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Abstract

Necroptosis is a regulated, lytic form of cell death that plays a pivotal role in inflammation and
tissue damage, particularly in the context of impaired apoptotic signalling. While the
molecular execution of necroptosis, mediated through RIPK3-dependent phosphorylation of
MLKL, has been well defined in vitro, its in vivo relevance, regulation, and pathological
outcomes have remained incompletely understood.

This thesis addresses a major technical gap by establishing and validating
immunohistochemistry and immunofluorescence-based method to detect phosphorylated
MLKL at serine 345 (pMLKL-S345) in murine tissues, enabling high-resolution spatial
mapping of necroptotic activity in vivo. Applying this method across various inflammatory
models, including SARS-CoV infection, Sharpin-deficient dermatitis and TNF-
induced systemic inflammatory response syndrome (SIRS), this work demonstrates distinct
patterns of tissue-specific necroptosis. This approach not only differentiates necroptosis from
apoptosis at a cellular level but also provides a foundation for dissecting its mechanistic
drivers in pathophysiological settings, without the necessity of complex genetic knockout
models traditionally required to assess the involvement of necroptosis in vivo.

Building on this platform, this thesis investigates the upstream signalling mechanisms that
trigger necroptosis in caspase-8 deficient epidermal keratinocytes (Casp8E-X° mice). Loss of
caspase-8 leads to the accumulation of cytosolic DNA, which activates the cGAS-STING
pathway and induces a type | interferon transcriptional response. This STING-driven cascade
upregulates key necroptotic effectors, notably ZBP1 and MLKL, while the combined effects
of caspase-8 deficiency and aberrant STING activation promote the accumulation of Z-
nucleic acids. Together, these events converge to induce ZBP1-MLKL-mediated necroptosis
via formation of a ZBP1-RIPK1-RIPK3 signalling complex. Notably, this pathway functions
independently of the canonical FADD-RIPK1-RIPK3 complex, enabling TNF/TNFR1-
independent execution of necroptosis. Collectively, these findings position STING as a
central inducer and amplifier of necroptosis, coordinating both ZBP1- and TNFR1-mediated
checkpoints and acting as a critical upstream regulator of inflammatory necroptotic cell death.

Strikingly, this mechanism mirrors the pathogenesis observed in STING-associated
vasculopathy with onset in infancy (SAVI), a severe human type | interferonopathy caused
by gain-of-function mutations in the STING1 gene. Comparative transcriptomic analysis
between Casp8E-KO mice and SAVI patients reveals a nearly identical necroptotic signature,
implicating STING-induced necroptosis as a central pathological driver. This is further
validated in a SAVI mouse model, where co-deletion of RIPK3 markedly rescues immune-
driven tissue pathology. These findings establish STING-mediated necroptosis as a novel
aetiological mechanism in both caspase-8-deficient inflammatory skin disease and SAVI, and
identify this pathway as a potential therapeutic target in interferonopathies characterized by
excessive necroptosis.

In summary, this thesis bridges fundamental mechanistic insights with translational relevance
by delineating how aberrant STING activation orchestrates a necroptotic program that
underlies severe inflammatory pathology. It also provides a validated framework for detecting
and studying necroptosis in vivo, enabling future investigations into its role across diverse
disease contexts.
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|. Introduction

1. Tissue Homeostasis, Inflammation, and Cell Death

1.1. Tissue Homeostasis

Tissue homeostasis is a dynamic and tightly regulated process that ensures the maintenance
of cellular and functional equilibrium in multicellular organisms. It governs the balance
between cell proliferation, differentiation and death, allowing tissues to preserve their
structural integrity and adapt to physiological demands over time. This balance is essential
not only during development and organogenesis but also throughout adult life, where tissues
are continually exposed to diverse challenges, including mechanical, metabolic, and
molecular perturbations, as well as environmental or pathogenic insults. The ability to
respond appropriately to these challenges is central to organismal survival. Under steady-
state conditions, homeostatic mechanisms maintain a constant turnover of cells, replacing
aged or damaged ones without compromising tissue architecture®. Disruption of tissue
homeostasis can arise from genetic mutation, infection, sterile injury, or from aberrant
activation of stress and inflammatory signalling pathways, even in the absence of overt
damage?3. Both acute and chronic perturbations can destabilize this equilibrium, resulting in
pathological outcomes such as hyperplasia, tissue atrophy, fibrosis, or cancer®3. Thus, the
preservation of functional tissue organisation relies on a finely tuned equilibrium between pro-
survival and pro-death signals, enabling the prompt restoration of homeostasis following
perturbation.

1.2. Inflammation and Its Triggers

Inflammation is a fundamental host response that can be triggered by tissue injury, infection,
cellular stress, or by aberrant activation of gene activatory signalling even in the absence of
overt damage*. It serves as a critical bridge between the disruption of homeostasis and the
initiation of repair processes. Characterized by the infiltration of immune cells, the production
of soluble mediators, and the activation of tissue-resident cells, inflammation plays multiple
roles beyond eliminating harmful stimuli, including regulating tissue remodelling and
coordinating repair. Initiation of inflammation can be triggered by a wide range of signals.
These include pathogen-associated molecular patterns (PAMPs), derived from microbial
invaders, and damage-associated molecular patterns (DAMPs), which are released from
stressed or dying host cells. Both types of signals are detected by pattern recognition
receptors (PRRs) expressed on or within immune, epithelial and stromal cells®f. Once
activated, these receptors initiate downstream signalling cascades that lead to the production
of cytokines, chemokines, and antimicrobial peptides*’. In barrier tissues such as the skin,
gut, and lung, inflammation plays a particularly critical role in defending against environmental
insults. Here, epithelial and stromal cells not only act as physical barriers but also contribute
actively to immune surveillance and response. These cells secrete cytokines, chemokines
and alarmins to recruit immune cells, promote tissue repair, and limit microbial invasion.
Although inflammation is essential for the restoration of tissue integrity, it must be tightly
regulated. Dysregulated inflammatory responses, whether transient or persistent, can
compromise tissue homeostasis and lead to pathological outcomes such as tissue damage,
fibrosis, or autoimmunity 810,



1.3. Cell Death in Homeostasis

Cell death is an integral component of tissue homeostasis, organismal defence, and
development, ensuring the controlled elimination of damaged, infected, or superfluous cells.
It allows tissues to maintain integrity, adapt to stress, and shape physiological processes
during embryogenesis and beyond!'. Cell death can be broadly categorized into non-
regulated cell death (non-RCD) and regulated cell death (RCD)'>. Non-RCD occurs in
response to overwhelming physical or chemical stress and proceeds in an uncontrolled
manner, whereas RCD is mediated by genetically encoded signalling pathways and responds
to specific cellular and environmental cues.

RCD encompasses multiple modalities, each defined by distinct molecular mechanisms and
distinct biological outcomes, collectively serving to eliminate compromised cells in a context-
dependent manner (previously reviewed'®14). Briefly, extrinsic apoptosis is initiated by ligand-
induced activation of death receptors such as FAS and TNFR, leading to activation of initiator
caspase-8 and downstream effector caspases-3 and -7, resulting in orderly dismantling of
the cell. Intrinsic apoptosis is induced by mitochondrial outer membrane permeabilisation
(MOMP) and cytochrome c release, leading to apoptosome formation, activation of caspase-
9 and downstream executioner caspases, with BCL-2 family proteins regulating the balance
between pro-survival and pro-apoptotic signals. Necroptosis is executed by the activation of
receptor-interacting protein kinases RIPK1 and RIPKS3, with the latter phosphorylating and
activating mixed lineage kinase domain-like protein (MLKL), causing plasma membrane
permeabilisation. Pyroptosis is dependent on inflammasome activation and subsequent
caspase-1 or caspase-11-mediated cleavage of gasdermins, which form membrane pores
that lead to cell swelling and lysis. Ferroptosis is characterized by iron-dependent
accumulation of lipid peroxides, typically triggered by inactivation of glutathione peroxidase
4 (GPX4) or depletion of glutathione, leading to oxidative damage of cellular membranes.
Additional context-specific forms of RCD include parthanatos, induced by poly(ADP-ribose)
polymerase 1 (PARP1) hyperactivation that promotes apoptosis-inducing factor (AIF)
translocation and extensive DNA fragmentation; autophagy-dependent cell death, where
excessive autophagic activity culminates in cellular demise; entosis, involving live cell
engulfment and elimination by neighbouring cells; and NETosis, characterized by the release
of neutrophil extracellular traps.

While the execution of these pathways varies, they all contribute to maintaining organismal
integrity by eliminating compromised cells in a context-dependent manner. Understanding
the regulation and consequences of different cell death modalities is crucial for deciphering
how tissues respond to stress and how dysregulation contributes to inflammation, immune
activation, and disease. In the context of this thesis, the focus is on extrinsic apoptosis and
necroptosis, as these pathways are most relevant to the findings presented and provide a
mechanistic framework for understanding how dysregulated cell death contributes to tissue
pathology, inflammatory signalling, and disease progression.

1.4. Interplay between Cell Death and Inflammation

Cell death does not occur in isolation; it profoundly shapes the immune response and, in turn,
is shaped by the surrounding inflammatory environment'®. While traditionally seen as a
resolution mechanism, cell death can act as a potent driver of inflammation, especially when
cellular contents are released into the tissue microenvironment, as occurs during lytic forms



of cell death such as necroptosis, pyroptosis, and NETosis'3'417-19 Whether immune
activation follows cell death or precedes it, depends on multiple factors, including the
molecular context, tissue type, and efficiency of cell clearance?. Inadequate clearance or
ongoing inflammatory cues can shift cell death from a silent process to one that amplifies
immune activation. This bidirectional relationship between cell death and inflammation plays
a decisive role in determining whether tissue integrity is restored or progressively
compromised. A deeper understanding of this interplay is essential for uncovering how cell
death and inflammation are coordinated, and will provide critical insight into the mechanisms
driving chronic inflammation and autoimmunity 821,

A key mediator that integrates signals from both inflammatory cues and cell death pathways
is tumour necrosis factor (TNF). Through its receptors, particularly TNFR1, TNF orchestrates
a complex network of pro-survival, pro-inflammatory, and pro-death signalling events, making
it a central hub in the regulation of tissue responses to stress and injury. Understanding
TNFR1 signalling is therefore critical for elucidating how inflammatory stimuli and cell death
pathways converge to influence tissue homeostasis and pathology.

2. TNFR1 Signalling and Regulated Cell Death Pathways

2.1. The TNFR1 Signalling Hub

2.1.1. Overview of TNF and Its Receptors

Tumour necrosis factor (TNF) is a pleiotropic cytokine that plays a central role in immune
regulation, inflammation, and cell death??-?4, It is rapidly induced upon infection, injury, or
immune stimulation, and exerts its biological functions by engaging two receptors: TNF
receptor 1 (TNFR1, also known as p55) and TNF receptor 2 (TNFR2, or p75). TNFR1 is
ubiquitously expressed, while TNFR2 is largely restricted to immune and endothelial cells
and signals with high efficacy primarily through membrane-bound TNF25. TNFR1, in contrast,
responds to both membrane-bound and soluble TNF and is unique in its ability to mediate
both pro-survival and pro-death signalling?®. This dual capacity places TNFR1 at the centre
of numerous physiological and pathological processes, including infection control, tissue
repair, chronic inflammation, and cell death-driven disease.

2.1.2. TNFR1 Signal Transduction

2.1.2.1. TNFR1 Activation and Complex | Assembly

Engagement of tumour necrosis factor receptor 1 (TNFR1) by its ligand TNF triggers receptor
trimerisation and a conformational change within its intracellular death domain (DD)?®. This
allows the sequential recruitment of adaptor and effector proteins that assemble into a
membrane-bound signalling platform known as Complex |. This complex serves as the hub
for the activation of transcriptional programs that support cell survival and inflammation.

The structural rearrangement in the DD domain of TNFR1, following its trimerisation, allows
the recruitment of the adaptor protein TRADD (TNF receptor-associated death domain
protein) and RIPK1 (receptor-interacting protein kinase 1) via homotypic DD interactions, as
well as TNF receptor-associated factor 2 and 5 (TRAF2/5) and the E3 ubiquitin ligases clAP1
and clAP2 (cellular inhibitors of apoptosis proteins 1 and 2)?-30. At this stage, RIPK1
undergoes extensive post-translational modification. Specifically, clAP1/2 mediate the
conjugation of K63-linked polyubiquitin chains on RIPK1, while the linear ubiquitin chain
assembly complex (LUBAC), comprising HOIL-1L, HOIP, and SHARPIN, adds linear



methionine 1 (M1)-linked ubiquitin chains?’31-33, These ubiquitin scaffolds play a pivotal role
in anchoring downstream signalling components that eventually lead to the assembly of
Complex I.

2.1.2.2. Recruitment of Kinase Complexes and NF-kB Activation

The ubiquitinated scaffold recruits two major kinase modules. The first is the TAK1 (TGF-[3-
activated kinase 1) complex, composed of TAK1 and its regulatory adaptors TAB1 and
TAB2/3%*. This complex activates multiple downstream pathways, including MAP kinases
such as JNK, p38, and ERK, which contribute to pro-inflammatory and stress responses. The
second is the IkB kinase (IKK) complex, consisting of the catalytic subunits IKKa and IKKf3
and the regulatory subunit NEMO (also known as IKKy), which binds directly to M1-linked
chains®. Upon activation by TAK1-mediated phosphorylation, the IKK complex
phosphorylates the inhibitory proteins IkBa and IkBB, which normally retain NF-kB dimers in
the cytoplasm. Phosphorylated IkBa/f are ubiquitinated and degraded by the proteasome,
thereby allowing NF-kB dimers (such as p65/RelA and p50) to translocate into the nucleus
and initiate transcriptional activation of genes involved in inflammation (e.g., TNF, IL-6), cell
survival (e.g., cFLIP, Bcl-xL), and immune modulation3®.

Complex | O K63
TNF/TNFR1 : wg
interaction

O Pro-survival Phosphorylation
O Pro-death Phosphorylation

c NF-| kB1 p105

..--
@
@

Figure 1. TNFR1 Activation and Complex | Assembly. Engagement of TNF with TNFR1
induces receptor trimerisation and a conformational change in the intracellular death domain
(DD), enabling sequential recruitment of adaptor and effector proteins to form membrane-
bound Complex I. TRADD and RIPK1 are recruited via DD interactions, while TRAF2/5 and
E3 ubiquitin ligases clAP1/2 catalyse K63-linked polyubiquitination of TNFR1 intracellular
part and RIPK1. The linear ubiquitin chain assembly complex (LUBAC; HOIL-1L, HOIP,



SHARPIN) adds M1-linked ubiquitin chains, creating a scaffold for downstream signalling.
Ubiquitin scaffolds recruit the TAK1 kinase complex (TAK1-TAB1-TABZ2/3) to activate MAPKs
(INK, p38, ERK) and the IKK complex (IKKa/B-NEMO), which phosphorylates IkBs, leading
to their degradation and nuclear translocation of NF-kB dimers (p65/RelA-p50) to drive
transcription of inflammatory and pro-survival genes. Temporal recruitment of TBK1 and IKKe
via TANK and NAP1/AZI2 fine-tunes transcriptional outputs. Deubiquitinases (CYLD,
OTULIN, and A20) regulate ubiquitin scaffolds, ensuring controlled activation of NF-kB and
modulating JNK/MAPK signalling, thereby maintaining the balance between cell survival and
death. Created in BioRender, https.//biorender.com/qgfpc1mz.

2.1.2.3. TBK1/IKKe Recruitment and Temporal Regulation

An additional layer of complexity is introduced by TANK-binding kinase 1 (TBK1) and IKKE,
which are recruited to Complex | through distinct mechanisms involving different adaptor
proteins®’. TANK1 binds directly to NEMO, leading to early-phase recruitment of TBK1 and
IKKe to the TNFR1 signalosome. In contrast, AZI2 (also known as NAP1) is recruited in a
delayed manner, typically dependent on the recruitment of the deubiquitinase A20 to M1-
linked chains, which facilitates AZI2-dependent TBK1 and IKKe engagement38. This temporal
regulation results in differential activation dynamics and contributes to the fine-tuning of
downstream transcriptional programs, including those mediated by IRF3 and IRF7 in antiviral
and interferon responses.

2.1.2.4. Regulation by Deubiquitinases

The integrity and duration of Complex | signalling are tightly regulated by the opposing actions
of deubiquitinases. Cylindromatosis (CYLD), a deubiquitinase with specificity for K63- and
M1-linked chains, is recruited to HOIP by spermatogenesis-associated protein 2 (SPATA2)3®-
42 This interaction allows CYLD to modulate the strength and duration of LUBAC-mediated
signalling. Conversely, A20 is recruited to and protects M1-linked chains from CYLD-
mediated degradation*3. Additionally, OTULIN, which selectively cleaves linear ubiquitin
chains, acts in a constitutive, LUBAC-associated manner to restrain excessive NF-kB
activation by repressing LUBAC autoubiquitination*4%. These deubiquitination events
function as molecular brakes that constrain excessive activatory signalling and inflammation
and preserve the equilibrium between pro-survival and cell death signalling pathways.

