1 that was accompanied by basal activation of p-STAT1, 
confirming activation of the IFN response (Fig. 1d–f). Notably, treat-
ment of caspase-8-deficient MEFs with the mouse STING antagonist 
C-178 (ref. 25) completely abolished the activation of STAT1 and the 
increased expression of ZBP1 (Fig. 1d–f), thereby providing a func-
tional link between STING activation induced by caspase-8 deficiency 
and IFN-response signalling. Consistently, treatment with the mouse 
STING agonist (DMXAA) or IFNγ enhanced the basal level of ZBP1, 
which was completely abolished or slightly reduced, respectively, by 
co-treatment with C-178 or co-deletion of Sting1 (Fig. 1d–f and Extended 
Data Fig. 2a). Thus, these data suggest that the loss of caspase-8 leads 
to aberrant STING activation, which drives IFN-dependent transcrip-
tional upregulation of both ZBP1 and MLKL and therefore necroptosis 
execution.

 
STING induces ZBP1–RIPK1–RIPK3 complex
As DMXAA treatment could also lead to STING-dependent phospho-
rylation of MLKL (Fig. 1d,e), we next investigated STING-mediated 
sensitization to necroptosis in WT, Casp8−/−, Ripk3−/−, Mlkl−/−, Casp8−/− 
Ripk3−/−, Casp8−/−Mlkl−/−, Zbp1−/− and Casp8−/− Zbp1−/− MEFs, primary 
cells, and human HT29 and HaCaT cell lines. STING agonism (ADU- 
S100 for human cells) enhanced TNF-induced cell death, which was 
completely prevented in MLKL- or RIPK3-deficient or -inhibited 
cells, confirming that STING activation predominantly sensitizes 
cells to necroptosis (Extended Data Fig. 2b–f). However, Zbp1−/− cells 
still underwent TNF-induced necroptosis but were unresponsive to 
STING-activation-induced necroptosis (STAIN), indicating that ZBP1 
is essential for enhanced cell death induction by STING (Extended 
Data Fig. 2b,e). STING-agonist-induced sensitization was further exac-
erbated by Casp8 deletion alone (Extended Data Fig. 2c,e); however, 
co-treatment with the TNF blocker etanercept only partially inhibited 
this sensitization (Extended Data Fig. 2g). Complete inhibition was 
achieved only after Zbp1 co-deletion, confirming that STING-induced 
necroptosis is dependent on ZBP1 expression (Extended Data Fig. 2h). 
Together, these results suggested also a STING-dependent TNFR1 acti-
vation alongside a TNFR1-independent pathway of STAIN through ZBP1.

Investigation of complex-II and necrosome formation revealed 
the formation of a FADD–RIPK1–RIPK3 complex after treatment with 
SM, Z-VAD and TNF, with only a modest increase in RIPK1 and RIPK3 
recruitment after DMXAA co-treatment (Fig. 1g). Notably, despite 
input lysates showing significantly elevated levels of p-RIPK1 and 
p-RIPK3 after DMXAA co-treatment, this did not correspond to an 
increased recruitment of the activated RIP kinases to FADD. Similarly, 
although ZBP1 was upregulated in a STING-dependent manner, it was 
not detected in FADD pull-downs (Fig. 1g). Notably, endogenous ZBP1 
pull-down demonstrated that STING-induced upregulation of ZBP1 
resulted in the formation of a FADD-independent complex, which was 
also formed even after DMXAA treatment alone (Fig. 1g). Consistently, 
in Casp8−/−Mlkl−/− and Fadd−/−Mlkl−/− MEFs, we detected constitutive 
formation of the ZBP1–RIPK1–RIPK3 complex under basal conditions, 
correlating with sustained endogenous ZBP1 expression (Fig. 1h). After 
DMXAA treatment, both the recruitment and phosphorylation of RIPK1 
and RIPK3 within this complex were markedly enhanced, confirming 
that STING activation amplifies ZBP1-driven complex formation and 
kinase activation even in the absence of FADD (Fig. 1h). Importantly, 
co-treatment with C-178 potently suppressed ZBP1 expression and con-
sequently ZBP1-complex assembly (Fig. 1h). These findings establish 
that STING signalling is sufficient to drive the formation of a FADD- and 
TNFR1-independent ZBP1–RIPK1–RIPK3 platform, capable of initi-
ating necroptosis in the absence of additional inflammatory inputs. 
Consistently, co-treatment with the TNF inhibitor etanercept did not 
diminish p-MLKL in caspase-8-deficient MEFs, and the levels of p-RIPK1 
were only partially affected after co-treatment with DMXAA (Fig. 1i). 

Fig. 1 | STING induces ZBP1–MLKL upregulation and ZBP1–RIPK1–RIPK3 
complex formation. a, Representative images of consecutive skin sections 
from 12-week-old mice of the indicated genotypes stained with haematoxylin 
and eosin (H&E) and the indicated antibodies. n = 4 per group. Scale bar, 50 µm. 
Immunostaining quantification is shown. Data are mean ± s.e.m. Each dot 
represents one mouse. P values were calculated using one-way analysis of varia
nce (ANOVA) followed by Tukey’s multiple-comparison test. b, Kaplan–Meier 
survival graph of mice of the indicated genotypes with representative images. 
n = 5 per group. Scale bars, 1 cm. P values were calculated using two-sided 
Gehan–Breslow–Wilcoxon tests. c, Representative images of consecutive skin 
sections from P5 mice of the indicated genotypes stained with the indicated 
antibodies. n = 5 per group. Scale bars, 50 µm (main images) and 20 µm (insets). 
d–f, Immunoblot analysis with the indicated antibodies of lysates from 
immortalized WT and Casp8−/− (d), Casp8−/− and Casp8−/−Ripk3−/− (e), and Mlkl−/− 

and Casp8−/−Mlkl−/− (f) MEFs treated with C-178 (10 μM), DMXAA (20 μg ml−1) and 
IFNγ (1,000 U ml−1) for 48 h. The dagger symbols indicate lysates from WT (e) or 
Casp8−/− (f) MEFs. g, Lysates from immortalized Mlkl−/− MEFs pretreated with 
DMXAA overnight, followed by treatment with recombinant TNF (100 ng ml−1), 
Z-VAD-FMK (20 μM) and BV6 (2 μM) for 48 h were immunoprecipitated with 
anti-FADD and anti-ZBP1 antibodies. An immunoblot analysis using the indicated 
antibodies is shown. SM, Smac mimetics. h, Lysates from immortalized Mlkl−/−, 
Fadd−/−Mlkl−/− and Casp8−/−Mlkl−/− MEFs treated with DMXAA and/or C-178 for 
48 h were immunoprecipitated with anti-ZBP1 antibodies. An immunoblot 
analysis using the indicated antibodies is shown. i, Immunoblot analysis with 
the indicated antibodies of lysates from Casp8−/− and sgCtrl MEFs treated with 
DMXAA and/or etanercept (50 µg ml−1) for 48 h. Representative immunoblot 
data are shown from two independent experiments. **P ≤ 0.01, ***P ≤ 0.001;  
NS, not significant (P > 0.05).
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Collectively, these results identify a pathway of STAIN mediated by a 
ZBP1–RIPK1–RIPK3-containing complex that forms independently of 
the TNF-induced FADD–RIPK1–RIPK3 complex-II, while also contribut-
ing to autocrine TNF release.

STAIN occurs independently of TNFR1
To investigate STAIN in vivo, we generated Sting1E-KO mice, which were 
viable and fertile (Supplementary Fig. 2), and Casp8E-KOSting1E-KO mice. 
Moreover, we generated Casp8E-KOTnfr1−/− mice, which, contrary to pub-
lished reports1, succumbed to lethal dermatitis at P10 (Fig. 2a). Nota-
bly, Casp8E-KOSting1E-KO mice survived until P11, demonstrating a clear 
similarity and a small, albeit significant, survival advantage to Tnfr1 
full-body co-deletion (Fig. 2a and Supplementary Fig. 2).

Macroscopically, both Casp8E-KOTnfr1−/− and Casp8E-KOSting1E-KO mice 
maintained a normal body weight and exhibited no or significantly 
fewer lesions at P3 and P5, respectively, compared with Casp8E-KO mice 
(Fig. 2b). This was corroborated by a significant decrease in skin inflam-
mation (keratin-6 (K6), K10, K14) (Fig. 2c) and by the rescue of organ 
inflammation (Extended Data Fig. 3a–c). Immunohistochemical analy-
sis of P3 skin sections confirmed the observed delay in necroptosis acti-
vation, evidenced by diminished numbers of MLKL phosphorylated at 
Ser345 (p-MLKL(Ser345))26, and ZBP1-positive epidermal keratinocytes, 
particularly in the skin of Casp8E-KOSting1E-KO mice (Fig. 2d). Similarly, skin 
sections from P5 mice showed clear reductions in p-MLKL(Ser345)26, 
cleaved CASP3 (Cl-CASP3) and TUNEL staining in both genotypes 
(Fig. 2e). Loss of STING in keratinocytes coincided with the absence 
of p-STAT1 and ZBP1 in the epidermis, whereas, in Casp8E-KOTnfr1−/− mice, 
staining for these markers was partially reduced in both stromal and 
immune cells (Fig. 2f). This indicated a tissue-compartment-specific 
difference in early necroptosis inhibition between keratinocyte-specific 
STING and constitutive TNFR1 absence.

We next assessed the following three manifestations of inflamma-
tion in Casp8E-KOTnfr1−/− and Casp8E-KOSting1E-KO mice: (1) immune cell 
infiltration; (2) cytokine profiles from whole skin homogenates; and 
(3) differential gene expression using quantitative PCR with reverse 
transcription (RT–qPCR) and RNA-seq. No major differences were 
observed in immune cell recruitment with the exception of an enhanced 
infiltration of CD3+ T cells in both genotypes, albeit more significantly 
after Sting1 co-deletion in keratinocytes, and a significant reduction in 
F4/80+ macrophages in Casp8E-KOTnfr1−/− mice (Extended Data Fig. 3d). 
The levels of most cytokines were similarly lower in skin lysates from 
both genotypes with only a few showing significant differences in 
downregulation (that is, IL-10, CXCL13 and M-CSF) (Extended Data 
Fig. 3e,f). Importantly, TNF levels were similarly downregulated, indi-
cating analogous inhibition of immune cell infiltration and overall 
inflammatory response (Extended Data Fig. 3e,f). Notably, RT–qPCR 
analysis revealed that IFNγ and IFNβ were significantly attenuated 
by keratinocyte-specific STING deficiency, implying that STING in 
these cells drives the intrinsic cytokine expression needed for immune 
cell infiltration through IFN-response activation (Extended Data 
Fig. 3g). Comparative RNA-seq analysis of skin tissue from Casp8E-KO, 
Casp8E-KOTnfr1−/− and Casp8E-KOSting1E-KO mice revealed that genes spe-
cifically downregulated after constitutive TNFR1 absence were pre-
dominantly involved in TNF-, TLR- and NF-κB-driven inflammatory 
pathways (Fig. 2g). By contrast, keratinocyte-specific deletion of Sting1 
resulted in specific downregulation of many ISGs, as well as Mlkl and 
Gsdmd (Fig. 2h). Furthermore, genes such as Eif2ak2, Gsdmc, Ninj1, Il6  
and Il1b were significantly downregulated in both models, suggesting 
their involvement in amplifying inflammatory cell death rather than 
initiating disease-causing necroptosis (Fig. 2i). Importantly, Zbp1 was 
downregulated in both Casp8E-KOTnfr1−/− and Casp8E-KOSting1E-KO mice 
(Fig. 2i and Extended Data Fig. 3g), suggesting that, while Sting1 dele-
tion in keratinocytes contributes to intrinsic Zbp1 levels, a substantial 
portion of Zbp1 expression is keratinocyte-independent, probably 

mediated by immune cell infiltration. Moreover, the ability of STING to 
initiate IFN response, transcriptionally upregulate ZBP1 and, notably, 
also MLKL (Fig. 2h,i and Extended Data Fig. 3g) underpins its central 
role in sustaining necroptosis initiation and propagation by providing 
essential components required for necroptosis execution.

To further elucidate the complementary, independent roles of 
TNFR1 and STING in Casp8E-KO-mediated necroptosis and their func-
tional interplay with ZBP1, we generated Casp8E-KOTnfr1−/−Zbp1−/− and 
Casp8E-KOTnfr1−/−Sting1E-KO mice. Notably, heterozygous deletion of 
Zbp1 or Sting1 prevented equally the postnatal lethality observed in 
Casp8E-KOTnfr1−/− mice (Fig. 3a). These mice reached the end-point cri-
teria at around 4 weeks of age owing to severe dermatitis (Fig. 3a–c), 
accompanied by reduced body weight, multiorgan inflammation 
and haematological abnormalities (Fig. 3d,e and Extended Data 
Fig. 4a–d). Notably, homozygous constitutive co-deletion of Zbp1 or 
keratinocyte-specific co-deletion of Sting1 in Casp8E-KOTnfr1−/− mice 
rescued all of the pathological phenotypes observed in Casp8E-KOTnfr1−/− 
mice. Both Casp8E-KOTnfr1−/−Zbp1−/− and Casp8E-KOTnfr1−/−Sting1E-KO mice 
appeared completely normal and were indistinguishable from control 
mice up until 4 weeks of age (Fig. 3a–e and Extended Data Fig. 4a–d).

This result was further corroborated by the histological analysis of 
the skin of both Casp8E-KOTnfr1−/−Zbp1−/− or Casp8E-KOTnfr1−/−Sting1E-KO 
mice at 4 weeks of age, which did not reveal any signs of dermatitis 
(Fig. 3f). By contrast, severe epidermal thickening could be readily 
observed in both Casp8E-KOTnfr1−/−Zbp1−/+ and Casp8E-KOTnfr1−/−Sting1E-KO/+ 
mice. These mice displayed elevated immune cell infiltration, increased 
levels of p-STAT1 and ZBP1 as well as p-MLKL(Ser345)-positive cells in 
the epidermis. As expected, Cl-CASP3 was also detected due to immune 
cell infiltration, leading to secondary apoptosis (Fig. 3f).

Constitutive absence of ZBP1 completely rescued the lethal 
dermatitis observed in Casp8E-KOTnfr1−/− mice through adulthood 
(Extended Data Fig.  4e,f). Yet, keratinocyte-specific absence of 
STING significantly extended the survival, with approximately 50% of 
Casp8E-KOTnfr1−/−Sting1E-KO mice surviving at least up to 14 weeks (Fig. 3a).

Casp8E-KOTnfr1−/−Sting1E-KO mice at 12–14 weeks of age showed epider-
mal thickening, immune cell infiltration and elevated levels of ZBP1, 
predominantly located in the dermis, accompanied by increased levels 
of Cl-CASP3 (Extended Data Fig. 4f). These mice also exhibited haema-
tological abnormalities and systemic inflammation (Extended Data 
Fig. 4g and Supplementary Fig. 3). Notably, a few cells in the epidermis 
of Casp8E-KOTnfr1−/−Sting1E-KO mice remained positive for ZBP1 staining 
(Extended Data Fig. 4f), probably owing to incomplete STING depletion 
from epidermal keratinocyte.

Collectively, the results presented so far identify a role of aberrant 
STING activation as a driver of a transcriptional programme respon-
sible for the upregulation of ZBP1 and MLKL in addition to that of 
many other ISGs. This is both necessary and sufficient to trigger lethal 
inflammatory disease caused by ZBP1–MLKL-dependent but TNFR1–
FADD-independent necroptosis in a cell-intrinsic manner.

Compartmental STING shapes necroptosis
Next, we sought to determine whether constitutive co-deletion 
of Sting1 would mimic the protective benefits observed after ZBP1 
co-deletion in Casp8E-KOTnfr1−/− mice. To this end, we first generated 
Casp8E-KOSting1−/− mice which, notably, survived substantially longer 
than Casp8E-KOTnfr1−/− mice (Fig. 4a). These mice displayed delayed 
onset and reduced severity of skin pathology, as evidence by the 
levels of CD45+ cells, p-STAT1, ZBP1 and p-MLKL(S345), which were 
indistinguishable from those of healthy controls at P5 (Fig. 4b and 
Supplementary Fig. 4). Systemically, by P5, Casp8E-KOSting1−/− mice, 
similarly to Casp8E-KOTnfr1−/− mice, showed no signs of inflammation 
(Extended Data Fig. 5a–c). Compared with Casp8E-KOSting1E-KO mice, 
Casp8E-KOSting1−/− mice not only survived longer (Fig. 4c) but, by P11 (the 
endpoint of Casp8E-KOSting1E-KO mice), they also showed no significant 
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epidermal thickening, a marked reduction in p-MLKL(Ser345) levels in 
the epidermis, early infiltration of ZBP1-expressing CD45+ cells, prob-
ably driven by TNF-mediated immune cell recruitment (Fig. 4d and 
Supplementary Fig. 4), and reduced systemic inflammation (Extended 

Data Fig. 5d,e). To determine whether the observed prolonged survival 
was solely due to suppression of ZBP1-driven necroptosis, we also gen-
erated Casp8E-KOZbp1−/− mice, which we predicted would phenocopy the 
survival of Casp8E-KOSting1−/− mice. Unexpectedly, these mice developed 
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Fig. 2 | STING-induced necroptosis occurs independently of TNF–TNFR1 
signalling. a, Kaplan–Meier survival curves of n mice of the indicated genotypes. 
The table shows the median survival and the relative survival advantage (%).  
P values were calculated using two-sided Gehan–Breslow–Wilcoxon tests.  
b, Representative images and quantification of the body weight of mice of the 
indicated genotypes at P3 (n = 5 per group) and P5 (n = 15, 15, 12 and 10 for the 
respective genotypes). The arrows indicate areas with lesions. Scale bar, 1 cm. 
c, Representative images of skin sections from P5 mice of the indicated 
genotypes (n = 5 per group) stained for K6 (Alexa Fluor 488, green), K10 (Alexa 
Fluor 594, red) and K14 (Alexa Fluor 488, green) and nuclei (DAPI, blue). Scale 
bar, 100 µm. d–f, Representative images of consecutive skin sections from 
mice of the indicated genotypes (n = 5 per group) at P3 stained with H&E and 
the indicated antibodies (d), at P5 stained with H&E, the indicated antibodies 
and TUNEL (fluorescein, green) (e) and at P5 stained with H&E and the indicated 

antibodies (f). Scale bars, 50 µm (main bright-field images; d and e (top and 
middle)), 20 µm (insets in d and e), 100 µm (confocal images; e (bottom)) and 
100 µm (f). Immunostaining quantification is shown. g–i, Significantly 
downregulated genes in the skin from P5 Casp8E-KOTnfr1KO (g), Casp8E-KOSting1E-KO (h) 
and both Casp8E-KOTnfr1KO and Casp8E-KOSting1E-KO (i) mice compared with 
Casp8E-KO mice. Representative genes involved in cell death (yellow), IFN 
response (green) and inflammation (orange) categories are highlighted. 
Expression values were normalized using DESeq2, row-scaled and colour 
coded by intensity (red, high; blue, low). Differential expression analysis was 
performed using the Wald test as implemented in DESeq2, with P values 
adjusted for multiple testing using the Benjamini–Hochberg method (P < 0.05). 
In b and d–f, data are mean ± s.e.m.; P values were calculated using two-way 
ANOVA followed by Tukey’s multiple-comparison test; *P ≤ 0.05, ****P ≤ 0.0001.
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Fig. 3 | Keratinocyte STING licensing of ZBP1 mediates TNF-independent 
necroptosis. a, Kaplan–Meier survival curves of n mice of the indicated 
genotypes. The table shows the median survival and the relative survival 
advantage (%). P values were calculated using two-sided Gehan–Breslow–Wilcoxon 
tests. NA, not applicable. b–e, Representative images (b) and quantification of 
the dermatitis severity score (c), body weight (d) and white blood cell (WBC), 
red blood cell (RBC), haemoglobin (HGB), mean corpuscular haemoglobin 
(MCH) and haematocrit (HCT) values in the peripheral blood (e) of 4-week-old 
mice of the indicated genotypes. n values are indicated. Control mice included 
age-matched Casp8E-KO/WTTnfr1KOZbp1KO and Casp8E-KO/WTTnfr1KOSting1E-KO 

littermates. Scale bar, 1 cm (b). f, Representative images of consecutive skin 
sections from 4-week-old mice of the indicated genotypes stained for K6 (Alexa 
Fluor 488, green), K10 (Alexa Fluor 594, red), K14 (Alexa Fluor 488, green), 
nuclei (DAPI, blue), H&E and the indicated antibodies (n = 5 per group). Scale 
bars, 50 µm (bright-field images, bottom 6 rows) and 100 µm (confocal images, 
top two rows). Immunostaining quantification is shown. For c–f, data are 
mean ± s.e.m.; each dot represents one mouse; P values were calculated using 
two-way ANOVA followed by Tukey’s multiple-comparison test; *P ≤ 0.05, 
**P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001; NS, not significant (P > 0.05).
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severe, lethal dermatitis and systemic inflammation indistinguishable 
in timing and severity from Casp8E-KO mice (Fig. 4a,b and Extended 
Data Fig. 5a–c), underscoring that ZBP1 loss alone was insufficient to 
delay disease onset, progressions and severity. As Casp8E-KOTnfr1−/−

Zbp1−/− mice exhibited full rescue with complete absence of dermatitis 
and systemic inflammation (Fig. 3 and Extended Data Fig. 4), we con-
cluded that (1) TNF–TNFR1 acts as the initial necroptosis checkpoint 
that must be bypassed to engage into ZBP1-mediated necroptosis;  
(2) ZBP1-mediated necroptosis acts as a second, independent, necrop-
totic checkpoint; (3) given the survival of the Casp8E-KOSting1−/− mice 
encompassing and surpassing the survival of the Casp8E-KOTnfr1−/− mice 
(Fig. 4e), STING signalling not only licenses the ZBP1 necroptotic check-
point but also partially contributes to TNF–TNFR1-driven cell death 
and inflammation, probably through autocrine TNF production and 
NF-κB pathway engagement (Fig. 4f). Consistently, transcriptional 
upregulation of several inflammatory genes, including Tnf, Zbp1 and 
Mlkl, was completely suppressed in Casp8E-KOSting1−/− mice, and RNA-seq 
analysis revealed a similar downregulation for NF-kB signature genes 
compared with in Casp8E-KOTnfr1−/− mice (Extended Data Fig. 5f,g). This 
confirmed the requirement for STAIN, as well as a functional overlap 
between STING and TNFR1 in regulating NF-kB-driven inflammatory 
programme in the absence of caspase-8. Thus, the extended survival 
observed in Casp8E-KOSting1−/− mice compared with Casp8E-KOTnfr1−/− 
mice is best explained by STING’s dual contribution to both necroptotic 
arms. Collectively, this establishes the STING axis as an independent 
and genetically separable checkpoint downstream of caspase-8 loss, 
which also overlaps with the TNFR1-dependent pathway to amplify 
inflammatory necroptosis (Fig. 4f).