2.1.2.5. Complex | Destabilisation and Shift to Cell Death

Collectively, the coordinated post-translational modifications and scaffold assemblies
associated with TNFR1 facilitate the formation of a stable Complex |, which transduces
context-dependent signals that promote cell survival and inflammatory responses under
homeostatic conditions. Perturbations in Complex | stability can lead to disassembly of this
complex and the subsequent formation of a cytotoxic, pro-death signalling platform, termed
Complex II. The transition from Complex | to Complex Il constitutes a critical cell-fate decision
point that is tightly regulated by an array of molecular checkpoints embedded within Complex
|. These checkpoints function to restrain aberrant activation of apoptotic and necroptotic
pathways, ensuring that programmed cell death is initiated only under conditions that warrant
it.

A central target of these checkpoints is RIPK1, which, in addition to its pro-survival scaffolding
functions, can adopt a cytotoxic role as a “killer kinase” that promotes Complex Il assembly
following its enzymatic activation within Complex 146. The inhibition of RIPK1 kinase activity



is primarily mediated by IKK kinases, including IKKa/B4” but also TBK1/IKKe*® which
phosphorylate RIPK1 at Ser25%°. These phosphorylation events inactivate RIPK1 kinase
activity in a non-redundant manner, as ablation of any one of these kinases is sufficient to
unleash RIPK1, promoting its incorporation into Complex Il and predominantly triggering
apoptosis*°0.51  Interestingly, although Ser25 phosphorylation prevents RIPK1 kinase
activation, mutation of this site (S25A) alone is insufficient to induce RIPK1-mediated
cytotoxicity following TNF stimulation*®. This observation suggests that the inhibitory roles of
IKKa/B and TBK1/IKKe on RIPK1 extend beyond Ser25 phosphorylation, potentially involving
additional phosphorylation sites and/or complementary regulatory mechanisms.

Importantly, RIPK1 kinase inhibition is also controlled by the recruitment and activation of
these kinases within Complex | which is critically dependent on ubiquitin chains and ubiquitin-
binding adaptors. Disruption of these upstream regulators, such as deficiency of clAP1/2 or
LUBAC?"32, mutation of the RIPK1 ubiquitin acceptor site Lys377 (Lys376 in mice)%?-%, or
loss of NEMO?%357, A2043, or OTULIN#3-45, impairs kinase recruitment or activation, thereby
indirectly compromising the IKK-dependent checkpoints. Similarly, inhibition of TAK1, which
acts upstream of IKK activation, can destabilize the checkpoint machinery within Complex
158, Such perturbations shift the TNF response from a pro-survival program to RIPK1 kinase-
dependent apoptosis and necroptosis, highlighting the tight integration of ubiquitin-dependent
scaffolding, kinase activity, and checkpoint control in determining cell fate's.

An additional layer of regulation is provided by the E3 ligase Mind Bomb-2 (MIB2), which
selectively ubiquitylates RIPK1%°. Unlike clAPs or LUBAC, MIB2 does not influence NF-kB
activation but specifically inhibits RIPK1’s pro-apoptotic activity®®. By conjugating inhibitory
ubiquitin chains to residues such as K377, K604, and K634, MIB2 interferes with RIPK1
oligomerisation and its association with FADD, thereby limiting the transition from Complex |
to Complex I15°. Absence of MIB2 selectively converts TNF signalling from a predominant
pro-survival signal into a death signal, highlighting its unique role in restraining RIPK1-
mediated cytotoxicity without affecting upstream kinase activation®®.

Downstream of TAK1, MK2 provides an additional layer of regulation. MK2 phosphorylates
RIPK1 at Ser320 and Ser335 (Ser321 and Ser336 in mice), which reduces RIPK1 activation
in Complex | and therefore limits Complex Il assembly®%-63, Importantly, MK2 deficiency in
mouse embryonic fibroblasts (MEFs) and bone marrow-derived macrophages (BMDMs)
does not by itself switch TNF signalling toward cell death but rather, increases cytotoxicity
only when one of the primary checkpoints is already compromised®®2. Thus, MK2 acts as a
secondary protective mechanism, fine-tuning RIPK1 activity and reinforcing the overall
checkpoint network.

Taken together, the integrated checkpoints within Complex | predominantly serve to restrain
RIPK1 kinase activity and maintain pro-survival signalling. When these checkpoints are
compromised, RIPK1 becomes enzymatically active and dissociates from the receptor-
associated Complex |, triggering the nucleation of the cytotoxic platform, Complex Il. This
transition represents the molecular switch from TNFR1-mediated pro-survival and
inflammatory signalling to regulated cell death.



2.2. Transition to Cell Death Signalling
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Figure 2. TNFR1 Complex | Destabilisation and Transition to Cell Death. Under
homeostatic conditions, TNFR1 signalling via Complex | promotes cell survival and
inflammation. Perturbations in kinase checkpoints or ubiquitin scaffolds destabilize Complex
I, allowing RIPK1 to adopt a cytotoxic role and nucleate cytosolic Complex Il. Complex lla
forms in a RIPK1-independent manner, typically upon translation inhibition, initiated by
TRADD recruitment, whereas Complex IIb forms in a RIPK1-dependent manner following its
kinase activation. Both complexes recruit FADD and caspase-8 to drive apoptosis, with cFLIP
isoforms modulating caspase-8 activity to fine-tune cell death. When caspase-8 is inhibited
or absent, RIPK1 engages RIPK3 to form the necrosome, activating MLKL and triggering
necroptosis. RIPK1 activity is restrained by phosphorylation (IKKa/B, TBK1/IKKe, MK2) and
inhibitory ubiquitination (MIB2), collectively maintaining the balance between pro-survival,
apoptotic, and necroptotic outcomes. Created in Biorender, https://BioRender.com/scpoow4.

2.2.1. Complex Il formation

In addition to their capacity to activate inflammatory gene programs through MAPK and NF-
KB pathways, a subset of tumour necrosis factor receptor superfamily (TNFR-SF) members
possess the unique ability to initiate regulated cell death. These so-called death receptors
(DRs) include TNFR1, CD95 (also known as Fas/APO-1), death receptor 3 (DR3), and the
two TNF-related apoptosis-inducing ligand (TRAIL) receptors: TRAIL-R1 (DR4) and TRAIL-
R2 (DR5)?2%4, A defining feature of these receptors is the presence of a cytoplasmic death
domain (DD), which enables them to engage intracellular signalling cascades that culminate
in apoptosis or, under specific conditions, necroptosis.

For TNFR1, the default signalling output is pro-survival and pro-inflammatory, mediated
through the formation of membrane-bound Complex I. However, upon destabilisation of this
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complex, RIPK1 dissociates from the receptor-associated scaffold and nucleates the
formation of a secondary cytotoxic platform, termed Complex II. This transition requires
RIPK1 kinase activity, which promotes its autophosphorylation (e.g., at S166) following DD-
mediated dimerisation®5-67, Complex Il assembly is further facilitated by CYLD-mediated
degradation of M1- and K63-linked polyubiquitin chains®®-%’ and by loss of inhibitory
ubiquitylation mediated by MIB2%°, underscoring the critical integration of kinase activation
and ubiquitin-dependent regulation in determining cell fate.

RIPK1 kinase-independent formation of Complex Il typically occurs upon protein translation
inhibition by cycloheximide (CHX) following TNF stimulation and is initiated by TRADD
nucleation (typically referred to as Complex 11a)®86°, Regardless of whether Complex Il is
nucleated via RIPK1 (Complex lIb) or TRADD, the process culminates in the recruitment of
the adaptor protein FAS-associated via death domain (FADD) through homotypic death
domain interactions. FADD then recruits caspase-8 via death effector domain (DED)
interactions, forming a cytosolic death-inducing complex capable of initiating apoptosis
through caspase activation’®. However, when caspase-8 activity is absent or inhibited,
Complex lIb shifts from an apoptotic to a necroptotic output, engaging RIPK3 through RIPK1-
RIPK3 RIP homotypic interaction motif (RHIM)-RHIM interactions, and ultimately leading to
MLKL activation and necroptosis execution’".

2.2.2. TNFR1-Mediated Apoptosis

Once Complex Il is formed downstream of TNFR1, the cell’s apoptotic machinery is engaged
primarily through the activation of caspase-8. Within the cytosolic Complex Il, caspase-8 is
recruited via death effector domain (DED) interactions with FADD and undergoes
dimerisation, which is a prerequisite for its proteolytic activation. This dimerisation can occur
between caspase-8 monomers (homodimers) or between caspase-8 and its catalytically
inactive paralog cellular FLICE-like inhibitory protein long isoform (cFLIPL, heterodimers).
The specific composition of the dimer critically determines the strength and duration of
apoptotic signalling”>73.

In the case of caspase-8 homodimers, dimerisation through the DEDs enables autocatalytic
cleavage, generating the fully active subunits (p18 and p10) that assemble into the
enzymatically active heterotetramer’#76, This active complex initiates the apoptotic cascade
by cleaving downstream effector caspases such as caspase-3 and caspase-7. These effector
caspases then target a wide array of substrates, including poly(ADP-ribose) polymerase
(PARP), cytoskeletal proteins, and DNA repair enzymes, ultimately leading to chromatin
condensation, membrane blebbing, and DNA fragmentation, hallmark features of
apoptosis’’.

By contrast, when heterodimers form between caspase-8 and cFLIP isoforms, the outcome
of dimerisation shifts toward regulation rather than full execution of apoptosis. The long
isoform, cFLIPL, closely resembles full-length pro-caspase-8 but lacks the active-site
cysteine, rendering it catalytically inactive. Heterodimerisation with caspase-8 produces a
complex with limited proteolytic activity, however, sufficient to inhibit apoptosis’?7476. While
caspase-8 homodimer is responsible for full-blown caspase-8 activation, caspase-8/cFLIPL
heterodimers only transiently promote caspase-8 activity’?7476. Nevertheless, this residual
activity is sufficient to cleave RIPK1 and suppress its transition to necrosome and the
subsequent activation of necroptosis. In contrast, the short isoforms, cFLIPs and cFLIPR,



consist solely of the two N-terminal DEDs and lack any catalytic or pseudo-catalytic domain,
making them purely inhibitory. These short isoforms limit caspase-8 activation within cytosolic
Complex Il by incorporating into DED filaments and forming inactive heterodimers, thereby
preventing full apoptotic signalling’8%. This mechanism ensures that caspase-8 activity is
tightly controlled, restricting the initiation and propagation of the apoptotic cascade in
response to TNFR1 stimulation.

cFLIP levels are regulated at the transcriptional and translational levels, adding another layer
of control over caspase-8 activity. NF-kB-dependent transcription upregulates cFLIP as part
of a cell death checkpoint. Owing to its short half-life, inhibition of protein translation with
cycloheximide (CHX) reduces cFLIP abundance, lowering the threshold for caspase-8
activation within TNFR1 Complex llaand facilitating apoptosis®-7081.  Conversely,
maintenance or upregulation of cFLIP expression via NF-kB-dependent transcription protects
cells from TNF family ligand-induced apoptosis, emphasizing the critical role of dynamic
cFLIP levels in controlling cell fate.

While TNFR1-induced apoptosis is classified within the extrinsic apoptosis pathway, initiated
through receptor-mediated activation of caspase-8, it frequently exhibits crosstalk with the
intrinsic (mitochondrial) pathway under specific cellular contexts. For instance, caspase-8
cleaves the BH3-only protein BID, generating truncated BID (tBID), which translocates to the
mitochondria to promote mitochondrial outer membrane permeabilisation (MOMP) and
cytochrome c release®2. This amplification loop engages the intrinsic caspase cascade,
including caspase-9 activation, thereby intensifying the apoptotic signal. A key regulator of
caspase-9 and the executioner caspases-3 and -7 is X-linked inhibitor of apoptosis protein
(XIAP), which directly binds and inhibits these caspases®. However, XIAP does not inhibit
caspase-8, and although executioner caspases are shared between intrinsic and extrinsic
pathways, the relevance of XIAP in TNFR1-mediated apoptosis remains suggestive, largely
restricted to Fas® or TRAIL®® -driven apoptosis.

Thus, TNFR1-mediated apoptosis is a highly regulated, context-dependent process that
integrates multiple checkpoints to determine cell fate. The outcome of Complex Il
engagement depends on the interplay between caspase-8 activation, cFLIP isoform
expression, and the availability of downstream apoptotic effectors. This multilayered
regulation ensures that cells respond appropriately to TNFR1 stimulation, balancing the need
for controlled cell clearance with the preservation of tissue integrity and the modulation of
inflammatory signalling.

2.2.3. Necroptosis: Molecular Machinery

In contrast to apoptosis, necroptosis is a lytic form of regulated cell death that becomes
activated when caspase-8 function is compromised. Inhibition of caspase-8 catalytic
activity®88” or its complete deletion®2° as well as genetic ablation of cFLIP or its adaptor
protein FADD?®187.89.90  prevents the proteolytic cleavage of RIPK1 at D325%".92. As a result,
RIPK1 is no longer inactivated and instead engages receptor-interacting protein kinase 3
(RIPK3) through RIP homotypic interaction motif (RHIM)-RHIM interactions, triggering the
assembly of a secondary, hetero-amyloid complex known as the necrosome. In contrast,
caspase-8-mediated cleavage of RIPK3 at D333, CYLD at D215, or cFLIP at D371/D377 or
loss of caspase-8 self-cleavage (D212A/D218A/D225A/D387A) is dispensable for
necroptosis prevention®%4, highlighting the non-redundant and central role of RIPK1



cleavage in suppressing this form of cell death. Interestingly, heterozygous missense
mutations D324N, D324H and D324Y that prevent RIPK1 cleavage in humans, causes
cleavage-resistant RIPK1-induced autoinflammatory (CRIA) syndrome driven by both RIPK1-
kinase dependent aberrant apoptosis and necroptosis®?.

This multimeric complex serves as the platform for RIPK3 activation, a process that involves
trans-autophosphorylation of its kinase domain (e.g., Thr231/Ser232 in mouse®, Ser227 in
human®), resulting in conformational stabilisation and full kinase activation. Activated RIPK3
subsequently phosphorylates the pseudokinase mixed lineage kinase domain-like protein
(MLKL) at conserved serine/threonine residues (e.g., Ser345 in mouse®, Thr357/Ser358 in
human®). These post-translational modifications promote MLKL oligomerisation and its
translocation to the plasma membrane via its N-terminal four-helix bundle (4HB) domain, a
structural motif that binds to specific phospholipids in the inner leaflet of the membrane®.

Once at the membrane, oligomerised MLKL disrupts membrane integrity, either by forming
pores or by interfering with membrane homeostasis, leading to ionic imbalance, osmotic
swelling, and eventual plasma membrane rupture®®. However, this step is not necessarily
immediate. The endosomal sorting complexes required for transport (ESCRT) machinery can
be recruited to sites of MLKL-induced damage, where it facilitates membrane repair by
shedding damaged membrane regions in the form of extracellular vesicles®-°'. This
transient repair mechanism can delay cell lysis and buffer against premature necroptotic
death, but it cannot fully prevent necroptosis once the death program is engaged.
Accordingly, silencing ESCRT components sensitizes cells to necroptosis, indicating that the
ultimate cellular outcome depends on the dynamic balance between ongoing membrane
damage and the efficacy of repair'0.101,

Necroptosis culminates in a distinct set of morphological features that clearly differentiate it
from apoptosis. Instead of nuclear condensation or apoptotic body formation, necroptotic
cells display organelle swelling, cytoplasmic granularity, and the uncontrolled leakage of
intracellular contents. Among these contents are danger-associated molecular patterns
(DAMPs) such as HMGB1, ATP, and extracellular DNA, which act as potent activators of
innate immunity and drive inflammation and immune cell recruitment'®2. By releasing these
inflammatory mediators, necroptosis serves as a backup form of regulated cell death when
apoptosis is impaired, amplifying inflammation in host defence and sterile inflammation.