To fully disentangle the functional overlap between STING and 
ZBP1, we generated Casp8E-KOTnfr1−/−Sting1−/− mice. Notably, these mice 
remained viable, healthy and phenotypically indistinguishable from 
control littermates and Casp8E-KOTnfr1−/−Zbp1−/− mice (Fig. 4g). At 12 
weeks of age (shortly before Casp8E-KOTnfr1−/−Sting1E-KO mice reach their 
survival endpoint), Casp8E-KOTnfr1−/−Sting1−/− mice showed no signs of 
lethal dermatitis (Fig. 4h, Extended Data Fig. 5h and Supplementary 
Fig. 4). Moreover, whereas Casp8E-KOTnfr1−/−Sting1E-KO mice at 12 weeks 
of age revealed severe systemic disease, Casp8E-KOTnfr1−/−Sting1−/− mice 
appeared indistinguishable from the littermate controls (Extended 
Data Fig. 5i–k and Supplementary Fig. 4). Histological examination of 
skin sections showed suppression of lethal dermatitis as evidenced by 
normalized epidermal thickness, loss of p-MLKL and ZBP1 expression 
and CD45+, and Cl-CASP3-positive cells (Fig. 4h). This marked pheno-
typic divergence confirms that the residual necroptosis observed in 
Casp8E-KOTnfr1−/−Sting1E-KO mice was possibly due to incomplete Sting1 
deletion. Although STING expression in non-keratinocyte compart-
ments might also have a pivotal role in sustaining and propagating 
systemic necro-inflammation, STING activation in keratinocytes is 
essential to initiate ZBP1-mediated necroptosis and early inflammation. 
Gene dosage analysis revealed that the survival of Casp8E-KOTnfr1−/WT  
mice was significantly prolonged after homozygous constitutive 
co-deletion of Sting1, particularly when compared to homozygous 
co-deletion of Zbp1 or keratinocyte-specific Sting1 deletion (Fig. 4i). 
This confirms a role of STING also in regulating TNFR1-induced 
necroptosis and cell-extrinsic necroptotic inflammation. This dual 
role of STING, as both a trigger and amplifier of necroptosis, high-
lights its essential and non-redundant function in TNFR1-independent, 
ZBP1-mediated pathology.

gDNA activates cGAS–STING in Casp8E-KO

To determine the source of STING activation downstream of Casp8 loss, 
we generated Casp8E-KOCgas−/− mice. Cgas co-deletion fully phenocopied 
the protection observed in Casp8E-KOSting1−/− mice, as evidence by the 
survival analysis and comparable suppression of tissue inflammation 
through histological analysis at P5 (Fig. 4j,k and Supplementary Fig. 4). 

To exclude alternative nucleic-acid-sensing pathways, we also gener-
ated Casp8E-KOMavs−/− mice. Mavs deletion did not rescue lethality or 
reduce tissue pathology (Fig. 4j,k and Supplementary Fig. 4). These 
results indicate that activation of STING after Casp8 loss is entirely 
dependent on cGAS, placing cytosolic DNA sensing upstream of the 
type I IFN response signature observed in Casp8E-KO mice.

To identify the origin of the DNA species activating cGAS, we first 
examined the potential role of mitochondrial DNA (mtDNA), as a cGAS 
agonist27. Immunofluorescence staining in Casp8−/−, Casp8−/−Mlkl−/− 
and Casp8−/−Ripk3−/− MEFs revealed cytosolic accumulation of DNA, 
but no detectable co-localization with the mitochondrial transcrip-
tion factor A (TFAM) (Extended Data Fig. 6a). mtDNA accumulation  
was excluded as treatment with 2′,3′-dideoxycytidine (ddC) or IMT1B  
showed incomplete reduction in DNA staining (Extended Data Fig. 6b), 
of which the successful depletion was confirmed by RT–qPCR (Extended 
Data Fig. 6c). By contrast, there was no reduction in ISG transcription 
(including Zbp1) (Extended Data Fig. 6d). These results were further 
corroborated at the protein level—ZBP1 expression and p-STAT1 levels 
remained unchanged and could be completely abrogated only after 
treatment with the STING antagonist C-178 (Extended Data Fig. 6e).

Previous research showed that caspase-8 deficiency induces chro-
mosomal instability28 and DNA damage29, which can result in nuclear 
DNA leakage into the cytosol, known to be a potent activator of cGAS. 
In agreement with this, we observed that skin obtained from Casp8E-KO, 
Casp8−/−Ripk3−/−, Casp8−/−Mlkl−/− as well as Casp8E-KOTnfr1−/−Sting1−/− and 
Casp8E-KOTnfr1−/−Zbp1−/− mice exhibited mitotic abnormalities, with 
many phospho-histone H3 (p-HH3)-positive cells displaying aber-
rant chromosome segregation and elevated γ-histone 2A..X (γH2A..X) 
foci (Fig. 4l and Extended Data Fig. 6f). These findings suggest that 
caspase-8 deficiency compromises genome integrity independently  
of necroptosis, as previously reported28–31, supporting a model in  
which genomic DNA released due to caspase-8-loss-induced genome 
instability acts as a primary trigger of cGAS–STING activation in this 
context.

Z-NAs and ZBP1 are amplified by STING
To understand how ZBP1 is activated after its upregulation by STING, 
we used Casp8−/−, Casp8−/−Mlkl−/− and Casp8−/−Ripk3−/− MEFs and per-
formed immunofluorescence staining to specifically detect Z-form 
nucleic acids (Z-NAs)22. Our results revealed specific cytosolic accu-
mulation of both Z-DNA and Z-RNA in these cells, with the Z-NA signal 
being completely abolished only after treatment with both DNase I and 
RNase A, confirming the presence of both nucleic acid species in the 
Z-conformation (Fig. 4m,n and Extended Data Fig. 7a,b).

We next assessed the co-localization between ZBP1 and Z-NAs. Clear 
spatial overlap was observed, indicating physical proximity and prob-
able interaction (Extended Data Fig. 7c–e). Importantly, treatment with 
the STING agonist DMXAA further enhanced the Z-NA signal inten-
sity, suggesting that STING activation promotes the accumulation  
and/or stabilization of Z-NAs, the natural ligands of ZBP1 (Extended 
Data Fig. 7c–e). Given the consistent co-localization with Z-NA under 
conditions of STING agonism, we conclude that STING enhances ZBP1 
activation through increased generation or exposure to Z-NAs. This 
correlates well with our biochemical findings indicating that STING 
activation leads to increased recruitment and phosphorylation of RIPK1 
and RIPK3 in ZBP1 immunoprecipitates, further supporting functional 
activation of ZBP1 in this context.

STAIN is functionally linked to SAVI
In the genetic model we studied so far, aberrant STING activation is 
caused by caspase-8 deficiency. Yet, constitutive STING signalling 
can also result from gain-of-function (GOF) mutations in STING1  
(refs. 32,33) independently of caspase-8, as evident in patients with 



742  |  Nature  |  Vol 647  |  20 November 2025

Article

H
&

E

MavsKO CgasKO

p
-M

LK
L

P5 timepoint

a

H
&

E
C

D
45

p
-S

TA
T1

Z
B

P
1

p
-M

LK
L

C
l-

C
A

S
P

3

P5 timepoint

b

c

P11 timepoint

d

0 20 40

Survival time (days)

Median

N
S

**
**

*
**

** **
**

**
** **
**

**

**

7

7

10.5

10

7.5

18

(n = 7)

(n = 7)

(n = 4)

(n = 5)

(n = 20)

(n = 26)

e

1: TNF checkpoint

2: ZBP1 checkpoint
STING

TNFR1

ZBP1

P7

P10

Adulthood

P20

f

g

H
&

E
C

D
45

Z
B

P
1

p
-M

LK
L

C
l-

C
A

S
P

3
H

&
E

C
D

45
Z

B
P

1
p

-M
LK

L
C

l-
C

A
S

P
3

12 weeks

h

j

k

n

H
&

E
p

-H
H

3
γH

2A
.X

P5 timepoint

Casp8E-KO/WTCasp8E-KO/WT

Casp8E-KO

Casp8E-KOMavsKO

Casp8E-KOCgasKO

Casp8E-KOCasp8E-KO

PerilesionalLesional

l

m

W
T

C
as

p
8–/

–

Casp8–/–

Untreated DNase I DNase I + RNase ARNase A
Z-NA DAPI

WT
0

10

20

30

M
ea

n 
re

d
 �

uo
re

sc
en

ce
in

te
ns

ity
 p

er
 c

el
l (

a.
u.

)

Untreated
DNase I

NS

RNase A
DNase I + RNase A

NS

NS

NS ****
****

****
****

****

NS
NS

NS

i

0 20 40 60

Survival time (days)

N
S

N
S

N
S

N
S N

S

N
S

Median

(n = 5)
(n = 21)
(n = 4)

(n = 9)
(n = 6)
(n = 19)

(n = 9)
(n = 26)

(n = 23)

10

9

9

26

28

31

10

11

46

NS

0 5 10 15 20 25 30 35 40 45 50
0

20

40

60

80

100

Time (days)

0 5 10 15 20 25 30 35 40 45
0

20

40

60

80

100

Time (days)

0 2 4 6 8 10 12 14
0

50

100

Time (weeks)

NS
****

****

*** ***

****
****

Control (n = 5)

0 5 1015202530354045505560
0

20

40

60

80

100

Time (days)

S
ur

vi
va

l (
%

)
S

ur
vi

va
l (

%
)

S
ur

vi
va

l (
%

)
S

ur
vi

va
l (

%
)

NS

7 NA
14.29
235.71

NA
NS

<0.0001
8

23.5

****

Median
survival (days)Genotype Survival (%)

(versus Casp8E-KO)
P (versus
Casp8E-KO)

Casp8E-KO

Casp8E-KOSting1E-KO

Casp8E-KOSting1KO

7 NA
57.14
171.43

NA
<0.001

NS
11
19

Median
survival (days)Genotype Survival (%)

(versus Casp8E-KO)
P (versus
Casp8E-KO)

Casp8E-KO

Casp8E-KO/WT (n = 5)

Casp8E-KO/WT

Casp8E-KO/WT

C
as

p
8E

-K
O

Casp8E-KO Casp8E-KO/WT Casp8E-KO

Casp8E-KO lethality

Casp8E-KO

C
as

p
8E

-K
O

Zbp1KO Tnfr1KO

Tnfr1KO/WT

Tnfr1KO

Zbp1KO/WT

Zbp1KO

Sting1KO/WT

Sting1KO

Sting1KO

Sting1E-KO

Casp8E-KO/WT Casp8E-KO Casp8E-KO/WT Casp8E-KO

Tnfr1KOSting1E-KO Tnfr1KOSting1KO

Sting1KO

Casp8E-KOTnfr1KO

Casp8E-KOZbp1KO

Casp8E-KOSting1KO

7 NA
57.14
7.14

157.14

NA
<0.001

<0.0001
NS

11
19
18

Median
survival (days)Genotype Survival (%)

(versus Casp8E-KO)
P (versus
Casp8E-KO)

Casp8E-KO/WT (n = 5)

Casp8E-KOCgasKO (n = 12)

Casp8E-KOMavsKO (n = 17)

Casp8E-KO (n = 6)

Casp8E-KOTnfr1KO Zbp1KO (n = 5)

Casp8E-KOTnfr1KO Sting1E-KO (n = 8)

Casp8E-KOTnfr1KO Sting1KO (n = 27)

Casp8E-KO (n = 6)

Casp8E-KO/WT (n = 6)

Casp8E-KOSting1E-KO (n = 6)

Casp8E-KOSting1KO (n = 6)

Casp8E-KO (n = 10)

Casp8E-KOZbp1KO (n = 20)

Casp8E-KOTnfr1KO (n = 5)

Casp8E-KOSting1KO (n = 26)

Tn
fr

1K
O

\W
T

Tn
fr

1K
O

\W
T

Tn
fr

1K
O

Zbp1KO/WT

Zbp1KO/WT

Zbp1KO

Sting1E-KO/WT

Sting1E-KO/WT

Sting1E-KO

Sting1KO/WT

Sting1KO/WT

Sting1KO

Fig. 4 | See next page for caption.



Nature  |  Vol 647  |  20 November 2025  |  743

SAVI. SAVI is an autosomal-dominant genetic interferonopathy char-
acterized by early-onset systemic inflammation, chronic anaemia, 
cutaneous lesions, polyarthritis-like symptoms and interstitial lung 
disease. Conventional immunosuppressive treatments, anti-malarials, 
TNF inhibitors and B-cell-depleting biologics have provided limited to 
no therapeutic effect34,35. Recently, new regimens have included JAK1/2 
inhibitors (such as ruxolitinib); however, their efficacy has yielded only 
a temporary reduction in symptoms32,36.

Considering the identification of aberrant STAIN as a critical driver 
of lethal inflammatory necroptosis, we hypothesized that STAIN could 
contribute or even cause the clinical manifestation of SAVI. We there-
fore examined a set of longitudinal samples obtained from paediatric 
patients affected by SAVI37. For each patient, samples were collected 
before and after conventional treatment, which included ruxolitinib 
for an average duration of 18 months (Extended Data Fig. 8a). Assess-
ment of cell-death-involved inflammatory cytokines in the plasma 
of these patients (Supplementary Table 1) revealed that nearly all of 
the assessed cytokines were elevated in all samples, independently 
of the treatment and duration, suggesting a potential contribution 
of cell-death-induced inflammation to clinical manifestations and 
persistence of SAVI (Extended Data Fig. 8b and Supplementary Fig. 5). 
This analysis confirmed known cytokines38 and identified additional 
top-ranked candidates (IL-21, CXCL1, IL-1β, IFNα and CD40L) as potential 
circulating biomarkers (Extended Data Fig. 8b). RNA-seq analysis in 
whole blood cells obtained from plasma-matching patients samples 
revealed a significant upregulation of genes involved in both type I 
and/or type II IFN responses especially in 11 out of 15 samples, which 
included almost all post-treatment samples (Fig. 5a). Further transcrip-
tional and functional investigation confirmed sustained IFN response 
activation and, notably, the differential upregulation of MLKL and ZBP1 
(Fig. 5b). We further functionally grouped these genes and categorized 
them into three categories—cell death, IFN response and inflammation 
(Extended Data Fig. 8c and Supplementary Fig. 6)—and evaluated the 
levels of executioners, inhibitors and modulators of all functionally 
upregulated cell death modalities (Extended Data Fig. 8d–f). By doing 
so, we excluded transcriptional priming of mitochondrial apoptosis 
due to high expression of inhibitors of apoptosis. Pyroptosis appeared 
to be predominantly executed in patient 2. Cell death pathways trig-
gered by TNF or other death ligands did not appear to be significantly 
transcriptionally upregulated or were accompanied by concomitant 
upregulation of checkpoint genes such as cIAPs and the linear ubiqui-
tin chain assembly complex (LUBAC). Importantly, RIPK3, MLKL and 
ZBP1 were consistently overexpressed, indicative of priming towards 
necroptosis execution in all patient samples (Extended Data Fig. 8d–f). 
This was confirmed by RT–qPCR analysis, in which the expression of a 
small panel of genes used to classify interferonopathies clinically and its 
fluctuations before and after treatment mirrored the expression levels 
of MLKL, ZBP1, and the inflammatory chemokines CXCL1 and CXCL8  
(ref. 39) (Supplementary Fig. 7). This suggested a functional correlation 
between STING-mediated IFN response, the transcriptional expression 

of ZBP1 and MLKL, and the cell-autonomous cytokines known to be 
released by necroptosis.

Importantly, transcriptomic comparison of upregulated pathways 
in the Casp8E-KO mice (versus the control) with the pathways upregu-
lated in IFNhigh SAVI samples revealed a significant functional overlap 
of 73% of all pathways (Fig. 5c). Within these, we identified a set of key 
genes overlapping between Casp8E-KO mice and IFNhigh SAVI samples 
(Supplementary Table 2), suggesting that these pathways and genes 
are descriptive of an established necroptotic program within the SAVI 
transcriptome and vice versa of the newly characterized STING-driven 
necroptosis.

STAIN leads to lethality in SAVI mice
We next turned to the established preclinical SAVI mouse model bearing 
the heterozygous Sting1N153S GOF mutation (hereafter Sting1N153S mice), 
which closely phenocopies human SAVI, faithfully recapitulating key 
clinical features of this disease40 (Extended Data Fig. 9a–f).

Histological analysis of skin, lung, thymus and spleen collected from 
Sting1N153S mice, presenting the complete clinical manifestations of 
SAVI, revealed robust ZBP1 upregulation (Extended Data Fig. 9g). 
Importantly, necroptosis, detected through p-MLKL(Ser345) stain-
ing, was restricted to the skin, while the lung and thymus displayed 
both p-MLKL(Ser345)- and Cl-CASP3-positive staining (Extended Data 
Fig. 9g). Spleen exhibited strong Cl-CASP3 staining only, indicative of 
dominant apoptosis in that compartment at the endpoint (Extended 
Data Fig. 9g). To determine the role of necroptosis in disease manifes-
tation and pathogenesis and confirm preclinically the translational 
relevance of our findings, we generated Sting1N153SRipk3−/− mice. These 
mice showed no signs of disease and exhibited unaffected survival 
at least up until 35 weeks of age, which was the median survival of 
the Sting1N153S mice (Fig. 5d,e). Histological analysis of 35-week-old  
Sting1N153SRipk3−/− mice showed a complete absence of p-MLKL(Ser345) 
staining with a clear rescue in skin, lung, thymus and splenic inflam-
mation and architecture, providing conclusive evidence for the role of 
STAIN in the inflammatory manifestations of SAVI (Fig. 5f).

The complex multiorgan inflammation characteristic of the 
SAVI mice is known to derive from STING-GOF-induced triggering 
of pathogenic early-onset immune dysregulation (6–8 weeks)41,42. 
High-resolution immunophenotyping of the lung, spleen and thy-
mus revealed that co-deletion of Ripk3 significantly ameliorates the 
immune abnormalities induced by STING GOF (Fig. 5g–i and Extended 
Data Fig. 10). In the thymus, Sting1N153SRipk3−/− mice showed recovery 
of double-negative thymocytes (Extended Data Fig. 10b). CD8+ and 
double-positive (DP; CD4+CD8+) thymocytes, along with their acti-
vation status (CD69+), were significantly normalized, pointing to a 
contributing (but not complete) role for necroptosis in thymic T cell 
attrition (Fig. 5g and Extended Data Fig. 10b). In the lung, where SAVI 
pathology often manifests with both inflammation and fibrosis, Ripk3 
co-deletion mitigated the expansion of inflammatory monocytes and 

Fig. 4 | STING regulates necroptosis checkpoints through cGAS–gDNA  
and ZBP1/Z-NA sensing. a–d, Kaplan–Meier survival curves of n mice of the 
indicated genotypes. a,c, The median survival and the relative survival 
advantage (%). b,d, Representative images of consecutive skin sections from P5 (b) 
or P11 (d) mice of the indicated genotypes stained with the indicated antibodies. 
n = 5 (b) and n = 3 (d) per group. For b and d, scale bars, 100 µm (main images) 
and 20 µm (insets). e, The median survival of n mice of the indicated genotypes. 
f, Graphical representation of the TNFR1 and ZBP1 distinct necroptotic 
checkpoints and their dependence on STING. g, Kaplan–Meier survival curves 
of n mice of the indicated genotypes. Control mice included age-matched 
Casp8E-KO/WTTnfr1KOZbp1KO, Casp8E-KO/WTTnfr1KOSting1E-KO and Casp8E-KO/WTTnfr1KO 
Sting1KO littermates. h, Representative images of consecutive skin sections 
from 12-week-old mice of the indicated genotypes stained with the indicated 
antibodies. n = 3 per group. Scale bar, 50 µm. i, The median survival of n mice of 

the indicated genotypes. j, Kaplan–Meier survival curves of n mice of the 
indicated genotypes. The table shows the median survival and the relative 
survival advantage (%). k,l, Representative images of consecutive skin sections 
from P5 mice of the indicated genotypes stained as indicated. n = 3 (k) and n = 5 (l). 
For k and l, scale bars, 100 µm (main images) and 20 µm or 10 µm (insets). 
m,n, Representative confocal images of the indicated MEFs stained for Z-NA 
(Alexa Fluor 594, red) and nuclei (DAPI, blue) under basal conditions or after 
treatment with DNase I (25 U ml−1) and/or RNase A (1 mg ml−1) (m) and 
quantification of mean Z-NA (red) fluorescence intensity (n). Data are 
mean ± s.e.m. P values were calculated using two-way ANOVA followed by 
Tukey’s multiple-comparisons test. For a, c, e, g, i and j, P values were calculated 
using two-sided Gehan–Breslow–Wilcoxon tests; each dot in the graphs 
represents one mouse; **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001; NS, not 
significant (P > 0.05).
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macrophages, antigen-presenting dendritic cells and granulocytes 
(Fig. 5h and Extended Data Fig. 10d). Although T cell restoration was 
more modest, the overall pattern again indicated a broad rescue of 
immune homeostasis. In the spleen, RIPK3 co-deficiency led to marked 
improvements in both the lymphoid and myeloid compartments. 
Sting1N153S mice exhibited severe T cell and natural killer cell lympho-
paenia accompanied by expansion of antigen-presenting dendritic 
cells, granulocytes, inflammatory monocytes and macrophages, all of 
which are hallmarks of chronic STING activation (Fig. 5i and Extended 
Data Fig. 10f). These aberrations were consistently and significantly 
rescued in Sting1N153SRipk3−/− mice. A similar normalization was observed 
in bone-marrow-derived and splenic myeloid subsets of the spleen, 
confirming that RIPK3-dependent necroptosis is a major driver of hae-
matopoietic dysregulation (Extended Data Fig. 10f). Importantly, the 
frequency of immature erythroid precursors (Ter119+CD71+) was also 
reduced, indicating a reversal of extramedullary erythropoiesis and 
systemic inflammation (Extended Data Fig. 10g).

These findings propose that early necroptosis of immune cells, par-
ticularly T cells, contributes directly to the loss of immune homeostasis 
and the unleashing of systemic inflammation. This cascade probably 
facilitates the organ-specific inflammatory pathologies observed in 
SAVI, including dermatitis, interstitial lung inflammation and sple-
nomegaly. In this way, necroptosis acts not only as a mechanism of 
immune cell loss, but also as a driver of systemic disease progression, 
reinforcing the functional and translational relevance of our findings.

Collectively, our findings reveal that caspase-8 deficiency in keratino-
cytes aberrantly activates a STING-mediated upregulation of ZBP1 and 
MLKL that, in turn, leads to ZBP1–MLKL-mediated necroptosis. We find 
that caspase-8 deficiency leads to the accumulation of genomic instabil-
ity and activation of cGAS. Importantly, aberrant STING activation ena-
bles necroptosis by facilitating the formation of a ZBP1–RIPK1–RIPK3 
complex, which forms and drives necroptosis independently of the 
TNF–TNFR1-induced FADD–RIPK1–RIPK3 complex. Activation of STING 
also induces further accumulation and stabilization of Z-NAs, which 
in turn serve as ligands for ZBP1 activation (Supplementary Fig. 8). 
Co-ablation of STING in keratinocytes or constitutively together with 
full-body depletion of TNFR1 revealed a substantial or complete addi-
tional survival advantage to Casp8E-KO mice, respectively. This provides 
genetic proof that aberrantly activated STING is capable of driving 
a TNFR1-independent necroptosis pathway in vivo responsible for 
ZBP1–RIPK3–MLKL-mediated necroptosis. Our analysis provides com-
pelling evidence that STING enables necroptosis not only by inducing 
the transcriptional upregulation of ZBP1 but also by contributing to 
autocrine TNF production potentially through NF-κB activation. This 
dual role positions STING as a central inducer and amplifier of necrop-
totic signalling. Importantly, the extended survival and broader rescue 
observed after systemic Sting1 deletion, compared with the deletion of 
either Zbp1 or Tnfr1 alone, suggest that STING governs both the TNFR1 

and ZBP1 checkpoints. Thus, STING not only licenses the ZBP1 axis 
and its activation but also reinforces the TNFR1-dependent pathway, 
underscoring its unique role as a shared upstream regulator of inflam-
matory necroptosis.