2.2.3.1. Structure, Function and Regulation of MLKL

MLKL is composed of two functional domains: an N-terminal four-helix bundle domain
(4HBD) and a pseudokinase domain (PSKD), connected by a brace domain of two ao-
helices'%31%4 The 4HBD is essential for necroptosis execution, as the forced expression of a
dimerisable 4HBD induces cell death independently of necroptotic stimuli’®:1%  suggesting
that post-translational modifications expose the 4HBD to form oligomeric structures that
execute membrane permeabilisation®”.1%6-109  The PSKD, although catalytically inactive,
mediates binding to RIPK3 and allows RIPK3-dependent phosphorylation, which functions
as a molecular switch releasing the 4HBD for oligomerisation and membrane
translocation'03.107,110,

Species-specific differences exist between human and mouse MLKL. In mouse,
phosphorylation of S345 disrupts a K219-Q343 hydrogen bond, which is sufficient to activate
MLKL, whereas in human, T357/S358 phosphorylation, coupled with RIPK3 binding, is
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required to reach a closed-active-like conformation''’. MLKL then oligomerises in the
cytoplasm via the 4HBD before translocating to the membrane, where it binds specific
phospholipids (PIPs or cardiolipin) to destabilize the membrane and induce necroptotic cell
death107,112-114_
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Figure 3. Domain organisation and post-translational modifications of MLKL. (A) MLKL
contains a four-helix bundle (4HB, aa 1-125), a brace region, and a pseudokinase domain
(aa 180-471 in human, 181-472 in mouse). (B) Reported phosphorylation sites are shown as
purple circles, including RIPK3-mediated phosphorylation at T357/S358 in human and S345
in mouse. Grey circles mark ubiquitination sites on lysine residues. Sites with defined
functions are highlighted in bold. Created in BioRender, https.//BioRender.com/kjuj9vl.

MLKL is extensively regulated by post-translational modifications, notably phosphorylation
and ubiquitination. While RIPK3-mediated phosphorylation on T357/S358 or S345 of human
or mouse MLKL respectively is essential for necroptosis execution, additional residues,
including S124, S158, S228, S248, S82 in mouse, or S125, T374, Y376 and S83 in human,
fine-tune its activity'0>115-117  MLKL undergoes ubiquitination at multiple sites (e.g., K219,
K50, K77, K172), which can either promote oligomerisation and killing, target MLKL for
degradation, or facilitate endosomal trafficking for cell-death independent antibacterial
functions''. These observations suggest that different pools of MLKL, localized to distinct
cellular compartments, are regulated by context-dependent ubiquitination to control the
extent, timing, and localisation of necroptotic signalling.

Overall, MLKL activity is tightly controlled by a combination of structural features, post-
translational modifications, and species-specific regulatory mechanisms, ensuring precise
execution of necroptosis. However, despite extensive advances in understanding MLKL
structure, regulation, and post-translational modifications, a critical limitation persists, the
inability to detect necroptosis-associated phosphorylated MLKL in situ in tissues. Such
capability would provide unprecedented mechanistic insight into the execution of necroptosis
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across different organs and pathological contexts, surpassing the current reliance on complex
genetic models, such as RIPK3- or MLKL-deficient mice, which are labour-intensive and
limited in physiological relevance. Reliable in situ detection of activated MLKL would not only
refine understanding of necroptotic mechanisms but could also reveal previously
unrecognized roles of MLKL in tissue homeostasis, inflammation, and disease.

2.2.3.2. TNF/TNFR1-induced Necroptosis in Antiviral Immunity

Necroptosis is widely considered to have evolved as an innate immune mechanism to
counteract pathogens capable of inhibiting apoptosis''®'1°. The capacity of host cells to
initiate necroptotic cell death and limit viral replication has, in turn, imposed evolutionary
pressure on viruses, promoting the emergence of pathogen-specific strategies to evade
necroptosis’. Many viruses can temporally modulate necroptosis, either inhibiting it to
optimize replication or exploiting MLKL-induced cell lysis to facilitate viral egress. Some
viruses that inhibit necroptosis in human cells may conversely induce it in mouse cells,
underscoring the strong evolutionary co-adaptation of host MLKL and RIPK3118.119,

MLKL involvement in viral infection can be divided into two categories: RIPK3-mediated
activation (e.g., Vaccinia virus, Cytomegalovirus, Influenza virus) and direct viral targeting of
MLKL (e.g., BeAn 58058 poxvirus (BAV), Cotia Poxvirus (COTV), human CMV UL36)'2".122,
The majority of studies on necroptosis in viral infection have focused on RIPK3, largely due
to the prior absence of MLKL-deficient models or the later recognition of MLKL as the
executioner of necroptosis. Notably, MIkl mRNA is strongly upregulated during inflammation,
particularly via type | and Il interferon signalling, whereas Ripk3 mRNA can be induced in
certain infections independently of interferon, via promoter demethylation'?3-126. This
differential regulation suggests that MLKL and RIPK3 may have partially independent roles
in antiviral responses and inflammation.

A prototypical example is Vaccinia virus (VV), which induces TNF production and, by
inhibiting caspases through the viral caspase inhibitor B13R, activates RIPK3- and MLKL-
dependent necroptosis®:1'8, This necroptosis-driven inflammatory response is protective for
the host, as both RIPK3-deficient mice and mice expressing the kinase-inactive RIPK1
D138N mutant succumb to VV infection, whereas wild-type mice mount effective antiviral
immunity 18127,

Several other viruses have evolved mechanisms to directly target MLKL. Poxviruses such as
BAV and COTV express truncated MLKL homologues containing only the pseudokinase
domain (PSKD), which act as decoy substrates for RIPK3 phosphorylation, preventing host
MLKL activation and necroptosis execution'?'. Human CMV, in contrast, expresses the early-
regulated IE1 element, which inhibits cell death downstream of MLKL phosphorylation,
though the precise mechanism remains unclear'?8. Additionally, the UL36 protein targets
MLKL for degradation in human cells, further emphasizing that MLKL itself represents a
critical evolutionary target during infection'?2.

These findings underscore the complex evolutionary interplay between viruses and host
necroptotic machinery. While MLKL can be regulated directly or indirectly via RIP3 kinase,
most viruses trigger necroptosis predominantly through ZBP1-mediated sensing rather than
TNF/TNFR1 signalling, as discussed in the next section. This pattern suggests that
evolutionary pressure has rendered many viruses resistant to TNF-induced necroptosis,
prompting the host to develop ZBP1 as a backup sensor to detect and counteract viral
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evasion. Consequently, TNF/TNFR1-induced necroptosis appears to play a relatively limited
role in antiviral immunity, whereas ZBP1-driven pathways serve as a critical alternative. In
certain contexts, viruses may even exploit ZBP1-mediated pathways to enhance viral
dissemination, highlighting that MLKL’s contributions to host defence are highly context-
dependent and determined by the upstream sensing mechanisms engaged during infection.

2.2.3.3. TNF/TNFR1-induced Necroptosis in Sterile Inflammation

While the contribution of TNF/TNFR1-induced necroptosis to antiviral immunity appears
limited, its inflammatory potential becomes evident in experimental models of sterile
inflammation. Unlike infection settings, where ZBP1 sensing predominates, TNF-driven
necroptosis is typically engaged when the apoptotic machinery is genetically ablated or
functionally inhibited. Under physiological conditions, apoptosis represents the default form
of TNF-induced cell death, while necroptosis is actively suppressed. Central to this
suppression is the FADD-caspase-8-FLIP axis, which prevents RIPK1-RIPK3-dependent
necroptosis from being triggered downstream of TNFR173,

The non-apoptotic role of caspase-8 was revealed by genetic studies showing that germline
deletion of Casp8729, Fadd3°, or Cflip’3" resulted in embryonic lethality at E10.5 accompanied
by excessive cell death. The phenotype in Casp87- and Fadd--mice was attributed to defects
in vascularisation of the yolk sac and was fully rescued by concurrent deletion of Ripk38".67.88
or MIki®, demonstrating that lethality arises from unrestrained necroptosis. Conditional
deletion of Casp8'3? or Fadd'® in endothelial cells, reproduced the embryonically lethal
phenotype, implicating endothelial necroptosis as the proximate cause. Similarly, tissue-
specific ablation of Casp8 or Fadd in the skin or intestinal epithelium likewise provokes
RIPK3-MLKL-dependent necroptosis and inflammation’+'41_ In the intestinal epithelium
specifically, caspase-8 deficiency causes RIPK3-MLKL-dependent colitis and ileitis, whereas
in FADD/EC-KO mice, colitis was necroptosis-driven and ileitis depended partially on
necroptosis and, to a lesser extent, gasdermin D-mediated cell death'!, highlighting an
additional layer of crosstalk between caspase-8 and distinct regulated cell death pathways
beyond apoptosis. On the other hand, genetic ablation of necroptosis alone via RIPK3 or
MLKL deletion does not impair viability, although MLKL loss has recently been implicated in
protecting from age-related chronic sterile inflammation in female mice'#2. Embryonic lethality
occurs only when RIPKS3 kinase activity is inactivated, which unleashes caspase-8-mediated
apoptosis partly dependent on RIPK1, underscoring a mechanistic distinction between
RIPK3’s kinase activity and its RHIM-dependent scaffolding function'3. However, the precise
role of kinase-independent RIPK3 functions remains largely unresolved, as other mutations
that abolish ATP-binding site residues, such as K51A, D161G, and D143N, do not induce
apoptosis, and mice harbouring these mutations remain viable and fertile4+145,

Interestingly, even though necroptosis inhibition prevents caspase-8- or Fadd-deficiency-
driven lethality, mice lacking both apoptotic and necroptotic arms (Casp8+ or Fadd” with
Ripk3* or MIkl”- or Cflip”- Casp8” Ripk3”- mice), develop splenomegaly and an autoimmune
lymphoproliferative-like syndrome (ALPS)8'-87-89 These phenotypes are characterized by
expansion of autoreactive lymphocytes, including CD3* B220* T cells, reflecting caspase-8-
dependent defects in Fas (CD95) death receptor signalling that impair lymphoid lineage
homeostasis due to the failure to undergo cell death'46-148_|nterestingly, RIPK3 loss provides
a greater survival benefit to Casp8/ or Fadd”- mice than MLKL loss, suggesting additional
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necroptosis-independent functions of RIPK3 that contribute to lymphadenopathy,
autoimmunity, and cytokine dysregulation®°.

Structure-function studies further highlight non-apoptotic functions of caspase-8. Mice
expressing oligomerisation-deficient (F122G and L123G) or non-cleavable caspase-8 (D387
or D212A/D218A/D225A/D387A) survive to adulthood despite apoptotic resistance,
indicating that uncleaved caspase-8, particularly in heterodimers with cFLIP, is sufficient to
suppress RIPK3-dependent necroptosis without initiating apoptosis®'-92.14%.150 By contrast,
embryonic lethality of Cflip”- mice is rescued only by combined deletion of Ripk3 and Fadd,
reflecting cFLIP’s role in constraining both apoptotic and necroptotic signalling®'. Additionally,
catalytically inactive caspase-8 (C362S) causes embryonic lethality by inducing both MLKL-
driven necroptosis and ASC-Casp1-mediated pyroptosis'®!, indicating another intricate
crosstalk of non-apoptotic caspase-8 functions in regulating pyroptotic cell death.

Subsequent studies identified RIPK1 as a central checkpoint restraining both apoptosis and
necroptosis'®33, Although RIPK1 deficiency alone appears to rescue the embryonic lethality
of Casp8--or Fadd-- mice, still the double-deficient mice (Casp8” or Fadd”- Ripk1--) succumb
at the survival endpoint of RIPK1-deficient mice®%1%2-1%4 Thus, vice versa, deficiency of
Casp8, Fadd, or even Ripk3 alone does not rescue the perinatal lethality of Ripk77- mice, but
only combined ablation of both caspase-8 (or FADD) and RIPK3 fully prevents it'43-145,
Mechanistically, RIPK1 protects intestinal epithelial cells predominantly from caspase-8-
mediated apoptosis and keratinocytes from RIPK3-dependent necroptosis'®®1%. This
function is independent of its kinase activity, as RIPK1 catalytically inactive mice (D138N or
K45A) develop normally'?”:157 By contrast, Tnfr1 deficiency only partially prolongs survival of
Casp8”- or Fadd”- embryos (E17.5)'521% and tissue-specific caspase-8 or FADD deletion is
only incompletely rescued by TNF or TNFR1 deficiency'3%138.13% These findings suggest the
involvement of TNFR1-independent but RIPK3-dependent necroptotic pathways.
Interestingly, while Tnfr1 or Tnf loss alone does not or only incompletely rescue Ripk1
lethality, triple deficiency (Ripk1- Tnfr1-- Ripk3”) improves survival, though not to the extent
observed in Ripk1”- Casp8’ Ripk3- mice, suggesting that caspase-8 activation contributes
to the perinatal lethality of Ripk17- Ripk3” mice predominantly downstream of TNFR1,
potentially involving additional regulation by other death receptors, members of the
TNFRSF'52154.158 " |n line with this, TRADD partially contributes to this effect, as Tradd
deletion in Ripk1” Ripk3”- mice reduces systemic cell death and inflammation, ameliorates
intestinal and thymic pathology, and delays early lethality, though not to the same extent as
Ripk17 Tnfr1”- Ripk3” (or Ripk1” Casp8’ Ripk3”) mice'®®, suggesting that caspase-8
activation occurs also beyond TRADD regulation.

At the time, the mechanism by which RIPK3 could be activated in the absence of RIPK1
remained unclear, with evidence implicating TLR3/TRIF-, TLR4/MyD88-, and type /Il
interferon-mediated pathways'%21%4. Similarly, loss of caspase-8, and to a lesser extent
FADD, was associated with type | interferon responses and inflammatory signalling
independently of necroptosis'34160-162 This suggested that TNFR1-independent activation of
RIPK3 could be mediated by other immune receptors, potentially linking interferon responses
to the RIPK3-MLKL necroptotic axis. More recent work has helped resolve this paradox by
identifying an interferon-stimulated gene, ZBP1, as a sensor capable of activating RIPK3 and
MLKL-dependent necroptosis independently of RIPK1163.164 an aspect that will be discussed
in detail in the following section. However, despite this discovery, it remains unclear how the
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loss of caspase-8, FADD, or RIPK1 leads to the type | interferon responses required to induce
ZBP1 expression, leaving the connection between these cell death-regulatory proteins and

interferon signalling unresolved.
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cell death.

Cflip™” Embryonic lethality at | - Ripk3”-Fadd”(develop
E10.5; yolk sac splenomegaly and ALPS
vascularisation in adulthood).
defects; excessive
cell death.

CflipP371/p377 Viable - -

Mikl"- Viable - -

Ripk3™" Viable - -

R ’p k3D333A/D333A Viable _ _

Ripk3P161N/ D16N Embryonic lethal Casp8*~ (E15.5), Casp8” (develop
(E11.5). Ripk1*- (E18.5), splenomegaly and ALPS

Ripk1” (perinatal in adulthood).
lethality).

Ripk3K514/K51A Viable. - -

oRripk3D161G/D161G

or

Ripk3D143N/ D143N

Casp8F1226L1236/F122GL1236 Viable. _ .

Casp803628/ C362S

(Or Casp80362A/C362A)

Embryonic lethality at
E11.5; yolk sac
vascularisation
defects; excessive
cell death.

MiIkl" (perinatal
lethality).

Ripk3”, MIkl”~-Casp1~"-,
Mikl”-Asc™ (develop
splenomegaly and ALPS
in adulthood).

Casp8D387A/ D387

or
Cas D 8D21 2A/D218A/D225A/D387A

Viable.

Ripk1”

Perinatal lethality;
systemic cell death.

Tnfr1”, Tnf"Fasl”,
Fadd”, Casp8”, Tradd”
, Triff", Ifnar’- (perinatal
lethality), Ripk3™", MIkI",
Myd88"- (P4), Tnfr1"-
Trif” (~P15), Tnfr1”-
Ifnar’- (~P20), Tradd”
Ripk3" (~P35), Tnfr1"-
Ripk3" (~P75).

Casp8’ Ripk3",

Fadd” Ripk3"

(develop splenomegaly
and ALPS in adulthood).

Ri pk1 K45A/K45A

Ripk1P3254/D3254 Embryonic lethality MIkl”, Ripk3™", Casp8”Ripk3’, Fadd"
between E10.5-11.5. | Ripk1P138N/D138N (~P14). | Ripk3’, Ripk1P138N/D138N
Ripk3’ (develop
splenomegaly and ALPS
in adulthood).
Ripk1D138N/D138N Viable. - _ )
or
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Table 1: Genetic perturbations of caspase-8, FADD, cFLIP, RIPK1, RIPK3, and MLKL
phenotypes and genetic rescues. Genetic deletion or mutation of key regulators of
apoptosis and necroptosis, reveals distinct developmental and immunological outcomes, as
well as specific rescue strategies. The genotype column lists the genes deleted or mutated,
while phenotype describes the major defects observed. Restored phenotype distinguishes
between partial rescue (delayed embryonic lethality or perinatal survival) and complete
rescue (survival to adulthood). Complete experimental details and mechanistic explanations
are provided in the main text.