The necroptosis-driven lethal inflammation observed in Casp8E-KO 
mice shares transcriptional commonalities with SAVI, providing fur-
ther functional links between aberrant STAIN and development of 
SAVI. In the Sting1N153S mice, Ripk3 co-deletion alone robustly improves 
survival and overall necroptosis-induced cell death in all tissues and 
ameliorates early immune dysfunction. The genetic and pathological 
rescue in affected tissues at the endpoint underscores that necroptosis 
contributes not only to disease initiation but also to its clinical progres-
sion and organ-specific pathology. These findings establish necrop-
tosis as an important effector pathway underlying both the onset and 
manifestation of SAVI and possibly other autoinflammatory diseases 
arising from pathogenic STING activation. Importantly, the robust 
rescue observed in Sting1N153S mice with RIPK3 co-deficiency alone, 
without the necessity for caspase-8 inactivation, demonstrates that 
caspase-8 expression in SAVI is functionally irrelevant for controlling 
necroptosis. This, together with our biochemical data demonstrating 
the role of STING in (1) the formation of a ZBP1–RIPK1–RIPK3 complex 
independent of TNFR1 and FADD and (2) the upregulation of Z-NAs 
required to activate ZBP1, explains the activation of necroptosis in 
patients despite maintaining functional expression of caspase-8.

In summary, our study identifies a STING-driven necroptotic sig-
nalling axis that underlies severe inflammatory disease in vivo. This 
positions STING as a central node in a feedforward necroptotic inflam-
matory circuit that underlies sustained tissue pathology. By estab-
lishing STAIN as a pathogenic mechanism in SAVI, our findings offer a 
conceptual advance in understanding interferonopathies and identify 
the STING–ZBP1–necroptosis axis as a rational and tractable target 
for therapeutic intervention in this otherwise treatment-refractory 
disease.
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Methods

Mice
Casp8fl/fl mice were provided by S. M. Hedrick43 and the K14-Cre44 and 
Tnfr1−/− (ref. 45) mice were obtained as previously described. Zbp1−/− mice 
were purchased from Cyagen (C57BL/6NCya-Zbp1em1/Cya, S-KO-16146) 
and Sting1fl/fl (B6;SJL-Sting1tm1.1Camb/J, 031670)46, Sting1−/− (B6(Cg )- 
Sting1tm1.2Camb/J, 025805)46, Cgas−/− (B6(C)-Cgastm1d(EUCOMM)Hmgu/J, 026554)47 
and Sting1N153S/WT (B6J.B6N-Sting1em1Jmin/J, 033543)40 mice were purchased 
from The Jackson Laboratory. Mlkl−/− mice were generated by the Wal-
czak laboratory48 and Casp8+/− and Ripk3−/− mice were provided by 
R. Hakem, V. Dixit and K. Newton, respectively49. Mavs−/− mice were 
provided by the SFB1403 consortium19. All mice were maintained on a 
C57BL/6N background; C57BL/6J strains were backcrossed for at least 
ten generations. Male mice carrying the K14-cre transgene were crossed 
to obtain all Casp8E-KO models. Casp8−/WTRipk3−/− or Casp8−/WTMlkl−/− were 
bred to obtain Casp8−/−Ripk3−/− and Casp8−/−Mlkl−/− double-knockout 
mice, respectively. Mice heterozygous for Sting1N153S (Sting1N153S/WT) 
were bred with Ripk3−/− mice to obtain Sting1N153S/WTRipk3−/− mice. Mice 
were housed under SPF conditions in individually ventilated cages 
(12 h–12 h light–dark cycle) at the University of Cologne’s Medical 
Faculty and CECAD animal facilities, with ad libitum access to food 
and water. Temperature and humidity were controlled. Animals 
were monitored daily and euthanized after reaching predefined 
humane-endpoint criteria for disease severity. No additional exclu-
sion criteria were applied. Experimental groups were not randomized 
because group assignment was determined by genotype; within each 
genotype, female and male mice were enrolled without preference 
and allocated to experimental conditions at random. Sample size was 
estimated to reach necessary statistical power. The age of mice at 
analysis is reported in the corresponding figure legends. All mouse 
scoring was performed at least by three independent scientists, experi-
ments and the immunohistochemical evaluation of pathology were 
performed under blinded conditions. All of the procedures complied 
with German animal welfare regulations and were approved by local 
authorities (Landesamt für Natur, Umwelt und Verbraucherschutz  
Nordrhein-Westfalen).

Cell lines
Casp8-knockout cell lines were generated by CRISPR–Cas9-mediated 
gene editing. WT and Zbp1-knockout MEFs were electroporated 
with Casp8-targeting gRNA (Mm.Cas9.CASP8.1.AA, IDT) using the 
4D-Nucleofector System and Nucleofector Kit V (Lonza) according to 
the manufacturer’s instructions. Casp8−/− Sting1−/− double-knockout 
cell lines were generated by isolating and transfecting Casp8fl/flSting1−/− 
MEFs with cre-GFP plasmid (13776, Addgene), followed by FACS-based 
single-cell cloning and expansion. Knockout efficiency was confirmed 
by western blotting and genomic sequencing. HT29 and HaCaT cells 
were obtained from ATCC. HT29 ZBP1−/− cells were generated via 
CRISPR–Cas9 (sgRNA: CAGCTGGGCAAGTTTCACCG), and the HT29 
Casp8−/− cell line was kindly provided by the Pasparakis laboratory. All 
primary MEFs were isolated from corresponding mouse strains and 
immortalized as described previously48.

Cell death assay
Immortalized MEFs were seeded to 96-well plate (1 × 104 cells per well) 
and incubated with either DMSO or pretreated with 20 µg ml−1 DMXAA 
(D5817, Sigma-Aldrich). Similarly, HaCaT and HT-29 cell lines were pre-
treated with 10 μM ADU-S100 (HY-12885B, MedChemExpress)50. The 
next day, medium containing DMSO, DMXAA or ADU-S100 was replen-
ished and cells were additionally treated with 100 ng ml−1 recombinant 
TNF (in house), 20 µM Z-VAD-FMK (APE-A1902-25MG, APExBIO), 2 µM 
BV6 (S7597, Selleck Chemicals) or combinations of them. In experi-
ments using RIPK3, MLKL, TNF or STING inhibitor, 10 µM GSK'872 
(S8465, Selleck Chemicals), 1 μM NSA (S8251, Selleck Chemicals), 

50 μg ml−1 etanercept (Enbrel, PAA115147, Pfizer) or 1 μM C-178 (S6667, 
Selleck Chemicals)25 were added as pretreatments, respectively. Cell 
viability was measured in the Spark Multimode Microplate Reader 
(TECAN) using the CellTiter-Glo Luminescent Cell Viability Assay 
(G7573, Promega).

Protein lysate preparation and western blot analysis
Cell lysates were prepared and analysed by western blotting as 
previously described28. A list of the antibodies used is provided in 
Supplementary Table 3. Uncropped blot images are provided in Sup-
plementary Fig. 1.

Immunoprecipitation
G-Sepharose beads (20 μl; P3296, Sigma-Aldrich) were incubated 
with 1.5 μg of FADD antibody (ab124812, Abcam) or 1 μg of ZBP1 anti-
body (AG-20B-0010-C100, Adipogen) per mg of protein lysate for 
4 h at 4 °C with rotation. Cleared protein lysates were subsequently 
added to the bead–antibody complexes and incubated overnight at 
4 °C with rotation. Beads were washed five times with wash buffer 
(150 mM NaCl, 150 mM Tris-HCl 1 M, pH 7.4, 5% glycerol, 0.5% Triton 
X-100), and bound proteins were eluted by boiling in 60 μl of 2× SDS 
loading dye for 5 min.

Dermatitis scoring criteria
Skin lesions in Casp8fl/flTnfr1−/−Zbp1−/−K14-cretg/WT, Casp8fl/flZbp1−/−Tnfr1−/WT 
K14-cretg/WT, Casp8fl/flTnfr1−/−Sting1fl/flK14-cretg/WT, Casp8fl/flTnfr1−/− 
Sting1fl/WTK14-cretg/WT and Casp8fl/flTnfr1−/−Sting1−/−K14-cretg/WT mice were 
scored using an adjusted version of the scoring system previously 
described48. Two main clinical criteria were assessed to determine 
a total score: (1) the number of body regions presenting lesions and  
(2) the characteristics of each lesion. For the first criteria skin from 
six different body regions were assessed and appearance of lesions in 
each of these body regions generated a score of 1 (head = 1, neck = 1, 
back = 1, abdomen = 1, flank = 1 and tail = 1). For the second criteria, the 
characteristic of each lesion was defined by its severity. Punctuated 
small crusts received a score of 1, coalescent crusts received a score of 
2 and ulceration received a score of 3. The sum of all individual scores 
according to these two was calculated to determine the total severity. 
Scoring of skin lesions was performed in a blinded manner by three 
independent researchers.

Histological and immunohistochemical analysis of paraffin- 
embedded tissues
Tissues were collected, fixed and processed as previously described26,51. 
H&E staining, along with detection of p-MLKL(Ser345) and Cl-CASP3, 
were performed accordingly26. For immunodetection of ZBP1, STING, 
p-STAT1(Tyr701), CD3, Ly6G, pHH3-S10 (Ser10) and γH2AX-S139 
(Ser139), the slides were retrieved in Tris-EDTA-based antigen-retrieval 
buffer, pH 9 (S236784-2, Agilent Technologies), for 10 min at 114−121 °C 
using the TintoRetriever Pressure Cooker. For F4/80, CD45, K6A, K10 
and K14 staining, the slides were retrieved in sodium citrate buffer, 
pH 6 (C9999, Sigma-Aldrich), under the same conditions. For deli-
cate tissues prone to detachment (skin from adult mice), antigen 
retrieval was performed at 60 °C in a water bath overnight. Primary 
antibodies were incubated at 4 °C overnight or at room temperature 
for 45 minutes (for ZBP1).The blocking steps, antibody detection pro-
cedures, counterstaining and mounting were performed as previously 
described26. For p-STAT1, Ly6G and F4/80, HRP-conjugated secondary 
antibody incubation was followed by TSA-biotin signal amplification 
(NEL700A001KT, Akoya Biosciences; 1:100) and then detection was 
performed using the Avidin-Biotin Complex-HRP amplification system 
(PK-6100, Vector Laboratories). TUNEL staining was performed using 
the DeadEnd Fluorometric TUNEL System (Promega, G3250) accord-
ing to the manufacturer’s instructions. A list of the antibodies used is 
provided in Supplementary Table 4.
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Immunocytochemistry and immunofluorescence
For DNA, mitochondrial and TFAM staining, cells were fixed in 4% 
methanol-free formaldehyde (Cell Signaling Technology, 47746) for 
15 min at room temperature, quenched with 50 mM ammonium chloride 
in PBS and permeabilized with 0.1% Triton X-100 in PBS for 10 min at 
37 °C. For ZBP1 and Z-DNA/Z-RNA staining, cells were fixed for 10 min 
and permeabilized with 0.4% Triton X-100 in PBS for 10 min at 37 °C. After 
blocking, the following primary antibodies diluted in blocking buffer 
were incubated at 4 °C overnight: mouse anti-ZBP1 (AG-20B-0010-C100, 
Adipogen, 1:100), anti-Z-DNA/Z-RNA (Z22) (Ab00783-23.0, Absolute 
Antibody, 1:200), anti-TFAM (ABE483, EMD Millipore; 1:200) and 
anti-DNA (CBL186, EMD Millipore, 1:100). After washing, cells were 
incubated with secondary antibodies (Thermo Fisher Scientific, 1:500), 
including, goat anti-mouse Alexa Fluor 488 (A11001), goat anti-rabbit 
Alexa Fluor Plus 594 (A32740), goat anti-rabbit Alexa Fluor Plus 488 
(A32731) and goat anti-mouse Alexa Fluor Plus 594 (A32742). Cell plat-
ing, blocking, washing steps and mounting were performed as previ-
ously described28. For mitochondrial staining, cells were incubated with 
200 nM MitoTracker Deep Red (M22426, Thermo Fisher Scientific) for 
30 min at 37 °C before fixation. For nucleic acid degradation, cells were 
treated with DNase I or RNase A as previously described22.