2.3. ZBP1-Mediated Necroptosis

While canonical necroptosis is typically initiated through RIPK1-RIPK3-MLKL signalling
downstream of TNFR1, alternative upstream sensors can trigger this pathway independently
of Complex Il formation. Among these, Z-DNA binding protein 1 (ZBP1, also known as DNA-
dependent activator of IFN-regulatory factors, DAI) has emerged as a critical innate immune
sensor and effector of necroptosis. As an interferon-stimulated gene (ISG), ZBP1 expression
is tightly regulated by inflammatory cytokine signalling, linking its activation to both antiviral
immunity and interferon-driven tissue pathology'®®. Once expressed, upon sensing Z-form
nucleic acids, ZBP1 can activate RIPK3-dependent necroptosis, contributing to viral
clearance as well as sterile inflammation and tissue damage when dysregulated.

2.3.1. Structure and Function of ZBP1

ZBP1 is a cytosolic nucleic acid sensor and one of only two mammalian proteins, alongside
ADARH1, that contain two N-terminal Za domains (Za1 and Za2)'%6-1%8. These domains
specifically recognize and bind left-handed Z-form nucleic acids (Z-DNA and Z-RNA) 166-169,
Z-DNA is an unusual, left-handed DNA structure with a zig-zag backbone, distinct base
conformations, a more extended (longer) and thinner helical shape, and altered groove
geometry'7°, It typically forms under high-salt conditions, in GC-rich sequences, or is induced
by negative supercoiling’”®-174, Similarly, Z-RNA adopts a zig-zag backbone and features a
left-handed twist, a stark contrast to the more common A-form RNA, which is a right-handed
helix'’0. In addition to its Za domains, ZBP1 contains three RHIM (RIP homotypic interaction
motif) domains, which mediate interactions with other RHIM-containing proteins such as
RIPK1, RIPK3, and TRIF, enabling downstream inflammatory and cell death signalling. This
includes NF-kB activation, leading to the expression of pro-inflammatory cytokines and
chemokines, a process dependent on the recruitment and ubiquitination of RIPK1 and
RIPK3175-178 RPK1 can also cooperate with ZBP1 to support caspase-8-mediated apoptosis
independently of RIPK3136.179.180 while RIPK3 following activation by ZBP1 phosphorylates
MLKL to induce necroptosis'®'-182 |nterestingly, interaction between ZBP1 and TRIF is
essential for mounting effective antiviral and antibacterial responses downstream of TLR3
and TLR4, by amplifying NF-kB, MAPK, and type | IFN signalling'83.184,
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Domain Human
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Domain Mouse

mZBP1-S 1+ Zal Za2 187

B-DNA/ Z-DNA/RNA
A-RNA

Necroptosis

Figure 4. ZBP1 domain organisation, nucleic acid recognition and necroptosis. (A)
Schematic representation of the domain architectures of the two major human and mouse
ZBP1 isoforms detectable by Western blot. In humans, the shorter isoform (ZBP1-S) lacks
exon 2, which encodes the first Za domain, whereas in mice the second isoform comprises
only the two Za domains. (B) ZBP1 can engage Z-DNA/RNA through two mechanisms: (i)
conformational selection, where the Za domains trap right-handed dsDNA/RNA transiently
adopting the Z-conformation, or (ii) induced fit, where Za domains actively drive nucleic acids
into the Z-conformation. (C) Upon binding, activated ZBP1 activates RIPK3 via RHIM-RHIM
interactions to induce MLKL-driven necroptotic cell death. Created in BioRender,
https.//BioRender.com/0r6sdyt.

2.3.2. ZBP1 in Antiviral Immunity

Historically, the first biological function ascribed to ZBP1 was in antiviral immunity. Early
studies proposed ZBP1 as a cytosolic DNA sensor that contributes to innate immune
activation, particularly during viral infections'®. Its role in antiviral defence was first
established in murine cytomegalovirus (MCMV) infection, where ZBP1 restricts viral
replication by inducing necroptosis via RIPK3, independently of RIPK1'82, This pathway is
normally suppressed by M45, an MCMV-encoded RHIM-containing protein that blocks ZBP1-
RIPK3 complex formation'86.87_ Similar strategies are employed by other large DNA viruses,
including herpes simplex virus-1 (HSV-1), HSV-2, varicella zoster virus (VZV), and the
vaccinia poxvirus which encode either RHIM-containing homologs such as ICP6, ICP10, and
ORF20, or the Za domain protein E3 respectively, to antagonize ZBP1 signalling and evade
ZBP1-RIPK3-induced necroptosis'®-19, In influenza A virus (IAV) infection (negative-strand
single-stranded RNA, ssRNA- virus), ZBP1 triggers both RIPK3-MLKL-dependent
necroptosis and RIPK1-caspase-8-mediated apoptosis'7%.180.194 ‘which appear to be mutually
exclusive at the single-cell level'®. Notably, unlike many DNA viruses, IAV does not encode
specific inhibitors of ZBP1-mediated cell death88.
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Upon viral infection, ZBP1 activation relies predominantly on viral-induced production of Z-
RNAs. Upon IAV infection, Z-RNA species accumulate in the nucleus leading to ZBP1-
RIPK3-MLKL-induced nuclear necroptosis, a highly inflammatory process which is
accompanied by the release of alarmins such as IL-33 and HMGB1, contributing to lung
inflammation®'-1%5_ In contrast, VV and SARS-CoV-2 trigger cytosolic Z-RNA accumulation,
reflecting their cytoplasmic replication cycles'88.1%_ |ntriguingly, vaccinia Za domain protein
E3 promotes Z-RNA formation via its C-terminal A-form dsRNA-binding domain while
blocking ZBP1 activation through its Za domain'®. Even in DNA virus infections, such as
MCMV and HSV-1, ZBP1 activation depends on newly transcribed RNAs and therefore Z-
RNA synthesis, rather than Z-DNA?190.197,198

In addition to inducing cell death, ZBP1 also contributes to transcriptional activation during
viral infection. It promotes NF-kB and type | IFN responses in infection with diverse DNA and
RNA viruses including HSV-1, HCMV, IAV, Zika virus, and SARS-CoV-2176,180,185,196,199-203
ZBP1 overexpression alone can activate NF-kB independently of cell death, demonstrating
that its transcriptional function is separable from its role in inducing apoptosis or
necroptosis’’®. However, in natural infections, dissecting ZBP1’s role in transcriptional
responses is complex due to redundancy with other innate immune sensors.

2.3.3. ZBP1 in Autoimmunity and Sterile Inflammation

Beyond its role in antiviral immunity, ZBP1 has been implicated in autoimmunity and sterile
inflammation. In addition to viral genomes or viral-induced nucleic acid species, endogenous
retroelements, specifically B2 and Alu short interspersed nuclear elements (SINEs), have
also been identified as key endogenous triggers of ZBP1 activation in autoinflammatory
conditions. This was first demonstrated in mouse models expressing RHIM-mutant RIPK1
either throughout the whole body or specifically in the skin, as well as in mice with
keratinocyte-specific deletion of RIPK1, which die perinatally due to unrestrained necroptosis
driven by spontaneous ZBP1 activation'63.164.204.205 Notably, ZBP1 plays a dominant role in
this model, contrasting with full-body RIPK1 knockout mice where both caspase-8-driven
apoptosis and ZBP1- and TRIF-mediated necroptosis via RIPK3 contribute to lethality
(Casp8~/~ Ripk1~~ Trif"- Zbp1~~ mice)'®31%4, Intriguingly, in this context, RIPK1 drives
necroptosis not only downstream of TNFR1 but also other death receptors, as indicated by
the lower survival advantage observed in Casp8/~ Tnfr17~ Zbp17~ compared to
Casp8~”~ Ripk17~ Zbp17~ mice, and in Casp8~~ Tnfr17~ Trif”~ Zbp1~~ compared to
Casp8~/~ Ripk1~~ Trif "~ Zbp1~~ mice'63.194.206

The precise mechanism by which the RHIM domain of RIPK1 suppresses ZBP1-mediated
necroptotic signalling remains incompletely understood, but appears to depend on caspase-
8 and FADD, and partly on TNFR1. The physiological relevance of this inhibitory axis is
highlighted by studies in intestinal epithelial cell-specific and keratinocyte-specific Fadd or
caspase-8 knockout mice, which develop both TNFR1- and ZBP1-driven, necroptosis-
dependent colitis and ileitis or dermatitis, respectively'36.141.204 - Additionally, the embryonic
lethality of Casp8~~ Tnfr1~- is further prolonged by co-deletion of Zbp71206. Recent work,
demonstrated that RIPK1 recruitment to Complex Il regulates the mode of ZBP1-mediated
RIPK3 activation, by generating a DD disruptive mutation not allowing DD-dependent
oligomerisation of RIPK1 (R588E) and therefore recruitment to Complex | and 11207
Interestingly, RIPK1R588E/R588E mice predominantly succumb to ZBP1- and TRIF- mediated
necroptosis via RIPK3 (and secondarily to TNFR1-TRADD-FADD-caspase-8 apoptosis)?°’.
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However, in all these cases, the upstream signals responsible for ZBP1 upregulation prior to
its activation, and how this contributes to necroptotic responses, remain unclear.
Interestingly, previous studies have shown that loss of caspase-8 or FADD lead to ZBP1
upregulation in mouse embryonic fibroblasts (MEFs), independently of cell death?2%8,
indicating that ZBP1 induction is not merely a secondary consequence of necroptosis-
induced inflammation. Similarly, Casp8~~ Tnfr17~ embryos presented with elevated
expression of ZBP12%. Nevertheless, the signalling pathways and molecular mechanisms
underlying ZBP1 transcriptional upregulation in this context remains unresolved, representing
a critical gap in our understanding of how necroptotic responses are primed independently of
canonical death receptor activation. Clarifying these mechanisms could provide important
insights into the regulation of autoimmune and autoinflammatory diseases and may uncover
novel therapeutic opportunities targeting ZBP1-dependent necroptotic pathways.

Equally important is understanding how ZBP1 is activated in the absence of infection and
under conditions of sterile inflammation, as transcriptional upregulation alone is insufficient
to trigger necroptotic signalling. The accumulation of the natural ligands for ZBP1 can
endogenously arise from perturbations in cellular nucleic acid regulation. Loss of the histone
methyltransferase and endogenous retroviruses (ERVs) suppressor, SETDB12% in intestinal
epithelial cells reactivates ERVs, producing double-stranded RNAs capable of forming Z-
RNA structures that activate ZBP1 and drive intestinal inflammation?'°. Similarly, the RNA-
editing enzyme ADAR1 prevents ZBP1 activation by converting adenosine-to-inosine (A-to-
I) within double-stranded RNA, particularly inverted repeat Alu elements (IR-Alus), thereby
avoiding recognition by innate immune sensors including the MDA5-MAVS signalling
pathway?'-213, Hemizygous expression of Za domain mutant ADAR1 leads to defective
editing of IR-Alus, which are abundant in the 3' UTRs of many mRNAs?'4215, These IR-Alus
can form double-stranded structures that adopt Z-RNA conformations and activate ZBP1, as
further demonstrated by the transfection of in vitro-transcribed IR-Alus?'4.

Beyond its editing activity, the Za domain of ADAR1 may also exert editing-independent
functions by directly binding and sequestering Z-RNA or by competing with ZBP1 for access
to these structures. Additionally, ADAR1 does not only prevents ZBP1 activation and the
downstream induction of caspase-8- and RIPK3-mediated cell death but also suppresses
MAVS-independent but RIPK3-dependent ZBP1-induced IFN responses in Adar’ mice and
interestingly, ZBP1 Za domain-dependent but RIPK3-independent Zbp1-driven pathology in
Adar1mze-and Adarf195Ap150null mice?14-216_ Conversely, ZBP1 ablation completely rescued
severe pathology in Adar195Ap150null mice, a model that most closely recapitulates the
human condition of Aicardi-Goutiéres syndrome (AGS)?'6. Notably, the anti-inflammatory
function of ADAR1 extends beyond suppressing ZBP1-RIPK3-MLKL-mediated necroptosis
and ZBP1-caspase-8-dependent apoptosis, the latter being partly reliant on RIPK3215216,
Specifically, these studies suggest that caspase-8 limits the interaction between ZBP1 and
RIP kinases, thereby restraining excessive transcriptional inflammatory signalling
independently of cell death?!%216,

In contrast, deletion of TREX1, a DNA exonuclease mutated in autoinflammatory diseases
such as AGS, familial chilblain lupus, and SLE?"?, also upregulates ZBP1 via enhanced type
| IFN signalling?'®, but ZBP1 loss in TREX1-deficient mice does not alleviate inflammation,
ISG expression, or tissue pathology?'S. This highlights the context-dependent contribution of
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ZBP1, and possibly its reliance on Z-RNA rather than Z-DNA for driving pathology via de-
repressed endogenous retroelements (including LTR/ERVK, LINE/L1, SINE/Alu and SIN)?'°,

ZBP1 regulation is further fine-tuned by protein isoforms and domain architecture. C-terminal
truncation in mice retaining only the two Za domains and the first RHIM renders ZBP1
constitutively active, inducing autoinflammation through both RIPK1-FADD-caspase-8-
mediated apoptosis and RIPK3-MLKL-dependent necroptosis’3®. A short isoform, ZBP1-S,
can antagonize full-length ZBP1-L by competing for Z-nucleic acid binding, acting as an

endogenous inhibitor 218,

Genotype Phenotype Restored phenotype
Partial Complete
Ripk1” Perinatal lethality; both caspase-8- | In Table 1. Casp8”Trif"Zbp1”
driven apoptosis and ZBP1-/TRIF- (develop
mediated RIPK3 necroptosis. splenomegaly and
ALPS in adulthood).
Ripk 1RHIM/RHIM Perinatal lethality due to - Ripk3”, MIkl"-, Zbp1~
unrestrained ZBP1-driven .
necroptosis
Ripk1RS88E/RS88E | Perinatal lethality. Mikl- (~P7), Zbp1” Ripk3’"Fadd",

(~P7), Ripk3” (~P70), (develop

Trif"Zbp1’- (~P210). splenomegaly and
ALPS in adulthood),
Ripk3”Tnfr1”, Ripk3
~Tradd™”, MIkl"-
Tradd*".

Ripk1”- Casp8™"

Perinatal lethality.

Zbp1’ (~P25). Trif"Zbp17- (develop
splenomegaly and
ALPS in adulthood).

Ripk1’- Tnfr1”

Perinatal lethality.

Triff~ (P15), Ifnar” -
(~P20), Stat1* (sP25),
Zbp1” (~P35), Ifnar1”
Ifngr1’- (<P86), Ripk3"

(~P75).
Casp8” Tnfr1” | Embryonic lethality at ~E17.5. Trif”~ (~E18.5), Zbp1”- Trif"Zbp17- (develop
(sP7). splenomegaly and

ALPS in adulthood).

Adar”

Embryonic lethality between E11.5
and E12.5.

Mavs™, Ifih1/ -
(Perinatal lethality),
Mavs”Zbp1" (<P105),
Mavs”Ripk3” (<P105),
Ma VS'/' Zb o 1Za1 a2/Zala2
(sP140).

A dar1mZa/mZa

Viable

Adar1mzo-

Perinatal lethality (~P2).

Mikl"- (P5), Ripk3” Mavs™”, Zbp1Mavs*"
(~P8), Zbp1+*, , Zbp1" Mavs™"
pr1mZaIchx ("‘"P1 05),
pr1Za1a2/Za1a2 (~P126)

Ada ’P1 95A/p150null

Postnatal lethality at P25.

MIKI", Ripk1<K#A/K45A Ifih17, Dhx58",
(~P25), Ripk3" (~P130), | Zbp1*-
Eif2ak2" (~P112),
Zbp1*- (~P175).

Ada ,p1 50null/p150null

Embryonic lethality.

Ifih1” (P5), Ifih1” -
Zbp1” (~P10).
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Table 2: Genetic perturbations highlighting the role of ZBP1 in sterile inflammation
and necroptosis. Genetic deletions or mutations in key regulators reveal the central role of
ZBP1 in driving necroptosis and sterile inflammatory phenotypes. The genotype column lists
the genes deleted or mutated, while phenotype describes the resulting developmental
defects. Restored phenotype distinguishes between partial rescue (delayed embryonic
lethality or perinatal survival) and complete rescue (survival to adulthood). Complete
experimental details and mechanistic explanations are provided in the main text.

In summary, ZBP1-mediated necroptosis defines a RIPK3-dependent cell death pathway
responsive to both endogenous and viral Z-nucleic acids. Beyond antiviral defence, ZBP1
acts as a central driver of inflammation when regulatory checkpoints such as RIPK1, ADAR1,
or the FADD/caspase-8 axis, are impaired. Understanding these mechanisms will be critical
for uncovering how ZBP1 contribute to infectious, autoimmune and autoinflammatory
diseases and may reveal novel opportunities for therapeutic intervention targeting ZBP1-
dependent necroptosis and inflammation.