Image analysis
Image acquisition, analysis and quantification of whole-tissue digital 
images were performed as previously described26,51. For mouse tissue 
confocal microscopy, three representative images per biological repli-
cate (n = 5) were acquired and quantified in Fiji (ImageJ) with BioVoxxel 
Toolbox for Voronoi segmentation. DAPI-stained nuclei served as seeds 
to generate Voronoi cells approximating cell boundaries. A custom Fiji 
script identified positive cells by overlapping cell boundaries and target 
fluorophore signals. Positive cell counts from three images per replicate 
were pooled. Immunocytochemical images were manually segmented 
in Fiji, and the mean fluorescence intensity was quantified by rolling-ball 
background subtraction using a custom script. Co-localization of Z-NA 
and ZBP1 was assessed using the BIOP JACoP plugin after background 
subtraction. At least 10 images and 30 cells per staining condition were 
analysed. Data are presented as mean ± s.e.m. and plotted in GraphPad 
Prism. Statistical significance was determined by ordinary one-way or 
two-way ANOVA with Tukey’s multiple-comparison test.

Blood cell analysis
Whole blood cell count analysis was performed in peripheral blood 
using VETSCAN HM5 analyser (Zoetis) according to the manufacturer’s 
instructions.

RNA isolation from mouse tissue
RNA was extracted from skin tissue using the RNeasy Plus Mini kit 
(74136, Qiagen). Skin was weighted at 30 mg, snap-frozen in liquid 
nitrogen and stored at −80 °C before being lysed. Skin tissues were 
lysed in lysis buffer (Buffer RLT + 40 μl DTT 1 M per ml + 0.5% Reagent 
DX) according to the kit’s manufacturer instructions in TissueLyser 
II (85300, Qiagen) using 7 mm stainless steel beads (69990, Qiagen). 
Extracted RNA was stored at −80 °C.

RNA isolation from whole blood in human samples
Whole blood from patients with SAVI and healthy donors was collected 
either with Tempus Tubes (4342792, Applied Biosystems) or PAXgene 
Tubes (762165, Qiagen) and total RNA was isolated using the Tempus 
Spin RNA Isolation kit (4380204) or with PAXgene Blood RNA kit  
(Qiagen), according to manufacturer’s instructions.

RT–qPCR
cDNA was prepared using the Lunascript RT SuperMix kit (M3010, New 
England Biolabs). RT–qPCR was performed using Luna Universal qPCR 

Master Mix (M3003, New England Biolabs) in QuantStudio 5 (A34322, 
Thermo Fisher Scientific). The housekeeper genes Gapdh and HPRT 
were used for transcripts normalization in mice and patients with SAVI, 
respectively. The relative fold change in gene expression (that is, rela-
tive quantification) of the samples was calculated as 2 C−∆∆ t to the con-
trols (littermates for mice and healthy individuals for patients with 
SAVI). The primer for mZbp1 was obtained from Integrated DNA Tech-
nologies (Mm.PT.58.21951435). Sequences for all other primers used 
are listed in Supplementary Table 5.

3′ mRNA-seq libraries and sequencing
A total of 2 µg of RNA was provided to the Cologne Centre for Genomics 
(CCG) for 3′ mRNA-seq. Library preparation was performed using the 
Lexogen QuantSeq 3′ mRNA sequencing protocol. The resulting librar-
ies were assessed for quality using a TapeStation system and quantified 
using qPCR. Sequencing was then carried out on the NovaSeq 6000 
platform, using a single-read (SR) 1×100 bp sequencing strategy.

Differential expression analysis
RNA-seq reads were aligned to the reference genome (hg38 or mm10) 
using STAR aligner, followed by transcript quantification with RSEM. 
For mouse data, technical batch effects from two sequencing runs 
were corrected using ComBat_seq (sva package). One sample per geno-
type was excluded to maintain consistency after a WT control sample 
showed abnormal upregulation of Zbp1. The removed samples were 
those that clustered the least with Zbp1 expression in all other geno-
types. An additional round of sequencing was performed to analyse 
the Casp8E-KOSting1−/− in comparison to all of the other genotypes. The 
analysis was performed as independent experiment. For patient data, 
single-sample gene set enrichment analysis was performed using the 
gsva method (gsva package) with the hallmark gene sets. The nine sam-
ples with highest IFNγ scores were classified as IFNhigh samples and used 
for differential expression and pathway analyses (patient samples clas-
sified as IFNhigh: P1post1, P1post2, P1post3, P2post1, P2post2, P2post3, 
P2post5, P3post1, P3post3). Differential expression analysis was per-
formed using DESeq2 (v.1.44.0). Volcano plots were generated using 
ggplot2 (v.3.5.1) and heat maps were created using heatmap.2 (gplots, 
v.3.2.0) with row-wise scaling on the DEseq2-normalized expression 
data. For RNA-seq data, statistical significance of differential expression 
was assessed using two-sided Wald tests implemented in the DESeq2 
package, with Benjamini–Hochberg correction for multiple testing 
(adjusted P < 0.05).

Pathway analysis
Pathway analysis was performed using Metascape52 or the GSEA GUI 
tool (v.4.3.3). For Metascape, significantly upregulated genes (q < 0.05) 
were submitted to the web-tool (Express Analysis). Enrichment was cal-
culated using Metascape’s default cumulative hypergeometric test with 
Benjamini–Hochberg correction, and enrichment q values were plotted 
as –log[q]. Mouse samples were analysed using Homo sapiens as a refer-
ence species to enable human–mouse pathway comparison. For GSEA, 
DESeq2-normalized counts were used as the input and analysed using 
the default parameters with gene set permutation type. The gene set 
‘inflammatory cell death’ was manually curated and contains the follow-
ing genes: TNF, TNFRSF1A, TNFRSF10, TNFRSF10B, RIPK1, FADD, CASP8, 
CFLAR, RIPK3, MLKL, CASP1, TNFSF10, FASLG, FAS, ZBP1, ADAR, TRIM25, 
EIF2AK2, IL1B, TLR4, BIRC2, RBCK1, TREX1, NLRC4, TLR5 and NAIP. The 
gene sets REACTOME_RIP_MEDIATED_NFKB_ACTIVATION_VIA_ZBP1 
and REACTOME_ZBP1_DAI_MEDIATED_INDUCTION_OF_TYPE_I_IFNS 
were merged to give the customized ZBP1-mediated process geneset.

Protein extraction from mouse skin tissue and mouse serum and 
human plasma isolation
Total protein was extracted from mouse skin tissue in cell lysis buffer 
2 (895347, R&D Systems) in TissueLyser II (85300, Qiagen) using 7 mm 



stainless steel beads (69990, Qiagen). Extracted proteins were stored 
at −80 °C. For human plasma isolation, whole blood was collected in 
EDTA blood collection tubes. Subsequently, the samples were cen-
trifuged at 1,500g for 15 min, and the resultant supernatant (plasma) 
was carefully aspirated, aliquoted and stored at −80 °C for further 
analysis.

Luminex assay
Cytokine analysis in skin protein lysates from mice was conducted 
using the Mouse Premixed Multi-Analyte Kit (R&D Systems) according 
to the manufacturer’s instructions. For cytokine analysis in plasma 
from patients with SAVI and healthy donors, the corresponding human 
multi-analyte kit from R&D Systems was used.

Flow cytometry analysis
Spleen, lung and thymus were dissected from 6–8-week-old mice. 
Lung digestion and single-cell suspensions were prepared as described 
previously53. Red blood cell lysis (1× RBC lysis buffer, BioLegend) was 
performed for 4 min on ice for lung and spleen samples; spleens for 
erythrocyte analysis and thymi were not subjected to RBC lysis. The 
samples were blocked with anti-mouse CD16/32 antibodies (101320, 
BioLegend, 1:100 dilution), washed with FACS buffer (PBS supple-
mented with 1% FBS and 5 mM EDTA), then stained with viability dye 
(65-0865-18, Thermo Fisher Scientific, 1:1,000) followed by surface 
marker staining in Brilliant Stain Buffer (566349, BD). All of the incu-
bation steps were performed for 30 min at 4 °C. Data were acquired 
on the BD FACSymphony A3 system and analysed using FlowJo v.10.10 
and GraphPad Prism. Statistical significance was determined using 
unpaired t-tests. A list of all of the antibodies used is provided in Sup-
plementary Table 6. The gating strategy is included in Supplementary 
Fig. 9.

Depletion of mtDNA and measurement of relative mtDNA levels
Immortalized MEFs were treated with 150 µM ddC or 10 µM IMT1B for 
96 h, or with medium alone as a control. DNA was isolated using the 
DNeasy Blood & Tissue Kit (Qiagen) according to the manufacturer’s 
protocol for cells. Relative mtDNA levels were measured using RT–qPCR 
with the Brilliant III Ultra-Fast SYBR QPCR Master Mix (Agilent Tech-
nologies) using different primers. qPCR was performed on the Quant-
Studio K FlexSystem (Applied Biosystems, Life Technologies). The 
samples were adjusted for total DNA content by Actb. Relative mtDNA 
levels were determined using the comparative (2 C−∆∆ t) quantification 
method. A list of the sequences for all of the primers used is provided 
in Supplementary Table 7.

Extraction of the total RNA from MEFs
Total RNA was isolated from MEFs using TRIzol reagent (Life Technolo-
gies). MEFs were pelleted and resuspended in 1 ml of TRIZOL. After 
incubation of 5 min at room temperature, chloroform was added and 
subsequent phase separation was performed according to the manu-
facturer’s instructions. The RNA pellet was resuspended in RNase/
DNase-free H2O (Gibco).

RT–PCR and RT–qPCR
The total RNA that was previously isolated was treated with DNase (New 
England Biolabs). Digested RNA (100 ng μl−1 per sample) was reverse 
transcribed using the high-capacity reverse transcription kit (Applied 
Biosystems, Life Technologies). The generated cDNA was amplified 
using the Brilliant III Ultra-Fast SYBR QPCR Master Mix (Agilent Tech-
nologies) using different primers listed in Supplementary Table 8. 
qPCR was performed on the QuantStudio K FlexSystem (Applied  
Biosystems, Life Technologies). The samples were adjusted for  
total RNA content by HPRT. The relative expression of mRNAs  
was determined using the comparative (2 C−∆∆ t ) quantification  
method.

Ethics statement
The study involving the collection of the included patient samples 
was approved by the local Institutional Ethical Committee of Bambino 
Gesù Children’s Hospital, Rome, Italy (PNRR-MR1-2022-12375873). 
Written informed consent to participate in this study was provided 
by the participants’ legal guardian/next of kin. Clinical information 
relative to patient samples is listed in Supplementary Table 9. Patient 
data are available on request.

Statistical analysis
Survival curves were compared using two-sided Gehan–Breslow– 
Wilcoxon tests. Data in graphs are shown as the mean ± s.e.m. unless 
otherwise indicated, with each dot representing one mouse or individ-
ual sample. For comparisons involving more than two groups, statistical 
significance was determined using one-way or two-way ANOVA followed 
by Tukey’s or Šidák’s multiple-comparison test as appropriate. In some 
cases, two-tailed unpaired t-tests were performed when comparing 
two groups, as specified in the figure legends. Flow cytometry data 
were analysed using two-way ANOVA or unpaired t-tests as indicated. 
P values are provided in the figures or figure legends; P > 0.05 was con-
sidered to be not significant. For cell viability assays, data represent the 
mean ± s.e.m. of at least two independent experiments, each performed 
with three technical replicates. The details on sample size, replicates 
and statistical tests are provided in each figure legend.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
RNA-seq data for human patients are available on request. RNA-seq data 
for mouse tissues are available through the Gene Expression Omnibus 
of the National Institutes of Health under accession number GSE304254 
(RNA-seq). Source data are provided with this paper.
 
43.	 Beisner, D. R., Ch’en, I. L., Kolla, R. V., Hoffmann, A. & Hedrick, S. M. Cutting edge: innate 

immunity conferred by B cells is regulated by caspase-8. J. Immunol. 175, 3469–3473 
(2005).