2.4. Non-Apoptotic Roles of caspase-8 in Genome Integrity

While ZBP1-mediated necroptosis is primarily engaged in antiviral defence and can also
contribute to sterile inflammation, TNFR1-mediated necroptosis plays a context-dependent
role in amplifying inflammatory signalling, particularly when apoptosis is inhibited. Central to
these pathways is caspase-8, traditionally recognized as the initiator caspase that
orchestrates apoptosis downstream of TNFR1 while restraining uncontrolled necroptosis.
Beyond its canonical role in cell death, caspase-8 is increasingly appreciated for non-cell
death functions that safeguard cellular and genomic integrity, highlighting its involvement in
processes that extend beyond the execution of cell death. Through this dual functionality,
caspase-8 acts as a molecular checkpoint, integrating signals from cell death pathways and
cellular stress responses to maintain cellular homeostasis.

The role of caspase-8 in maintaining genome integrity independently of its cell death role is
supported by multiple studies. In hepatocytes, caspase-8 has a non-apoptotic function in
H2AX phosphorylation, an essential step in the DNA damage response to replication
stress?’®. Experiments in mice lacking caspase-8 in hepatocytes demonstrated that its
absence is genotoxic, impairing the DNA damage response and creating an environment
conducive to genomic instability?'®. Consistent with these observations, caspase-8 deficiency
has been reported to promote cellular transformation in vitro independently of its apoptotic
function??°, Loss of caspase-8 expression, either through mutation or epigenetic silencing,
has also been reported in murine and human hepatocellular carcinoma and advanced gastric
cancer??'-223_Collectively, these observations indicate that caspase-8 deficiency may not only
confer apoptosis resistance but also promote replication errors, thereby increasing genomic
instability and predisposition to malignant transformation.

Caspase-8 has also been shown to play a direct role in maintaining chromosomal stability
independently of cell death. Mitotic abnormalities were observed in Casp8“-embryos at E10.5
and in Casp87 Ripk3’ and Casp8” Mikl”- embryos at E13.5, a stage at which embryonic
lethality is fully rescued by loss of necroptosis activation?#. Qualitative and quantitative
analysis of these embryos revealed a clear accumulation of aberrant mitoses.
Mechanistically, molecular and biochemical analyses reveal that caspase-8 regulates
chromosomal segregation through cleavage of PLK1 following its recruitment to RIPK1 during
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mitosis, and both excessive or absent caspase-8 activity drive the accumulation of genomic
instability.

Chronic liver inflammation models further illustrate the interplay between caspase-8 activity,
necroptosis, and genome integrity. In mice with liver parenchymal cells (LPC)-specific
deletion of Tak1, RIP3-dependent necroptosis limits caspase-8-dependent compensatory
hepatocyte proliferation, immune cell activation, hepatic fibrogenesis, and chromosomal
aberrations, thereby mitigating hepatocarcinogenesis??®. Enhanced caspase-8 activation as
a consequence of RIPKS3 loss has been associated with chromosomal aberrations affecting
chromosomes 4, 8, and 13, linking dysregulated caspase-8 activity to genomic instability.
Caspase-8 also plays a critical role in hematopoietic cells. Loss of caspase-8 in B
lymphocytes leads to impaired cytokinesis and markedly elevated levels of chromosomal
aberrations, culminating in B-cell ymphomagenesis in 60-week-old mice, demonstrating an
important role of caspase-8 in maintenance of genomic integrity and tumour-suppressive
function?2.

However, although loss of caspase-8 has been associated with cellular transformation in vivo,
it is important to note that persistent DNA damage and the consequent accumulation of
cytosolic DNA do not inevitably lead to tumorigenesis. Accordingly, genomic instability arising
from caspase-8 deficiency may not universally drive tumour formation across all tissues. In
particular, the restricted survival of Casp8” Rripk3’- and Casp87 MIkl”- mice due to the
development of ALPS synrome®'.87-89 could obscure the development of tumours that might
otherwise become detectable at later stages. Furthermore, evidence from multiple
independent genetic models demonstrates that chronic DNA damage or cytosolic DNA
accumulation does not inherently result in tumour formation. BubR1-insufficient mice??’,
Rnaseh2b??8, and Samhd1 knockout mice??° all exhibit persistent genomic instability and/or
cytosolic DNA accumulation without spontaneous tumour development, highlighting that DNA
damage and chromosomal abnormalities can promote inflammation independently of cancer.

Taken together, these studies establish that caspase-8 has a fundamental non-cell death role
in preserving genomic integrity. It orchestrates precise mitotic progression and constrains
chromosomal aberrations independently of its apoptotic function and its role in preventing
necroptosis activation. Notably, it remains largely unexplored whether the genomic instability
resulting from caspase-8 deficiency could directly facilitate the leakage of nuclear DNA into
the cytosol. Such cytosolic DNA (self-DNA) represents a potent trigger for innate immune
surveillance, with nucleic acid sensors, most prominently the cGAS-STING axis, as
discussed in the next section, playing a central role in its detection and downstream
signalling. While the causal relationships remain primarily correlative, these observations
suggest a mechanistic framework whereby caspase-8-mediated maintenance of genomic
stability may indirectly influence cytosolic DNA availability, thereby modulating cGAS-STING-
dependent inflammatory responses. This conceptual link provides the rationale for the current
thesis, establishing a foundation for subsequent investigations into how perturbations in
caspase-8 function intersect with innate immune signalling, a topic explored in detail in the
following section.
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3. Nucleic Acid Sensing in Innate Immunity - The cGAS-
STING Pathway
3.1. Cytosolic DNA Sensing in Innate Immunity

Innate immunity serves as the first line of defence against invading pathogens and
endogenous danger signals. It functions not only as an autonomous barrier to infection but
also as a tightly integrated partner of the adaptive immune system, essential for establishing
and maintaining tissue homeostasis. This early immune response is orchestrated by
germline-encoded pattern recognition receptors (PRRs), which detect conserved molecular
patterns, either pathogen-associated molecular patterns (PAMPs) derived from infectious
agents, or damage-associated molecular patterns (DAMPs) released during sterile injury or
cellular stress. Upon engagement, PRRs initiate a cascade of signalling events that promote
cellular defence mechanisms and the secretion of soluble mediators, including type |
interferons (IFNs), tumour necrosis factor (TNF), interleukins (lLs), and other pro-
inflammatory cytokines?3°. These mediators amplify innate immune responses in an autocrine
and paracrine manner, activating neighbouring cells and shaping the recruitment and
activation of adaptive immune components if the threat persists.

Although DNA was initially regarded as an “immuno-inert macromolecule”, research over
the past twenty-five years has revealed its potent immunostimulatory properties when
mislocalised. Under physiological conditions, DNA is compartmentalized within the nucleus
and mitochondria. Its presence in the cytosol is therefore interpreted as a danger signal that
activates distinct PRRs, triggering robust innate immune responses depending on its
structural characteristics and intracellular context. Among the DNA-sensing PRRs identified
to date are: Toll-like receptor 9 (TLR9), an endosomal sensor that recognizes unmethylated
CpG-rich DNA sequences typically found in bacteria?3'; absent in melanoma 2 (AIM2), which
detects cytosolic double-stranded DNA (dsDNA) and activates the inflammasome, leading to
IL-1B and IL-18 maturation and pyroptosis?3?; ZBP1, which plays a critical role in sensing Z-
form nucleic acid structures and regulating inflammatory cell death as previously
described'®®; interferon-inducible protein 16 (IF116), a member of the PYHIN family that
localizes to both the nucleus and cytosol and signals via the STING pathway?33; and cyclic
GMP-AMP synthase (cGAS), a cytosolic DNA sensor that catalyses the production of cyclic
GMP-AMP (cGAMP) to activate STING?342%, This multi-layered network of DNA sensors
ensures robust immune surveillance against infections and endogenous threats while
incorporating multiple layers of regulation to prevent excessive or autoreactive responses.
Mechanisms such as nucleic acid compartmentalisation, nuclease activity (e.g., TREX1,
DNase [1236-238)  and post-translational modification of signalling intermediates?®® play
essential roles in maintaining this delicate balance.

3.2. cGAS-STING Pathway: Activation and Signal Transduction

Among the previously mentioned DNA sensors, the cyclic GMP-AMP synthase-stimulator of
interferon genes (CGAS-STING) axis has emerged as a central and evolutionarily conserved
pathway in cytosolic DNA sensing. Unlike endosomal receptors such as TLR9 or
inflammasome activators like AIM2, the cGAS-STING pathway operates as a cytosolic
surveillance system that couples DNA recognition directly to the induction of type | interferon
responses and broader inflammatory signalling. This pathway plays a pivotal role not only in
antiviral immunity but also in immune response against other pathogens including
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intracellular bacteria and parasites, antitumor responses, autoimmunity, and tissue
homeostasis?40-243,

Due to its wide-ranging immunological roles and its sensitivity to both self and non-self DNA,
the cGAS-STING pathway has garnered considerable attention as both a critical mediator of
immune surveillance and a potential driver of inflammatory disease. Its activation is tightly
controlled at multiple levels to prevent unwanted immune activation. The following sections
explore in more detail the molecular underpinnings of cGAS-STING signalling, its regulation,
and its functional impact on immune homeostasis.

3.2.1. DNA Recognition via cGAS and cGAMP Production

3.2.1.1. Molecular Structure of cGAS and Mechanism of DNA Recognition

Structurally, cGAS is a bilobular enzyme composed of a non-conserved N-terminal domain
with unstructured, positively charged regions and a highly conserved C-terminal lobe
containing the nucleotidyltransferase (NTase) catalytic core domain and male abnormal 21
(Mab21) domain which processes the DNA-binding sites?*424%, The N-terminal region
(residues 1-160 in human cGAS) is intrinsically disordered and enriched in basic residues,
facilitating electrostatic interactions with nucleic acids, phase separation, and chromatin
tethering, but is dispensable for DNA-dependent cGAMP synthesis?35250:251 DNA recognition
is primarily mediated through the C-terminal lobe, which presents a positively charged
surface groove that accommodates the DNA phosphate backbone in a sequence-
independent manner#4-24%, The DNA interface comprises three main contact sites: Site A,
the primary DNA interaction surface, induces conformational changes that open the catalytic
pocket for ATP and GTP; Site B cooperates with Site A to form the minimal catalytically active
2:2 “ladder-like” cGAS-DNA complex?%?; and Site C stabilizes binding to long or bent DNA,
favouring GC-rich or repetitive sequences?+%253, These features promote higher-order cGAS-
DNA oligomers and liquid-phase condensates?*5253, which enhance enzyme concentration
and catalytic turnover while protecting DNA from TREX1 degradation, thereby amplifying
downstream signalling?5#255,

The DNA-binding affinity of cGAS is largely governed by the length and structural rigidity of
the DNA substrate. Human cGAS typically requires DNA fragments >40-50 bp?%?, whereas
murine cGAS, despite ~65% sequence identity, responds to fragments as short as ~20 bp2°6.
This heightened sensitivity in mouse cGAS is attributed to subtle but functionally relevant
differences in its DNA-binding interface, particularly within the a5 helix and L2 loop, which
confer increased DNA-binding affinity and more efficient activation in response to structurally
diverse DNA ligands?%6:257,

3.2.1.2. cGAMP Production

Upon dsDNA binding, cGAS undergoes conformational rearrangement that activates its
catalytic pocket, enabling synthesis of the unique second messenger 2'3-cGAMP, which
binds STING with high affinity?44-249.258-260  The catalytic core (residues 161-522 in human
cGAS) contains a conserved H-Y-E motif (His390, Tyr394, Glu397) that mediates this
reaction. cGAS first generates a linear intermediate, pppG(2'-5')pA, by transferring ATP to
the 2'-OH of GTP. The intermediate then rebinds in an inverted orientation, allowing a second
transfer and cyclisation, producing 2'3'-cGAMP with both 2'-5' and 3'-5' linkages?47-258-260,

24



3.2.1.3. Self-Tolerance and Safeguards of cGAS

Despite its potent activity, cGAS must be tightly regulated to prevent autoimmune activation.
At the biophysical level, cGAS undergoes liquid-phase separation with dsDNA, forming
condensates that amplify enzymatic activity and downstream signalling®®%2%', These
assemblies are further regulated by modulatory factors, including RNA species that form
cGAS-RNA granules, protein interactors (i.e. G3BP1, PKR) and the structural conformation
of DNA (e.g., B- vs. Z-DNA), and viral proteins including human herpesvirus ORF52, VP22,
and the SARS-CoV-2 nucleocapsid 2.

A second safeguard is subcellular compartmentalisation. Although predominantly cytosolic,
a substantial fraction of cGAS resides in the nucleus, especially following nuclear envelope
breakdown prior to mitosis262-266 Here, it is tethered to the acidic patch of nucleosomes267-273
via conserved arginine residues (R222/R241 in mouse; R236/R255 in human), which occlude
DNA-binding surfaces and hold the enzyme in an autoinhibited conformation?67-272,
Additionally, barrier-to-autointegration factor 1 (BAF) provides an additional checkpoint,
competing with cGAS for exposed DNA particularly during nuclear envelope rupture?’4.

Further safeguards prevent inappropriate activation of cGAS. At the plasma membrane,
cGAS is restrained by interactions with P1(4,5)P, via its N-terminal phosphoinositide-binding
domain, serving as another spatial safeguard against self-DNA recognition and
autoimmunity?’®. The exonuclease TREX1 digests cytosolic DNA?276277 while SAMHDA1,
DNase | and DNase Il degrade nuclear, circulating and lysosomal DNA fragments,
respectively?’8-281 Deficiencies in these regulatory systems are linked to severe autoimmune
disorders, such as Aicardi-Goutiéres syndrome, characterized by chronic interferon
responses mediated through unchecked cGAS-STING activation?%’,

3.2.2. STING Activation and Trafficking

Upon recognition of cytosolic DNA by cGAS and subsequent synthesis of 2'3'-cyclic GMP-
AMP (cGAMP), the cyclic dinucleotide acts as a second messenger that binds directly to
stimulator of interferon genes (STING), also known as methionine-proline-tyrosine-serine
(MPYS), transmembrane protein 173 (TMEM173) and ER IFN stimulator (ERIS), an
endoplasmic reticulum (ER)-resident transmembrane protein encoded by the TMEM173
(STING1T) gene. STING functions as a central adaptor in cytosolic DNA sensing, mediating
signal transduction that culminates in the activation of transcriptional programs for type |
interferons and inflammatory cytokines.

Structurally, STING consists of an N-terminal transmembrane domain (TMD) formed by four
transmembrane a-helices (TM1-TM4; residues 1-138 in human STING) that anchor the
protein in the endoplasmic reticulum (ER), followed by a large cytosolic C-terminal domain
(CTD). Within the CTD, residues 139-336 fold into a bilobed ligand-binding domain (LBD),
sometimes referred to as the cyclic dinucleotide-binding domain (CBD), that clamps around
its agonist, while the extreme C-terminal tail (CTT; residues 337-379) remains intrinsically
disordered and serves as a docking platform for downstream signalling partners?82-284_ STING
structure has been thoroughly reviewed?85-288_ Briefly, the ligand-binding domain (LBD) of
apo-STING (unbound state) adopts a butterfly-shaped dimer configuration, characterized by
a deep V-shaped cleft formed at the interface between the two protomers, referred to as the
open conformation. Upon binding of the endogenous ligand 2'3'-cGAMP, the cleft closes as
a four-stranded antiparallel B-sheet covers the ligand within the deep pocket, locking the LBD
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into a closed conformation. This ligand-induced conformational change is a prerequisite for
downstream signalling. Full-length STING forms a domain-swapped dimer, in which the last
helix of the TMD and LBD are connected via a linker composed of a short amphipathic helix
and a flexible hinge region. This hinge adopts a right-handed crossover configuration in the
apo state and reorients into a parallel conformation upon cGAMP binding. This is induced by
a remarkable 180° clockwise rotation of the LBD relative to the TMD?#2, relieving the right-
handed crossover of the connector helices and allowing the closure of a lid structure around
cGAMP. This process in fundamental in coordinating ER exit and initiating signal
transduction. In its active state, ligand-bound STING dimers can further assemble into linear
oligomeric arrays through side-by-side packing, creating a high-avidity signalling platform that
facilitates the robust recruitment and activation of downstream effectors such as TBK1 and
IRF3282.289  STING oligomerisation is further stabilized by intermolecular disulfide bonds
formed between adjacent dimers, as well as by palmitoylation at conserved cysteine residues
C88 and C91289-291,
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Figure 5. Structural Basis and Activation Mechanism of STING in Cytosolic DNA
Sensing. (A) Schematic representation of the functional domains of human STING, including
the N-terminal transmembrane domain (TM1-TM4; residues 1-138) that anchors the protein
in the ER/ Golgi, and the cytosolic C-terminal domain (CTD; residues 139-379). The CTD
contains a bilobed ligand-binding domain (LBD; residues 139-336), while the intrinsically
disordered C-terminal tail (CTT, residues 337-379) serves as a docking platform for
downstream effectors. (B) Representation of the full-length STING structure in two orthogonal
side views?82, (C) Topological diagram of the transmembrane domain?®2. (D) Mechanism of
STING activation: upon cytosolic DNA recognition, cGAS synthesizes 2'3'-cGAMP, which
binds directly to STING. The LBD undergoes a conformational switch from an open butterfly-
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shaped dimer to a closed state, locking cGAMP in a deep V-shaped cleft. This transition is
coupled to a 180° clockwise rotation of the LBD relative to the TMD via a hinge region,
facilitating ER exit and signal initiation. Activated STING dimers assemble into higher-order
oligomeric arrays stabilized by intermolecular disulfide bonds, providing a platform for TBK1
and IRF3 recruitment and activation, ultimately driving type I interferon and pro-inflammatory
cytokine responses. Created in BioRender, htips.//BioRender.com/tv8b4ep.