44.	 Hafner, M. et al. Keratin 14 Cre transgenic mice authenticate keratin 14 as an oocyte- 
expressed protein. Genesis 38, 176–181 (2004).

45.	 Pfeffer, K. et al. Mice deficient for the 55 kd tumor necrosis factor receptor are resistant to 
endotoxic shock, yet succumb to L. monocytogenes infection. Cell 73, 457–467 (1993).

46.	 Jin, L. et al. MPYS is required for IFN response factor 3 activation and type I IFN production 
in the response of cultured phagocytes to bacterial second messengers cyclic-di-AMP 
and cyclic-di-GMP. J. Immunol. 187, 2595–2601 (2011).

47.	 Schoggins, J. W. et al. Pan-viral specificity of IFN-induced genes reveals new roles for 
cGAS in innate immunity. Nature 505, 691–695 (2014).

48.	 Peltzer, N. et al. LUBAC is essential for embryogenesis by preventing cell death and 
enabling haematopoiesis. Nature 557, 112–117 (2018).

49.	 Newton, K., Sun, X. & Dixit, V. M. Kinase RIP3 is dispensable for normal NF-kappa Bs, 
signaling by the B-cell and T-cell receptors, tumor necrosis factor receptor 1, and Toll-like 
receptors 2 and 4. Mol. Cell. Biol. 24, 1464–1469 (2004).

50.	 Diepstraten, S. T. et al. Putting the STING back into BH3-mimetic drugs for TP53-mutant 
blood cancers. Cancer Cell 42, 850–868.e9 (2024).

51.	 Bankhead, P. et al. QuPath: open source software for digital pathology image analysis. 
Sci. Rep. 7, 16878 (2017).

52.	 Zhou, Y. Y. et al. Metascape provides a biologist-oriented resource for the analysis of 
systems-level datasets. Nat. Commun. 10, 1523 (2019).

53.	 Albert, M. C. et al. Identification of FasL as a crucial host factor driving COVID-19 pathology 
and lethality. Cell Death Differ. 31, 544–557 (2024).

Acknowledgements We thank the members of the Liccardi and Walczak laboratories as well 
as N. Peltzer and A. Annibaldi for discussions; the members of the CECAD imaging facility, 
particularly M. Babaki, P. Zentis and C. Jüngst, the staff at the Histology Core Facility of SFB 
1403, especially E. Stade, and the staff of the CECAD in vivo Research Facility of the University 
of Cologne for their support. We thank M. Guschlbauer and the staff of the animal facilities of 
the medical faculty of the University of Cologne for their constant support and assistance. We 
thank M. Pasparakis, the CRC1403 and the CECAD animal facility for providing mouse models 
for initial experiments not included here. G.L. is funded by the Institute of Biochemistry I (IBC1) 
of the Medical Faculty of the University of Cologne, Köln Fortune, the CANcer TARgeting 
(CANTAR) network funded by the NRW-funded Research Programme Netzwerke 2021, two 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE304254


Article
Collaborative Research Centre (CRC) grants (SFB1399 project C06 (413326622); SFB1530 
project A03 (455784452)) funded by the Deutsche Forschungsgemeinschaft (DFG) and is 
associated to the CRC SFB1403 also funded by the DFG; H.W. by the Alexander von Humboldt 
Foundation, a Wellcome Trust Investigator Award (214342/Z/18/Z), a Medical Research Council 
Grant (MR/S00811X/1), a Cancer Research UK Programme Grant (A27323), three CRC grants 
(SFB1399 project C06 (413326622); SFB1530 project A03 (455784452) and SFB1403 project 
A12 (414786233)) funded by the DFG and the CANcer TARgeting (CANTAR), funded by 
Netzwerke 2021; and G.P. and F.D.B. by the European Union, Next Generation EU, NRRP M6C2, 
Investment 2.1 Enhancement and strengthening of biomedical research in the NHS (PNRR- 
MR1-2022-12375873). Open access funding was provided by Universität zu Köln.

Author contributions G.L. conceived and led the study, developed the overarching research 
strategy and supervised all aspects of the work. G.L. and K.K. designed experiments. G.L.,  
H.W. and K.K. discussed and interpreted the data. K.K. performed all in vivo experiments, all 
immunohistochemistry and immunofluorescence in mouse tissue and cultured cells and 
conducted all image acquisition and analysis. G.L., K.K., J.S., C.K. and D.B. performed in vitro 
experiments. G.L. optimized and performed all immunoprecipitations. J.S., C.K. and H.R.-K. 
provided support with mouse scoring and dissections. D.B. and K.K. performed cytokine 
analysis in mice. A.B.V., L.G. and M.P. analysed all RNA-seq data. F.L. performed and analysed 

all RT–qPCR data. K.K., J.S., D.B., C.K. and H.R.-K. collected organs and cells from N153 mice. 
J.S. and D.B. performed the flow cytometry experiment. A.M., J.S. and D.B. planned and 
analysed the flow cytometry experiment. K.K. and M.C. performed the mitochondrial DNA 
experiments, and discussed and analysed the data with A.T.; E.L., G.P., A.I. and F.D.B. collected 
data from patients with SAVI and provided mRNA and plasma samples from these patients. J.S. 
and D.B. processed and analysed samples from patients with SAVI. K.K., J.S. and D.B. prepared 
mRNA from mice. G.L. and K.K. prepared the figures. K.K., H.W. and G.L. wrote the manuscript.

Funding Open access funding provided by Universität zu Köln.

Competing interests The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material available at 
https://doi.org/10.1038/s41586-025-09536-4.
Correspondence and requests for materials should be addressed to Gianmaria Liccardi.
Peer review information Nature thanks the anonymous reviewers for their contribution to the 
peer review of this work. Peer reviewer reports are available.
Reprints and permissions information is available at http://www.nature.com/reprints.

https://doi.org/10.1038/s41586-025-09536-4
http://www.nature.com/reprints


Extended Data Fig. 1 | See next page for caption.



Article
Extended Data Fig. 1 | Caspase-8 Loss Reprograms Keratinocytes to Induce 
ISGs, Necroptosis and DNA Sensing. a, Graph of the trajectory of body weight 
changes in n mice of indicated genotypes. b, Graph of body weight of n mice of 
indicated genotypes at survival endpoint (P7). c-e, Representative images (c), 
graphs of organ-to-body-weight ratio (d) and representative images of tissue 
sections stained with H&E (e) of spleen and liver of n mice of indicated 
genotypes. Scale bars: 2 mm (spleen and liver images), 200 µm (main bright- 
field images) and 50 µm (insets). f, Peripheral blood analysis of indicated values 
in mice of indicated genotypes at survival endpoint. n = 9 per group. g, Heatmap 
of row-scaled expression values of differentially expressed genes in Casp8E-KO 
versus Casp8E-KO/WT skin (p-adj < 0.05). h, Volcano plots depicting differentially 
expressed genes in Casp8E-KO versus Casp8E-KO/WT skin at P5. Genes with |FC | > 1.5 
and p-adj < 0.05 are displayed. i, Pathway enrichment analysis of upregulated 
genes in Casp8E-KO versus Casp8E-KO/WT skin (p-adj < 0.05, FC > 1), using Metascape. 
Bar plot shows –log10(q) values for enriched pathways. j-m, Dot plots of Gene 
Set Enrichment Analysis (GSEA) for top 20 or 30 upregulated pathways in 

Casp8E-KO versus Casp8E-KO control skin. Gene Ontology Biological Process 
(GOBP) ( j), BioCarta (k), Reactome (l) and Hallmark (m) databases. Dot size 
indicates gene set size; colour intensity represents –log10(p-adj). n, Enrichment 
plots for representative pathways identified by GSEA. Black vertical lines show 
positions of pathway genes in the ranked gene list. In a, b, d and f, data are 
presented as mean ± s.e.m.; each dot represents one mouse; P values were 
calculated via two-tailed unpaired t-test; *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, 
****P ≤ 0.0001; NS, not significant (P > 0.05). In g, h, differential gene expression 
analysis was performed using the Wald test as implemented in DESeq2, with  
P values adjusted for multiple testing using the Benjamini-Hochberg method 
(p-adj). MCV, mean corpuscular volume; MCHC, mean corpuscular haemoglobin 
concentration; RDWc, red cell distribution width (coefficient of variation); 
RDWs, red cell distribution width (standard deviation); PLT, platelets; MPV, 
mean platelet volume; PCT, plateletcrit; PDWc, platelet distribution width 
(coefficient of variation); PDWs, platelet distribution width (standard deviation).



Extended Data Fig. 2 | STING sensitizes to Necroptosis via ZBP1 Independently 
of TNFR1. a, Immunoblot analysis with the indicated antibodies of lysates from 
immortalized Sting1−/− and Casp8−/− Sting1−/− MEFs treated with C-178 (10 μM) and 
DMXAA (20 μg ml−1) for 48 h; Casp8−/− MEFs were used as control. b-d, Relative 
cell viability of immortalized WT, Ripk3−/−, Mlkl−/− and Zbp1−/− MEFs (b), sgCtrl, 
Casp8−/−, Casp8−/−; Ripk3−/− MEFs (c) and primary WT MEFs, lung fibroblasts (LFs) 
and bone-marrow-derived macrophages (BMDMs) assessed by CellTiter-Glo 
assay, pre-treated with DMXAA overnight, followed by treatment with 
recombinant TNF (100 ng ml−1), Z-VAD-FMK (20 μM) and/or BV6 (2 μM) for 48 h. 
e, f, Relative cell viability of HT-29, HT-29 CASP8−/−, HT-29 ZBP1−/− (e) and HaCaT (f) 
cells assessed by CellTiter-Glo assay, pre-treated with ADU-S100 (10 μM) alone 
or in combination with NSA (1 μM) or GSK'872 (RIPK3i, 10 mM) overnight, 

followed by treatment with recombinant TNF, Z-VAD-FMK and/or BV6 for 48 h. 
g, Relative cell viability of Casp8−/− MEFs assessed by CellTiter-Glo assay, 
pre-treated with DMXAA and/or etanercept (50 µg ml−1) overnight, followed by 
treatment with recombinant TNF, Z-VAD-FMK and/or BV6 for 48 h. h, Relative 
cell viability of immortalized Casp8−/−; Zbp1−/− MEFs assessed by CellTiter-Glo 
assay, pre-treated with DMXAA and/or etanercept overnight, followed by 
titration with recombinant TNF (0.05, 0.1, 1 and 10 ng ml−1) for 48 h. In b-h, data 
are presented as mean ± s.e.m.; each dot represents an independent experiment 
each containing three technical replicates; P values were calculated via two-way 
Anova followed by Šidák multiple comparisons test; *P ≤ 0.05, **P ≤ 0.01, 
***P ≤ 0.001, ****P ≤ 0.0001; NS, not significant (P > 0.05).
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Extended Data Fig. 3 | TNFR1 or STING Loss Reveals Distinct Immune and 
Transcriptional Responses. a-c, Representative images (a), graphs of 
organ-to-body-weight ratio (b) and representative images of tissue sections 
stained with H&E (c) of spleen and liver of P5 mice of indicated genotypes.  
n = 5 per group. Scale bars: 2 mm (spleen and liver images), 200 µm (main bright- 
field images) and 50 µm (insets). d, Representative images of consecutive skin 
sections from P5 mice of indicated genotypes stained with H&E and the indicated 
antibodies. n = 5 per group. Scale bar: 50 µm. Graphs show immunostaining 
quantification. e, Graphs of cytokine levels (pg ml−1) of skin homogenates from 
P5 mice of indicated genotypes, analysed via Luminex-Multiplex assay for the 
indicated targets. n = 5 per group. Cytokines highlighted in red denote those 
implicated in necroptosis, as detailed in Supplementary Table 1. Data are 
presented as mean ± s.e.m.; each dot represents one mouse; P values were 

calculated via two-tailed t-test. f, Heatmaps showing X-fold changes in cytokine 
levels relative to Casp8E-KO/WT control and Casp8E-KO respectively at P5. g, RT–
qPCR analysis of mRNA expression of the indicated genes in skin from P5 mice 
of indicated genotypes. Graphs represent relative quantification (log2RQ) 
normalized to Gapdh, with expression levels shown relative to Casp8E-KO/WT. 
Data represent three biological replicates from two independent experiments. 
Different letters indicate statistically significant differences between groups, 
determined by one-way ANOVA followed by Tukey’s H SD test (FDR = 0.05).  
In b and d, data in graphs are presented as mean ± s.e.m.; each dot represents 
one mouse; P values were calculated via two-way Anova followed by Tukey’s 
multiple comparisons test; *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001;  
NS, not significant (P > 0.05).
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Extended Data Fig. 4 | Sting1E-KO Delays Lethal Inflammation in Casp8E-KO 
Tnfr1−/− Mice. a-c, Representative images, graphs of organ-to-body-weight 
ratio and representative images of tissue sections stained with H&E of spleen (a), 
thymus (b) and liver (c) of 4-week-old mice of indicated genotypes. n values 
are indicated. Scale bars: 5 mm (spleen and liver images), 1 mm (thymus images), 
1 mm (main bright-field images) and 100 µm (insets). d, Neutrophil, PLT and 
MCV values in peripheral blood from 4-week-old mice of indicated genotypes. 
n values are indicated. e, Graphs of dermatitis severity score and body weight 
of 12-14-week-old mice of indicated genotypes. n values are indicated. Control 
mice included age-matched Casp8E-KO/WT; Tnfr1KO; Zbp1KO and Casp8E-KO/WT; 

Tnfr1KO; Sting1E-KO littermates. f, Representative images of consecutive skin 
sections from 12-14-week-old mice of indicated genotypes stained with H&E 
and the indicated antibodies n = 5 per group. Scale bar: 100 µm. Graphs show 
immunostaining quantification. g, Peripheral blood analysis of indicated 
values in 12-14-week-old mice of indicated genotypes. n values are indicated.  
In a-g, data in graphs are presented as mean ± s.e.m.; each dot represents one 
mouse; P values were calculated via two-way Anova followed by Tukey’s multiple 
comparisons test; *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001; NS, not 
significant (P > 0.05).
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Extended Data Fig. 5 | Sting1−/− inhibits early necroptosis and immune 
dysregulation in Casp8E-KO. a, b, Representative images, graphs of organ-to- 
body-weight ratio (a) and H&E-stained tissue sections (b) of spleen and liver 
from P5 mice of indicated genotypes. n values are indicated. Scale bars: 2 mm 
(spleen and liver images), 200 µm (main bright-field images) and 50 µm (insets). 
c, Peripheral blood analysis of indicated values in P5 mice of indicated genotypes. 
n values are indicated. d, e, Representative images, graphs of organ-to-body-weight 
ratio (d) and H&E-stained tissue sections (e) of spleen and liver from n mice of 
indicated genotypes at the survival endpoint of Casp8E-KO; Sting1E-KO mice (P11). 
Scale bars: 2 mm (spleen and liver images), 200 µm (main bright-field images) 
and 50 µm (insets). f, RT–qPCR analysis of gene expression in skin from P5 mice 
of indicated genotypes. Graphs represent relative quantification (log2 RQ) 
normalized to Gapdh, relative to Casp8E-KO/WT. Data represent three biological 
replicates from one or two independent experiments as indicated. Different 
letters indicate statistically significant differences between groups, determined 

by one-way ANOVA followed by Tukey’s HSD test (FDR = 0.05). g, Heatmap of 
NF-κB-associated genes downregulated in Casp8E-KO; Tnfr1KO, Casp8E-KO/WT; 
Sting1KO, or both, compared to Casp8E-KO mice. Expression values are DESeq2- 
normalized, row-scaled, and colour-coded by intensity (red, high; blue, low). 
Differential expression was determined using the Wald test in DESeq2 with 
Benjamini–Hochberg adjusted p-values (p-adj < 0.05). h-k, Graphs of dermatitis 
score (h) and body weight (i), representative images of indicated H&E-stained 
tissue sections with corresponding graphs of organ-to-body-weight ratio ( j), 
and peripheral blood analysis of indicated values (k) in 12-week-old mice of 
indicated genotypes. n values are indicated. Scale bars: 1 mm (main images) 
and 100 µm (insets). In a, c, d and h-k, data in graphs are presented as mean ±  
s.e.m.; each dot represents one mouse; P values were calculated via two-way 
Anova followed by Tukey’s multiple comparisons test; *P ≤ 0.05, **P ≤ 0.01, 
***P ≤ 0.001, ****P ≤ 0.0001; NS, not significant (P > 0.05).
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Extended Data Fig. 6 | STING Activation is not mediated by Mitochondrial 
DNA. a, b, Confocal images of indicated MEFs stained for DNA (Alexa Fluor 594, 
red), TFAM (Alexa Fluor 488, green), mitochondria (MitoTracker Deep Red) and 
nuclei (DAPI, blue) untreated (a, b) or following 96 h treatment with ddC (150 µM) 
or IMT1B (10 µM) (b). Insets highlight magnified regions. Arrows mark DNA foci 
lacking TFAM and MitoTracker signals. Images represent single optical slices 
(0.4 μm). n≥ 20 cells/condition. Scale bars: 10 μm and 1 μm (insets). c, d RT–qPCR 
analysis of indicated mitochondrial genes to assess mtDNA depletion (c), and 
of indicated ISGs to assess IFN response (d), in the indicated MEFs. Data are 

shown as relative expression (log2) to untreated WT control normalized to 
beta-Actin; graphs represent mean ± s.e.m. n = 3 technical replicates; P values 
were calculated via two-way Anova followed by Tukey’s multiple comparisons 
test; *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001; NS, not significant (P > 0.05). 
e, Immunoblot analysis of lysates from the indicated MEFs treated with C-178 
(10 μM), ddC, or IMT1B as above for 96 h. f, Representative images of consecutive 
skin sections from 12-4-week-old mice of indicated genotypes stained with H&E 
and the indicated antibodies. n = 5 per group. Arrows indicate γH2A.X positive 
areas/cells. Scale bars: 100 µm (main images) and 10 µm (insets).



Extended Data Fig. 7 | STING activation enhances ZBP1-Associated Z-NA 
Accumulation. a, b, Confocal images of indicated MEFs stained for Z-NA (Alexa 
Fluor 594, red) and nuclei (DAPI, blue) under basal conditions or following 
treatment with DNase I (25 U mL−1) and/or RNase A (1 mg mL−1) (a) and 
quantification of mean Z-NA (red) fluorescence intensity (b). c-e, Confocal 
images of indicated MEFs stained for Z-NA (Alexa Fluor 594, red), ZBP1 (Alexa 
Fluor 488, green) and nuclei (DAPI, blue) untreated or following 48 h treatment 

with DMXAA (20 μg ml−1) (c), quantification of ZBP1 (green) and Z-NA fluorescent 
intensity (red) (d) and their area of overlap (e). Images represent single optical 
slices (0.4 μm). Scale bar: 10 μm. In b, d and e, data are presented as mean ± s.e.m.; 
each dot represents one cell and 30 cells/condition were analysed via two-way 
Anova followed by Tukey’s multiple comparisons test; *P ≤ 0.05, **P ≤ 0.01, 
***P ≤ 0.001, ****P ≤ 0.0001; NS, not significant (P > 0.05).
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Extended Data Fig. 8 | See next page for caption.



Extended Data Fig. 8 | SAVI longitudinal Samples Show Inflammatory IFN 
and Necroptosis Signatures. a, Schematic representation of SAVI patient 
samples, illustrating patient mutations, sample types, and timepoints of 
sample collection during the treatment course. Notation: P(x)post/pre(y), 
where x = patient number, y = sample number, pre = pre-treatment, and post = 
post-treatment, Pred: Prednisone, MTX: Methotrexate, Ruxo: Ruxolitinib, 
MMF: Mycophenolate, HCQ: Hydroxychloroquine and MP: Metilprednisolone. 
This image was created in BioRender. Saggau, J. (2025) https://BioRender.
com/9yrgm6e. b, Heatmaps showing X-fold changes in cytokine levels relative 
to healthy controls for each patient. c, Pathway enrichment analysis bar plot 

from GSEA analysis for Gene Ontology Biological Process (GOBP), Hallmark, 
Reactome, and KEGG databases, as well as manually curated gene sets for 
inflammatory cell death and ZBP1-mediated processes in high-IFN patient 
samples. d-f, Heatmaps depicting DEseq2-normalized expression levels of 
selected genes involved in necroptosis, mitochondrial cell death, pyroptosis, 
and death receptor components in IFN-high samples from Patient 1 (d),  
Patient 2 (e), and Patient 3 (f) and healthy donors. Expression values are 
DESeq2-normalized, row-scaled, and colour-coded by intensity (red, high; blue, 
low). Differential expression was determined using the Wald test in DESeq2 
with Benjamini–Hochberg adjusted P-values (p-adj < 0.05).

https://BioRender.com/9yrgm6e
https://BioRender.com/9yrgm6e
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Extended Data Fig. 9 | STAIN promotes Systemic Inflammation in SAVI 
mice. a, Kaplan–Meier survival curves of mice of indicated genotypes. n values 
are indicated. p values were calculated by two-sided Gehan–Breslow–Wilcoxon 
test. b-e, Representative images (b), bar plot showing the distribution of 
SAVI-associated clinical manifestations (c) and representative images and 
graphs of organ-to-body-weight ratio of spleen, thymus (d) and lung (e) of 
Sting1N153S/WT mice at survival endpoint (n indicated. Examined lymph nodes 
include axillary, inguinal, and submandibular). Scale bars: 3 mm (spleen and 
thymus images) and 2 mm (lung images). f, Peripheral blood analysis of 

indicated values in endpoint Sting1N153S/WT mice. n values are indicated.  
g, Representative images of consecutive skin, lung, spleen and thymus sections 
from Sting1N153S/WT at survival endpoint stained with H&E and the indicated 
antibodies. n = 5 per group. Scale bars: 100 µm (main images) and 20 µm (insets). 
In a-g, age-matched WT littermates were used as controls. In d-f, data are 
presented as mean ± s.e.m.; each dot represents one mouse; P values were 
calculated via two-tailed unpaired t-test; *P ≤ 0.05, ***P ≤ 0.001, ****P ≤ 0.0001; 
NS, not significant (P > 0.05).



Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | STAIN promotes Immune Depletion in SAVI mice.  
a, b, Representative images, organ-to-body-weight ratio (a) and flow cytometric 
thymocyte phenotyping (b) of thymi from 6-8-week-old mice of indicated 
genotypes. n values are indicated. CD4−CD8− (double negative; DN), CD4+CD8+ 
(double positive; DP) and CD4+ thymocytes are depicted as percentage of 
viable cells. All other populations were plotted as percentage of their parental 
populations. c, d, Representative images, organ-to-body-weight ratio (c) and 
flow cytometric phenotyping (d) of lungs from 6-8-week-old mice of indicated 
genotypes. n values are indicated. Immune cells are depicted as percentage of 
CD45+ cells and their respective sub-populations are shown as percentage of 
parental populations. e-g, Representative images, organ-to-body-weight  

ratio (e) and flow cytometric immune cell phenotyping (f) and erythrocyte 
phenotyping (g) of spleens of 6-8-week-old mice of the indicated genotypes.  
n values are indicated. Immune cell types are depicted as percentage of CD45+ 
cells, their respective sub-populations are shown as percentage of parental 
populations and erythrocytes were plotted as percentage of live cells. In a-g, 
age-matched WT and Ripk3KO littermates were used as controls,;data are 
presented as mean ± s.e.m.; each dot represents one mouse; P values were 
calculated via two-way Anova followed by Tukey’s multiple comparisons test (a, 
c and e) or via two-tailed unpaired t-test (b, d, f and g); *P ≤ 0.05, **P ≤ 0.01, 
***P ≤ 0.001, ****P ≤ 0.0001; NS, not significant (P > 0.05). The gating strategy 
for cell populations shown in b,d,f and g is provided in Supplementary Fig. 9.
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