However, STING can exist as an oligomer in overexpression studies even before cGAMP
stimulation and concomitant activation??2, At the ER membrane, apo-STING has been shown
to organize into a bilayer structure through head-to-head and side-by-side arrangements of
dimers, effectively zipping two ER membranes together?®2. This bilayer formation represents
the autoinhibited resting state of STING. Disruption of ER membrane lipid composition, due
to factors such as cholesterol depletion, RNA virus infection, ER stress, or gain-of-function
mutations in STING (as seen in STING-associated vasculopathy with onset in infancy, SAVI),
can destabilize this planar bilayer into a curved monolayer conformation, promoting ligand-
independent STING activation?°2.

Following its activation, STING exits the ER and traffics through the ER-Golgi intermediate
compartment (ERGIC) to the Golgi apparatus?®3. According to the current model, this requires
the release of STING from the ER stromal interaction molecule 1 (STIM1) which has been
reported to interact with STING and retain it in the ER?*. Upon cGAMP binding and
conformational activation, STING dissociates from STIM1, allowing its packaging into coat
protein complex Il (COPII) vesicles. COPII vesicle formation begins with the activation of the
small GTPase SAR1A, which promotes the recruitment of the SEC23/SEC24 heterodimer to
form the inner coat, followed by the assembly of the tetrameric SEC13/SEC31 complex that
constitutes the outer coat. STING has been shown to interact with Sec24 responsible for the
recognition of cargo proteins by binding to their ER export signal®®>2%_ Several accessory
proteins have been implicated in facilitating the handover of STING to the SEC24C complex,
including STING1 ER Exit Protein 1 (STEEP), YIP family 5 (YIPF5) and transmembrane
emp24 protein transport domain containing 2 (TMED2)?%-298,
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Figure 6. STING trafficking mechanism?®. In its inactive state, STING is retained in the ER
through the retention factor STIM1 and COPI-mediated vesicular transport. Upon binding
cyclic dinucleotides (CDNs), STING exits the ER and traffics to the Golgi, where it forms
signalling complexes at the trans-Golgi network (TGN) to activate immune responses. Its
subsequent exit from the Golgi is coordinated by the clathrin adaptor AP-1, along with the
Golgin GCC2 and RAB14. Finally, STING-containing vesicles are directed to lysosomes for
degradation via the ESCRT machinery and the lysosomal adaptor protein NPC1. P,
phosphorylation?%.

Studies have suggested two models for STING signalling activation within the Golgi: one in
which the STING signalling complex is assembled at the cis-Golgi and maintained as it
progresses through the Golgi stack, and another in which activation is initiated later at the
trans-Golgi network (TGN), the currently prevailing model?®%300, COPI vesicles have been
identified as mediators of retrograde trafficking from the Golgi to the endoplasmic reticulum
(ER), a process thought to be dependent on ARF1-mediated COPI coat formation and the
cargo receptor SURF4, which facilitates the loading of STING into these vesicles301-305,
Support for this model comes from human genetic studies showing that mutations in COPI
component, COPA (a-COP), cause COPA syndrome, a rare autoinflammatory disease
marked by constitutive STING activation3°1-305, These mutations further disrupt the interaction
between STING and SURF4, thereby impairing retrograde transport393-305. Together, these
findings suggest that retrograde trafficking of STING from the Golgi to the ER is essential to
suppress spontaneous STING signalling and maintain immune homeostasis.

In the later stages of activation, STING undergoes lysosomal degradation as a critical
negative feedback mechanism to terminate signalling and prevent sustained immune
activation. This process depends on proper lysosomal trafficking, primarily mediated by the
lysosomal membrane protein Niemann-Pick type C1 (NPC1), which acts as an adaptor
recognizing activated STING and facilitating its delivery for proteolysis3%. Supporting this,
NPC1-deficient cells, including those from Niemann-Pick disease type C patients, show
impaired STING degradation and heightened inflammatory signalling. Additionally, the
clathrin adaptor complex AP-1 contributes to this pathway by interacting with residues L364
and 1365 of STING to promote its sorting into clathrin-coated vesicles for lysosomal
targeting®’’. STING Golgi exit requires the trans-Golgi protein GCC2 (GCC185), a Golgin that
mediates vesicle transfer to RAB GTPases via adaptor proteins?®®. Despite other Golgin
redundancy, only GCC2 is essential for STING Golgi exit, with RAB GTPases such as RAB14
mediating its subsequent transport. Furthermore, STING degradation is also supported by a
non-canonical autophagic response3%8:3%° and has recently been shown to involve the ESCRT
machinery (composed of HGS, VPS37A, UBAP1, Tsg101, and Vps4), which mediates the
internalisation of STING-containing vesicles into multivesicular bodies (MVBs) before they
fuse with lysosomes?10-312,
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3.2.3. Downstream Signalling via TBK1, IRF3, and NF-kB
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Figure 7. Activation of the cGAS-STING pathway by cytosolic double-stranded DNA.
Cytosolic double-stranded DNA (dsDNA), arising during infection or cellular stress, activates
the DNA sensor cyclic GMP-AMP synthase (cGAS). Upon binding dsDNA, cGAS dimers
assemble on the DNA and catalyse the synthesis of 2'3' cyclic GMP-AMP (cGAMP). cGAMP
binds to stimulator of interferon genes (STING) dimers at the endoplasmic reticulum (ER)
membrane, inducing conformational changes that trigger STING oligomerisation and its
trafficking to the Golgi. At the Golgi, STING recruits and activates TBK1 and IKKe, which
promotes STING phosphorylation and the recruitment and phosphorylation of interferon
regulatory factor 3 (IRF3). Phosphorylated IRF3 dimerises and translocates to the nucleus to
induce the expression of type | interferons, ISGs, and other inflammatory mediators, including
cytokines and chemokines. In parallel, STING activation also stimulates NF-kB signalling,
further amplifying inflammatory gene expression. Generated in
https.//BioRender.com/kb4d3ys.

3.2.3.1. STING Palmitoylation and TBK1-IRF3 Axis Activation

At the Golgi, STING undergoes palmitoylation at conserved cysteine residues close to TMD3
(C88 and C91 in humans), a modification critical for recruiting downstream kinases?®°. The
palmitoylation is catalysed by DHHC-family palmitoyltransferases, most notably DHHC3,
DHHC7 and DHHC15, and is required for the formation of STING signalosomes, higher-order
oligomers that cluster in lipid drafts at the trans-Golgi network (TGN)?%®. These oligomers act
as platforms for the recruitment and activation of TANK-binding kinase 1 (TBK1).

TBK1 binds to the PLPLRT/SD motif of the STING C-terminal tail (CTT)3'3314, This motif
inserts into a groove formed between the kinase domain of one TBK1 subunit and the scaffold
and dimerisation domain (SDD) of the other subunit within the TBK1 dimer. This bipartite
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binding surface allows for the precise docking of STING onto TBK1, with the leucine residue
at position 374 (Leu374) playing a significant role in stabilizing the complex and ensuring
effective signal transduction downstream of STING activation. Furthermore, STING
oligomerisation brings ‘cis’ TBK1 molecules, those bound directly to the same STING dimer,
into close proximity with ‘trans’ TBK1 molecules bound to adjacent STING dimers. This
spatial arrangement positions the activation loop of the ‘trans’ TBK1 molecules within reach
of the catalytic centre of the ‘cis’ TBK1 kinase domain, enabling TBK1 to phosphorylate
neighbouring TBK1 molecules in ‘trans’ at Ser172. This trans-autophosphorylation
mechanism is critical for full TBK1 activation and amplification of the downstream signalling
cascade. Once catalytically active, TBK1 phosphorylates the Ser366 (Ser365 in mouse)
residue within the pLxIS motif (where “p” is a hydrophilic residue, “x” is any amino acid, and
“S” is the phosphorylation site), which is located upstream of the PLPLRT/SD motif in the
STING CTT3'S. Importantly, TBK1 phosphorylates the pLxIS motif of STING dimers adjacent
to the one it is directly bound to, rather than the STING dimer it engages via the PLPLRT/SD
motif. Phosphorylation of Ser366 creates a docking site for the transcription factor IRF3,
which is subsequently recruited into close proximity with catalytically active TBK1
molecules?82314_Specifically, IRF3 binds to phosphorylated Ser366 via its N-terminal domain,
which features a positively charged surface. IRF3 also contains a conserved C-terminal cLxIS
motif (“c” representing a charged residue) that resembles the STING pLxIS motif and can
similarly be phosphorylated by TBK1. Once IRF3 is phosphorylated at its cLxIS motif, this
site serves as a binding platform for a second IRF3 molecule, which interacts through its own
positively charged N-terminal domain. This reciprocal interaction enables IRF3 homodimer
formation. Subsequently, the cLxIS motif of the second IRF3 molecule is also phosphorylated
by TBK1, completing the activation process. Interestingly, in the absence of TBK1, IKKe can
function redundantly to activate IRF3. Studies in murine embryonic fibroblasts (MEFs) and
human monocytes have shown that only the combined deletion of both TBK1 and IKKe fully
abrogates type | IFN signalling®'6-317. Mechanistically, IKKe is recruited to STING via the same
PLPLRT/SD motif that mediates TBK1 docking, suggesting a conserved mode of STING-
kinase interaction318,

3.2.3.2. IRF3 Transcriptional Activity and pLxIS Motif Conservation

The formation of this IRF3 dimer is essential for its nuclear translocation and transcriptional
activity. In the nucleus, the IRF3 dimer binds to interferon-stimulated response elements
(ISREs) in the promoters of target genes, initiating the transcription of type I interferons and
interferon-stimulated genes (ISGs). This mechanism of sequential phosphorylation and
dimerisation illustrates a finely tuned licensing process that ensures IRF3 activation only
occurs in the appropriate signalling context. Notably, this pLxIS/cLxIS-mediated recruitment
and activation mechanism is conserved across other interferon-inducing adaptors, including
TRIF, MAVS, and TLR adaptor interacting with endo-lysosomal SLC15A4 (TASL),
highlighting its central role in innate immune signalling3'5-319,

3.2.3.3. STING-Mediated NF-kB and MAPK Pathway Activation

In parallel, STING also activates the NF-kB and MAPK pathways, although the precise
molecular mechanisms remain less well understood than for IRF3 activation. Specifically, the
exact way in which STING interacts with components of the NF-kB pathway at a molecular
level is still unclear. Two models have been proposed to explain this. One model suggests
that NF-kB activation downstream of STING does not require the C-terminal tail (CTT) region
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that contains the docking site for TBK1320321  This theory is further supported by the
observation that, despite the high homology of STING across different phyla, the CTT is found
only in vertebrates. In organisms like Drosophila melanogaster and Nematostella vectensis,
which lack the STING CTT, pathways homologous to NF-kB are still activated3?%322, This has
also been observed in human T cells stimulated with 2'3'-cGAMP and in HEK293T cells in
reconstitution experiments using various CTT mutants323324, However, it has been reported
that an extension of the CTT in zebrafish STING significantly increases NF-kB activation,
even when transfected into human cells®2'. These data suggest that the different CTT motifs
play a functional role in regulating both the NF-kB and IFN responses, rather than being
redundant for NF-kB activation while CTT region likely evolved in vertebrates to specifically
modulate the IFN response.

In contrast, the second model argues that NF-kB activation does require the STING CTT and
its TBK1 interaction motif. Supporting this, bone marrow-derived dendritic cells (BMDCs) from
mice expressing STING mutants, either lacking the CTT (ACTT) or bearing the L373A
substitution that disrupts TBK1 binding, fail to induce NF-kB activation upon stimulation with
the murine STING agonist DMXAA32%, This suggests that, at least in certain cellular contexts,
the CTT is essential for coupling STING to the NF-kB signalling machinery.

Further supporting this, the role of TBK1 in regulating NF-kB signalling becomes especially
prominent in bone marrow-derived macrophages (BMDMs), MEFs, and Hela cells316:326.327,
In these cell types, TBK1 functions redundantly with IKKe to drive NF-kB activation316:327,
whereas IKKa®?” and IKKR326:327 establish a positive feedback loop that amplifies and
sustains the signal. It is proposed that intermediates such as TAK1 and NEMO326 may bridge
the STING-TBK1/IKKe axis with the classical IKK complex (IKKa/f), integrating upstream
STING signals into full-fledged NF-kB activation.

Because NEMO, IKKB, and TRIM32- and TRIM56-mediated ubiquitination of NEMO are
required for TBK1 activation and full NF-kB and interferon responses downstream of STING,
as previously described3?®, it has been postulated that STING may activate NF-kB within the
architectural framework of supramolecular organizing centres (SMOCs)328. Within such a
STING SMOC, TBK1 and IKK are proposed to function cooperatively in a high-dimensional
signalosome complex, coordinated by STING itself.2'®. However, the precise mechanisms by
which these kinases are recruited to STING remain under debate. One potential mechanism
involves TRAFG. In certain vertebrate species such as zebrafish and other ray-finned fish,
the STING C-terminal tail (CTT) has evolved additional motifs capable of recruiting TRAFG,
thereby enhancing NF-kB activation3?'. Supporting this, knockdown of TRAF6 in MEFs
significantly reduces NF-kB activation in response to cytosolic DNA or DMXAA327, Similarly,
non-canonical activation of STING via IFI16, recruits TRAF6 to activate NF-kB, following
Etoposide-induced DNA damage®?°. In this context, the recruitment of adaptor proteins and
kinases to STING may also be facilitated by ubiquitin scaffolds. Recent studies have shown
that STING can be modified with LUBAC-induced M1-linked chains and consequent K63-
linked chains3® (potentially via TRAF63%° and/or TRIM32- and TRIM563%%). These
modifications may serve as docking platforms for signalling proteins like NEMO and TRAFG6,
promoting the formation of a multivalent, higher-order SMOC signalosome that enables full
NF-kB activation downstream of STING.
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Activation of the cGAS-STING pathway also induces non-canonical NF-kB signalling by
promoting the nuclear translocation of p52-RELB33':332, This mechanism has been
particularly observed in malignant settings, where STING-driven non-canonical NF-kB
activity supports tumour progression by modulating dendritic cell and T cell responses33'.

At similarly unresolved mechanistic levels, STING activation has also been shown to induce
MAPK pathway activation in T cells, BMDMs, and MEFs3'8333, In MEFs and BMDMs, this
response appears to depend on TBK1 and IKKe, which function redundantly and signal
through the MAP3K TAK 138,

3.2.4. Ligands of the cGAS-STING Pathway

The cGAS-STING pathway has its evolutionary origin in bacterial defence systems, where it
served to protect against bacteriophage infection33+335_ In mammalian cells, this system has
evolved into a complex surveillance mechanism capable of detecting DNA when it is
mislocalised, outside its physiological compartments, the nucleus and mitochondria. The
presence of DNA in the cytosol, regardless of whether it is derived from pathogens (non-self)
or endogenous sources (self), can trigger potent immunostimulatory responses via the cGAS-
STING axis. Sources of non-self DNA include DNA viruses, intracellular bacteria, and
retroviruses, while self-DNA may arise from mitochondrial or genomic DNA released during
cellular stress, nuclear envelope rupture, or apoptosis, as well as from engulfment of dying
cells by monocytes.

However, even in the presence of cytosolic DNA, the cell employs multiple safeguard
mechanisms to prevent premature activation of the immunostimulatory cGAS-STING
pathway. These include: (1) degradation of aberrant DNA by exonucleases such as TREX1;
(2) spatial compartmentalisation of cGAS; (3) biophysical properties of the DNA itself that
influence the activation threshold, such as fragment length, oxidation state, and sequence
context (e.g., bacterial CpG motifs); and (4) as previously discussed, regulation of cGAS by
long and concentrated DNA fragments that promote liquid-phase separation, which
determines its activation?51.252336.337  These controls collectively ensure that cGAS
distinguishes between self and non-self, maintaining immune tolerance while remaining
responsive to danger.

3.2.4.1. Pathogen-Derived DNA

I. Viruses

Viruses, particularly DNA viruses and retroviruses, are among the most potent non-self-
triggers of the cGAS-STING pathway. Upon infection, many DNA viruses deposit their
genomes into the cytosol or inadvertently expose DNA during replication or uncoating,
making those prime substrates for cGAS recognition. Double-stranded DNA (dsDNA) viruses
including Herpes Simplex Virus 1 (HSV-1) and vaccinia virus3®, Cytomegalovirus
(CMV)339.340 and adenoviruses®#', release their genomes into the cytoplasm either during
entry or viral replication, directly engaging cGAS and triggering a type | interferon (IFN-I)
response. The essential role of this pathway in antiviral defense is further supported by the
fact that STING KO mice are more susceptible to DNA virus infection3#2. Interestingly, in the
context of Hepatitis B virus (HBV), the susceptibility of hepatocytes to infection is linked to
their intrinsic lack of STING expression343.
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Retroviruses such as Human Immunodeficiency Virus 1 (HIV-1), although classified as RNA
viruses, also engage the cGAS-STING pathway indirectly. During reverse transcription,
cytosolic complementary DNA (cDNA) intermediates are generated and accumulate in
infected cells. These reverse-transcribed DNA molecules, if not rapidly degraded, are
recognized by cGAS. Indeed, cGAS activation has been observed in retroviral infections,
including those caused by HIV-1, murine leukemia virus, and simian immunodeficiency
virus3#4, Interestingly, in the case of HIV-2, viral DNA recognition by cGAS has been reported
to occur in the nucleus, challenging the prevailing view that cGAS-mediated detection of viral
DNA is restricted to the cytoplasm345,

In the case of HIV-2 infection, cGAS-mediated recognition occurs in the nucleus with the
assistance of a host factor known as non-POU domain-containing octamer-binding protein
(NONO)345, NONO binds and captures HIV-2 DNA along with associated capsid proteins,
thereby guiding cGAS to the viral DNA. Beyond NONO, several other host factors-including
Polyglutamine Binding Protein 1 (PQBP1)346, CCHC-type zinc finger protein 3 (ZCCHC3)3*7,
and GTPase-activating protein SH3 domain-binding protein 1 (G3BP1)3*8, also recognize
viral DNA and facilitate its engagement by cGAS, ultimately promoting downstream STING
activation.

Things become more intriguing in the context of RNA virus infection. Although cGAS cannot
synthesize cGAMP upon direct binding to RNA, several RNA viruses have been shown to
activate the cGAS-STING pathway indirectly through the release of host mitochondrial DNA
(mtDNA) into the cytosol. This mislocalised mtDNA acts as an endogenous ligand for cGAS,
triggering downstream immune signalling. Such activation has been reported in infections
with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)3#°, Flaviviruses like
Dengue virus®® and West Nile virus (WNV),3%" and Picornaviruses including enterovirus 71
(EV-AT71), Seneca Valley virus (SVV), and foot-and-mouth disease virus (FMDV)3%2,

ii. Intracellular Bacteria

The cGAS-STING pathway also contributes to antibacterial immunity. In macrophages
infected with Mycobacterium tuberculosis, cGAS detects cytosolic bacterial DNA, triggering
robust type | IFN production and initiating ubiquitin-mediated selective autophagy to eliminate
the pathogen3%3. Similarly, during Francisella novicida infection, cGAS cooperates with IFI16
to sense cytosolic bacterial DNA, driving potent STING-dependent type | IFN responses3%4.
During Burkholderia infection, cGAS initially senses micronuclei-derived chromatin in
multinucleated giant cells, triggering a STING-dependent type | IFN response, which later
transitions toward autophagy and apoptosis as part of the host defense3%5-357.

The role of cGAS-STING in antibacterial immunity gets more complicated, considering that
STING can also be activated directly by bacterial-derived cyclic dinucleotides (CDNs)353:3%8,
For instance, while cGAS-deficient mice show increased susceptibility to Mycobacterium
tuberculosis (Mtb), STING-deficient mice do not, indicating STING-independent functions of
cGAS during Mtb infection3%°. The impact of STING also varies with the pathogen: its deletion
impairs control of Listeria monocytogenes, Chlamydia trachomatis, and Salmonella
enterica®*?3%8.360 put is protective in models of sepsis and Helicobacter pylori infection36?,
highlighting the pathogen- and context-specific roles of STING in bacterial immunity.

33



3.2.4.2. Self-DNA

i. Extracellular Self-DNA

Extracellular self-DNA can arise from aberrant accumulation of DNA in the cytosol, usually
due to exacerbated non-apoptotic cell death, defects in phagocytosis and digestion, or
impaired clearance when extracellular and lysosomal DNases are defective. For example,
during radiotherapy of solid tumours, large amounts of tumour-derived DNA are released
from irradiated cells into the extracellular space in exosomes, which are taken up by dendritic
cells (DCs) via direct endocytosis, leading to activation of the cGAS-STING pathway and
enhancement of antitumor immunity362-364. Similarly, in murine models of hepatocellular
carcinoma, induction of immunogenic cell death (ICD)-through inhibition of thioredoxin
reductase (TrxR) activity, thereby inducing endoplasmic reticulum stress (ERS)-in
combination with liver- and mitochondria-targeting gold(l) complexes, activates cGAS-STING
signalling and contributes to anti-tumour immune responses3%®. Acute ischemic events, such
as coronary artery occlusion, cause extensive cell death and the release of nuclear DNA,
which is subsequently phagocytosed by infiltrating monocytes, triggering STING-dependent
inflammatory activation3%¢. Adjuvant-mediated cell death has also been shown to induce host
cell DNA release that promotes immune activation via STING3¢’. Additionally, neutrophil
extracellular trap (NET) formation, bearing oxidised mitochondrial DNA (mtDNA), leads to
neutrophil death and extrusion of DNA-protein complexes into the extracellular space, which
in turn activates STING signalling®®®.

Clearance of cytosolic DNA, is tightly regulated by a series of nucleases. One key enzyme is
deoxyribonuclease Il (DNase Il), a lysosomal endonuclease that plays a critical role in
degrading DNA derived from phagocytosed apoptotic cells®¢°370. DNase Il is particularly
important for processing exogenous DNA from dead cells, DNA from developing
erythroblasts, and expelled nuclei that are engulfed by macrophages during erythropoiesis36%-
372 The essential role of DNase Il is underscored by studies in DNase lI-deficient mice, which
exhibit embryonic lethality due to defective erythropoiesis, severe anemia, and
hyperinterferonemia33. Co-deletion of Ifnar1 rescued from embryonic lethality, but the mice
develop polyarthritis and autoimmune phenotypes?336°. Notably, co-deletion of Cgas or
Sting1 rescues the mice from embryonic lethality?36.369.374: however, these animals develop
polyarthritis in adulthood (10-month old) driven by TLR7/9-induced anti-DNA autoantibodies,
highlighting a compensatory shift toward endosomal DNA sensing in the absence of cytosolic
DNA clearance®®. Biallelic DNASE2, mutation, which encodes DNase Il, have also been
identified in humans and are associated with anemia and type | interferon-driven
autoinflammation®76.

Three prime repair exonuclease 1 (TREX1), also known as DNase lll, is a 3'to 5’ exonuclease
that digests cytosolic DNA3"7_ It is localized to the cytosolic face of the endoplasmic reticulum
(ER), where it anchors to the outer ER membrane. TREX1 degrades both unmodified and
oxidized DNA, albeit at different rates33¢:377, In mice, Trex? deficiency leads to perinatal
lethality due to systemic multi-organ inflammation and severe autoimmune manifestations,
particularly affecting the heart3’8379, Only 39% of Trex? knockout (KO) mice survive beyond
7 months of age??’. Remarkably, co-deletion of cGAS or STING fully rescues the survival of
Trex1-deficient mice by 7 months and prevents the accumulation of cGAMP in Cgas-deficient
Trex1 KO animals?37-:380.381_Similarly, co-deletion of Ifnar1 protects against pathology induced
by Trex1 deficiency, although elevated IFN-3 levels persist, in contrast to the more complete
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protection observed with /rf3 co-deletion by 14 months of age3®2. The complete rescue
observed upon Cgas-, Sting1-, or Irf3-co-deletion, compared to partial protection from Ifnar1
co-deletion, highlights the central role of the cGAS-STING pathway in directly regulating type
| interferon responses and driving autoimmunity in Trex7 KO mice, even in the absence of
the IFNAR/JAK/STAT amplification loop. In humans, mutations in the TREX1 gene are
associated with a spectrum of autoimmune diseases, including Aicardi-Goutiéres syndrome
(AGS), systemic lupus erythematosus (SLE), familial chilblain lupus, and retinal vasculopathy
with cerebral leukodystrophy383.384,

Apart from the cytosol, DNA can also be found extracellularly, including in peripheral
compartments such as serum, urine, and other bodily secretions. This extracellular DNA
exists either as soluble or deposited autoantigenic nucleoprotein complexes. It may also be
contained in circulating microparticles derived from apoptotic debris, due to their inefficient
clearance or their excessive accumulation38®-38_DNase | is the principal enzyme responsible
for degrading extracellular DNA in tissues with high cellular turnover. Mutations in DNASE1
have been reported in patients with systemic lupus erythematosus (SLE), and DNasel-
deficient mice develop a lupus-like autoimmune phenotype38%386_ Similarly, DNase1L3, a
DNase I-related endonuclease, plays a critical role in degrading DNA-rich microparticles from
apoptotic cells. Loss-of-function mutations in DNASE1L3 are also associated with SLE in
both humans and mice3738_However, the role of cGAS in sensing DNA substrates normally
cleared by DNase | or DNase1lL3 remains unclear. These diseases might be more
complicated as the accumulated extracellular DNA may also engage additional DNA sensors
within the phagolysosomal compartment, such as Toll-like receptor 9 (TLR9), as observed in
DNase lI-deficient mice®75.

ii. Mitochondrial DNA (mtDNA)

Release of mitochondrial DNA (mtDNA) into the cytosol serves as a potent trigger for
activation of the cGAS-STING pathway. During the execution phase of the intrinsic
(mitochondrial) apoptotic pathway, both the outer and inner mitochondrial membranes
undergo permeabilisation (termed as MOMP and MIMP respectively) to facilitate the release
of cytochrome ¢, which subsequently activates executioner caspases. This membrane
permeabilisation is mediated by BAX/BAK pore formation, which not only disrupts
mitochondrial integrity but also results in the extrusion of the inner mitochondrial membrane
into the cytosol, enabling the release of mtDNA. However, executioner caspases prevent
activation of cGAS and other cytosolic nucleic acid sensors through their proteolytic cleavage,
a process that also targets numerous cellular proteins and facilitates the immunologically
silent clearance of apoptotic cells via apoptotic body formation38%3%_ In certain contexts,
sublethal BAX/BAK-dependent MOMP, termed minority MOMP (miMOMP), as observed in
senescent cells, can lead to mtDNA release and subsequent cGAS-STING-mediated
regulation of the senescence-associated secretory phenotype (SASP)39'. Interestingly, under
non-apoptotic cellular stress conditions, such as mitochondrial oxidative damage, mtDNA
release can occur independently of BAX/BAK through voltage-dependent anion channels 1
and 3 (VDAC1/3)-dependent pores3°23%, This alternative route has been associated with
mitochondrial permeability transition pore (mPTP) formation3** and implicated in disease
models such as ALS, where mutant TDP-43 enhances mPTP activity®®?, and lupus-like
disease in endonuclease G (Endog)-deficient mice3%, both leading to mtDNA leakage and
subsequent activation of the cGAS-STING pathway. Moreover, mitochondrial defects in
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replication, repair, or metabolism can also provoke mtDNA release and subsequent cGAS-
STING activation. For instance, depletion of the transcription factor A, mitochondrial (TFAM)
or Caseinolytic mitochondrial matrix peptidase proteolytic subunit (CLPP), leads to improper
nucleoid packaging and leakage of mtDNA into the cytosol3®53%,  Similarly, loss of
mitochondrial Endog or exposure to certain chemotherapeutic agents induces cGAS
activation3%3:397  Oxidized mtDNA is more resistant to TREX1 degradation and is therefore
more immunostimulatory3%’. Loss of fumarate hydratase (FH) promotes mtDNA export via
SNX9-dependent mitochondrial-derived vesicles (MDVs)3%. Additionally, pro-inflammatory
cytokines such as IL-18 and IFN-a have been shown to disrupt mitochondrial homeostasis,
further promoting mtDNA release and cGAS-STING pathway activation, thereby amplifying
the immune response3%°.

iii. Nuclear Genomic DNA and Micronuclei

DNA damage and replication stress are potent triggers of cGAS-STING activation through
the release of genomic DNA fragments into the cytosol. Replication stress can result from
oncogene activation, DNA-damaging agents (e.g., ionizing radiation, mitomycin C, or
cisplatin), nucleotide pool imbalances, R-loop accumulation, and defects in DNA repair
machinery or replication fork. Such stress can lead to fork collapse and DNA fragmentation,
driving leakage of chromatin into the cytoplasm triggering the activation of the cGAS-STING
pathway*%%-407  For instance, in prostate cancer cells, oncogenes like c-Myc and HRAS
promote MUS81- and PARP-dependent DNA damage and subsequent cytosolic DNA
accumulation4®, Similarly, in breast cancer cell lines, Bloom syndrome (BLM) helicase and
exonuclease 1 (EXO1) are implicated in the generation of ssDNA fragments in response to
genotoxic stress*%4.

R-loop-induced DNA fragments, and genetic deficiencies in DNA damage response (DDR)
components, including ATM or ATR, contribute to cytosolic DNA accumulation in various
disease contexts*®®. In non-alcoholic steatotic liver disease (NAFLD), replication stress
caused by nucleotide imbalance leads to ATR-dependent DNA leakage and cGAS-STING
activation#®. In Ey-Myc B cell ymphoma cell lines, treatment with genotoxic agents increased
cytosolic content of genome-derived ssDNA and dsDNA induced by R-loop formation403.
Cytoplasmic chromatin fragments (CCFs) is a hallmark of cellular senescence and their
presence have been linked to regulating chronic inflammation to promote tumorigenesis and
SASP phenotypes to promote paracrine senescence*%84%9_ | oss of members of DNA damage
response machinery, such as ATM drives release of ssDNA in the cytosol that activates
cGAS-STING supporting AT pathology*®®. Oxidative DNA damage, marked by 8-
hydroxyguanine (8-OHG) formation upon ROS or UV exposure, also increases the
immunogenicity of self-DNA and enhances STING-dependent IFN responses336410, Notably,
the carcinogen DMBA and chemotherapeutics like cisplatin and etoposide induce
nucleosome release and STING activation, linking DNA-adducts formation with innate
immune signalling*'".

Release of chromatin fragments into the cytosol and the subsequent activation of the cGAS-
STING pathway is a common feature of micronuclei. This is largely due to the fragile and
rupture-prone membrane structure of micronuclei compared to the main nucleus. Micronuclei
typically form at the end of mitosis in response to irreversible mitotic DNA damage,
chromosome mis-segregation, or DNA replication errors, and they encapsulate either
chromosomal fragments or entire mis-segregated chromosomes?266:409412.413  These
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micronuclei are enriched in heterochromatin marks, such as trimethylated histone H3 at
lysine 9 (H3K9me3) and lysine 27 (H3K27me3), and the DNA damage marker y-H2AX,
indicating that they originate from transcriptionally silent genomic regions*%%412 This
epigenetic state may contribute to their high immunostimulatory potential through efficient
cGAS recognition. Notably, inactivation of key factors involved in DNA replication, repair, or
recombination, including the RecQ-like helicase BLM*'3, RNase H22%?8, BRCA244,
topoisomerase 4%, Rad514%7, or poly(ADP-ribose) polymerase 1 (PARP1)*'® has been
shown to increase micronucleus formation and consequently activate the cGAS-STING
signalling pathway. Recent evidence indicates that cGAS is not recruited to micronuclei,
contrasting the previously accepted belief*7418, Therefore, micronuclei-mediated activation
of the cGAS-STING pathway is more likely to occur through the release of micronuclei-
derived chromosomal or DNA fragments into the cytosol, rather than within the micronuclei
themselves.

Genomic DNA fragment release from the nucleus can occur under physiological conditions
during processes such as DNA replication, telomere maintenance, and transcription, and
these fragments may enter the cytosol to activate the cGAS-STING pathway. One well-
characterized source of genomic instability arises from the misincorporation of
ribonucleotides by DNA polymerases, a frequent event occurring once every ~7,000 to
10,000 bases. Failure to efficiently remove these ribonucleotides or to resolve persistent
RNA-DNA hybrids (R-loops) leads to replication stress, DNA strand breaks, and cytosolic
DNA leakage. The RNase H2 complex, comprising RNaseH2A, RNaseH2B, and RNaseH2C,
is essential for ribonucleotide excision repair and R-loop resolution*'%420, Deficiency in any
RNase H2 subunit leads to spontaneous DNA damage, accumulation of nuclear-derived
cytosolic DNA, type | interferon responses, and Aicardi-Goutiéres syndrome-like
inflammatory phenotypes?28419-422 |n mice, RNaseH2B knockout results in perinatal lethality
and systemic inflammation, both of which are rescued by genetic deletion of cGAS or STING,
confirming the cGAS-STING axis as the effector of the aberrant immune activation?28421,
Moreover, loss of RNaseH2b function promotes micronuclei formation, further contributing to
cGAS activation?%6423, Another nuclear enzyme, SAMHD1, hydrolyzes deoxynucleoside
triphosphates (dNTPs), thereby maintaining nucleotide pool homeostasis and genome
stability. Mutations in SAMHD1 increase replication stress and DNA damage, leading to
cGAS-STING-mediated type | IFN production and contributing to autoimmune
pathogenesi5229’278'424'425.

iv. Endogenous Retroelements

Sensing of retroelements may, in fact, also be mediated by cGAS-STING. Retrotransposon
sequences occupy a considerable fraction of the human genome, but most are severely
truncated and thus considered non-functional. Among them, LINE-1 (L1) elements retain the
capacity for retrotransposition, although several mechanisms actively restrict their
propagation under homeostatic conditions. However, imbalances in the surveillance of
endogenous retroelements can trigger cGAS activation due to improper accumulation of
cDNA intermediates. The best-studied example of cGAS sensing retrotransposon activity is
the loss of the 3’ repair exonuclease TREX1, which normally counteracts this process by
degrading DNA intermediates. TREX1 deficiency leads to the accumulation of L1-derived
DNA in mouse tissues and human neural stem cells382426, Further upstream, de-repression
of retroelements through epigenetic alterations occurs naturally during ageing, resulting in
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cytoplasmic L1 accumulation and cGAS-STING-dependent inflammation*?’. Although L1
retrotranscription primarily occurs in the nucleus, cDNA synthesis can also take place in the
cytoplasm via the activity of the L1-encoded reverse transcriptase, ORF2p*?’. This
extranuclear activity may contribute to cGAS-STING activation; however, the precise
molecular mechanisms by which ORF2p functions in the cytosol to initiate cGAS signalling
remain to be fully elucidated. The involvement of endogenous retroelements in cGAS-STING
activation has also been established in models of sterile inflammation. For example, in a
murine model of inflammatory bowel disease (IBD) induced by dextran sulfate sodium (DSS),
retroelements such as MMTV, MERVK-10C, IAP, ETn, MERVL, and LINE-1 contribute to
disease pathogenesis through cGAS-STING activation4?8. Notably, treatment with reverse
transcriptase inhibitors ameliorates disease symptoms in this model*?8. Similarly, in the skin,
sensing of endogenous retroelements, specifically LINE-1, intracisternal A-particle (IAP)
elements, and the Xmv45 locus, via the cGAS-STING pathway plays a critical role in
regulating both homeostatic and inflammatory responses to the microbiota*?°.

4. Deregulation of STING in Disease
4.1. STING Hyperactivation and Interferonopathies

The detection of foreign nucleic acids is a fundamental function of the innate immune system,
essential for mounting effective responses against pathogens, as previously reviewed.
However, cellular failure to discriminate between self-versus non-self-nucleic acids has been
increasingly implicated in the pathogenesis of chronic inflammatory disorders collectively
termed type | interferonopathies and other autoimmune disease?'7:430-434  Aberrant
accumulation of self-derived cytosolic and extracellular nucleic acids can result from a variety
of intrinsic cellular defects, including impaired clearance of apoptotic cells, immunogenic non-
apoptotic cell death, defective phagocytosis and lysosomal digestion, mitochondrial stress,
chromosomal instability (CIN), aberrant mitosis, errors in DNA replication and repair, and the
formation of micronuclei*3%-4%7 In parallel, erroneous recognition of cytosolic nucleic acids by
pattern recognition receptors (PRRs) may arise as response to mutations in genes encoding
for nucleic acid sensing, signalling or processing of nucleic acids or mutations in genes that
compromise nuclear or mitochondrial integrity. Upon persistent activation of these receptors
in response to self-DNA, a sustained production of type | interferons (IFNs), pro-inflammatory
cytokines, chemokines, and interferon-stimulated genes (ISGs) ensues, driving pathological
immune activation and contributing to the onset and progression of autoimmunity, chronic
inflammatory disorders, and type | interferonopathies.

Aberrant activation of the cytosolic DNA sensor cGAS and its adaptor STING underlies a
distinct group of interferon-driven disorders, encompassing both monogenic type |
interferonopathies and a broader range of chronic inflammatory and autoimmune diseases.
Among the best-characterized and earliest described disorders in this group is Aicardi-
Goutieres syndrome (AGS), which is caused by mutations in genes such as TREX1,
RNASEH2A/B/C and SAMHD1384422.438439  These genetic defects impair nucleic acid
metabolism or sensing, leading to the accumulation of endogenous nucleic acids, which
come from either endogenous retroelements or DNA damage, and chronic activation of type
| interferon signalling3®'-440.441_Clinically, AGS presents with early-onset neuroinflammation,
intracranial calcifications, leukodystrophy, hepatosplenomegaly, and chilblain-like skin
lesions, closely resembling a congenital viral infection. STING-associated vasculopathy with
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onset in infancy (SAVI) is another monogenic interferonopathy caused by gain-of-function
mutations in TMEM173, encoding STING*#2444_ This leads to constitutive STING pathway
activation and results in systemic vasculopathy, interstitial lung disease, and ulcerative skin
lesions from early infancy. Familial chilblain lupus (FCL), caused by mutations in TREX1,
SAMHD1, or TMEM173, is a cutaneous lupus variant that presents with painful, inflammatory
lesions on acral surfaces*#%449, Like AGS, it involves inappropriate sensing of self-DNA.
COPA syndrome, caused by mutations in COPA, a gene involved in retrograde vesicular
transport, results in mislocalisation of immune signalling molecules®°'4%0. Patients typically
develop interstitial lung disease, arthritis, autoantibodies, and kidney disease, accompanied
by heightened IFN-I responses. DNASEZ2 deficiency, a recessive disorder, leads to defective
degradation of DNA in lysosomes, resulting in IFN-driven anemia and systemic inflammation,
via both the cGAS-STING and TLR9 pathways®76. USP18 deficiency, a defect in a critical
negative regulator of the IFN-I response, results in uncontrolled JAK-STAT signalling and
leads to neonatal-onset systemic inflammation and encephalopathy#5!-452,

In addition to these Mendelian disorders, systemic lupus erythematosus (SLE) represents a
paradigmatic multifactorial autoimmune disease with strong involvement of type | IFN
signalling. Although most SLE cases are polygenic, rare monogenic forms have been
associated with mutations in genes involved in nucleic acid metabolism, such as TREX1,
DNASE1, and DNASE1L34%3457 These defects lead to impaired clearance of self-DNA and
the formation of immune complexes that can activate innate immune sensors, including
cGAS-STING and TLR9, promoting chronic type | interferon (IFN-I) production454458-464 More
than 80% of SLE patients exhibit an IFN-I signature, and cGAS-STING has been shown to
contribute to this response through sensing of mitochondrial or extracellular DNA%63.464,
However, its role is complex, as cGAS or STING deficiency does not uniformly protect against
disease in lupus models, indicating both pathogenic and regulatory functions*65466. Beyond
SLE, a growing number of inflammatory diseases not classically defined as
interferonopathies are now recognized to involve aberrant activation of the cGAS-STING
pathway and chronic type | IFN responses. For example, psoriasis features sustained STING
activation in keratinocytes, promoting IFN-dependent inflammation in the skin*67:468_ Similarly,
rheumatoid arthritis (RA) exhibits a type | IFN signature in synovial tissue, and STING-
mediated responses have been implicated in disease pathogenesis and joint damage*6%-47",
Other conditions with emerging links to interferon dysregulation include dermatomyositis,
systemic sclerosis, and type 1 diabetes mellitus, all of which show evidence of chronic IFN-I
activity even in the absence of clear monogenic causes*’?474,
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hepatosplenomegaly, chilblain-like skin
lesions (resembles congenital viral
infection)

Disease Clinical Manifestations Mutations / Genetic
Defects
Aicardi-Goutiéres Early-onset neuroinflammation, TREX1, RNASEH?Z2A,
syndrome (AGS) intracranial calcifications, leukodystrophy, | RNASEHZ2B,

RNASEH2C, SAMHD1

STING-associated
vasculopathy with

Systemic vasculopathy, interstitial lung
disease, ulcerative skin lesions (from

TMEM173 (gain-of-
function, encodes

onset in infancy (SAVI) | early infancy) STING)
Familial chilblain lupus | Painful, inflammatory lesions on acral TREX1, SAMHD1,
(FCL) surfaces (cutaneous lupus variant) TMEM173

COPA syndrome

Interstitial lung disease, arthritis,
autoantibodies, kidney disease; systemic
inflammation with IFN-I signature

COPA (retrograde
vesicular transport
defects)

DNASE?2 deficiency

IFN-driven anaemia, systemic
inflammation

DNASE?2 (defective
lysosomal DNA
degradation; activates
cGAS-STING & TLR9
pathways)

USP18 deficiency

Neonatal-onset systemic inflammation,
encephalopathy

USP18 (negative
regulator of IFN-I/JAK-
STAT signalling)

Systemic lupus
erythematosus (SLE)

Autoantibodies, systemic inflammation,
multi-organ involvement (skin, joints,
kidneys, CNS); >80% show IFN-I
signature

Mostly polygenic; rare
monogenic forms in
TREX1, DNASET,
DNASE1L3

Psoriasis

Chronic inflammatory skin disease;
sustained STING activation in
keratinocytes drives IFN-dependent
inflammation

Multifactorial (STING
pathway activation, no
single gene)

Rheumatoid arthritis
(RA)

Synovial inflammation, joint damage, type
I IFN signature

Multifactorial (STING-
mediated IFN
responses, no single
gene)

Dermatomyositis,
systemic sclerosis, type
1 diabetes mellitus

Chronic IFN-I activity contributing to
inflammation and autoimmunity

Multifactorial (no single
monogenic cause;
aberrant IFN regulation)

Table 3: Interferon-driven diseases associated with cGAS-STING dysregulation.
Overview of monogenic and multifactorial disorders linked to aberrant activation of the
cytosolic DNA sensor cGAS and its adaptor STING. The table lists each disease, its main
clinical manifestations, and the associated genetic mutations or defects. Monogenic
interferonopathies such as AGS, SAVI, and COPA syndrome result from defined mutations
that impair nucleic acid metabolism, sensing, or downstream signalling, while multifactorial
autoimmune and inflammatory diseases (e.g., SLE, psoriasis, RA) involve chronic type |
interferon activity with more complex or polygenic contributions.

Thus, the spectrum of interferon-driven disease extends beyond rare Mendelian disorders
and includes a broader group of multifactorial autoimmune and inflammatory diseases in
which aberrant nucleic acid sensing and type | IFN signalling play a pivotal role. This
underscores the importance of maintaining strict regulation over nucleic acid metabolism,
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sensing, and downstream interferon responses to prevent self-directed immunity and tissue
pathology.

4.2. STING-Associated Vasculopathy with Onset in Infancy (SAVI)
Human STING exhibits considerable genetic variability. The STING R232 allele is the most
common variant, present in approximately 45% of the population*’>476. The R71H-G230A-
R293Q haplotype (HAQ) is the second most common allele, with a prevalence of 16.07% in
East Asians, 7.78% in South Americans, and 6.75% in South Asians*’®. Gain-of-function
mutations in human STING1 have been reported to induce overactive STING as a driver of
STING-associated vasculopathy with onset in infancy (SAVI)*’7. These include mutation in
both the dimeric interface of STING that stabilizes cyclic dinucleotide (CDN) binding domain,
and in the cytosolic domain, which stabilizes STING in an active state*’84%1. Notably,
mutations in the spiral ring of the connector domain, including N154S, V155M, and G158A,
induce a 180° rotation of the ligand binding domain (LBD), leading to cGAMP independent
STING oligomerisation and activation*®?. Mutations at the polymerisation interface, including
C206, C207, R281, and R284, promote activation by relieving the auto-inhibition of STING
oligomerisation independently of the LBD rotation*82483, Similarly, mutations such as H72N,
F153V, V147L, and V147M relieve the constraint on the polymer interface and auto-activate
STING without requiring rotation?82482, H72 and V147 stabilize the ligand-binding head and
C-terminal tail interaction, while F153 constrains the polymer interface as substitution to
smaller residues (e.g., p.F153V) increases flexibility and relieves autoinhibition. Additionally,
p.G166E in the ligand-binding pocket causes weak autoactivation and loss of cGAMP
responsiveness, though its pathogenic role in SAVI remains unclear?82482,
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Figure 8. Structural and Functional Mapping of Human STING and SAVI Mutations. (A)
Domain organisation of the human STING protein. TM, transmembrane region;, CDN, cyclic
dinucleotide. Key residues for CDN binding are shown in black, common human STING
variants in green, residues critical for IRF3 activation in blue, and SAVI-associated mutations
in red. (B) Structural mapping of SAVI mutations on the human STING protein. Mutations are
grouped into four clusters: Cluster 1 (black sphere) at the N-terminal domain (H72N); Cluster
2 (red sphere) at the dimer interface (V147L/M, F153V, N154S, V155M, G158A); Cluster 3
(blue sphere) at the LBDa2-a3 helical bundle and extended LBDB1-82 loop (C206Y/G,
G207E, R281Q/W, R284G/S); and Cluster 4 (purple sphere) at the ligand-binding pocket
(G166E). Additional compound mutations are represented by coloured spheres: brown
(S102P/F279L), green (V155E/L170Q), and light brown (L189V/S280R)%%. (C) Proposed
model of STING auto-activation. Mutations in clusters 1, 3 and members of cluster 2
(V147L/M, F153V,) disrupt the polymer interface and release C-terminal tail binding, leaving
the dimer in an open state but permitting polymerisation and activation. Mutations in members
of cluster 2 (N154S, V155M, G158A) and cluster 4 promote closed-dimer formation,
mimicking ligand binding and driving constitutive activation. Created in BioRender.
https.//BioRender.com/x4qqvut.

From a clinical aspect, SAVI is an autosomal-dominant genetic disorder characterized by
early-onset systemic inflammation, interstitial lung disease (ILD), severe skin vascular
disease of the acellular region, chronic anaemia, polyarthritis-like symptoms and growth
failure#42484_ SAVI patients with de novo TMEM173 mutations have an early-onset of disease
(from birth) and present with more severe phenotype 442485 compared to patients with familial
TMEM173 mutations that had a later-onset (teenager or adulthood) and milder clinical
manifestations*48484_However, in both cases, the therapeutic management of the disease is
challenging. Steroids are partially effective while disease-modifying therapies, such as
methotrexate, mycophenolate mofetii (MMF), anti-malarials, infliximab (anti-TNF) and
rituximab (antri-CD20) showed poor patient response 442486.487  Recent studies utilizing
JAK1/2 inhibitors have shown encouraging data especially in patients with variants in the
dimerisation over the cytosolic domain of STING 488491 However, it only temporarily manages
the disease while it failed to decrease the IFN signature in the bloodstream, a hallmark of
SAVI pathology, it is not curative but instead disease frequently relapses and patients present
with life-threatening secondary viral infections 491, At the same time, prognosis is poor
especially in patients with a severe lung involvement, with a high mortality rate in the first two
decades of life 42, Currently, there is no curative therapy for SAVI. The limited effectiveness
of available treatments, including TNF inhibition and JAK/STAT pathway blockade, indicates
that the molecular mechanisms driving the disease remain incompletely understood. This
therapeutic gap highlights the urgent need for further mechanistic studies to identify the
signalling pathways and cellular processes that sustain chronic inflammation, which could
inform the development of targeted interventions capable of controlling inflammation and
preventing severe organ damage and early mortality.

In SAVI patients, a constitutive and chronic STING-mediated inflammatory response,
particularly within hematopoietic populations and endothelial cells, has been implicated as
the main driver of disease pathology. Bone marrow transplantation from Sting7V7%4M mice into
irradiated wild type hosts was sufficient to transfer myeloid abnormalities, confirming that
hematopoietic immune cells are capable of driving the disease phenotype*®. Recipient mice
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displayed an increase in inflammatory macrophages and neutrophils, along with a depletion
of mature B cells in both spleen and bone marrow. In contrast, transplantation of
hematopoietic stem and progenitor cells (HSPCs) isolated from Sting1N733S mice into
irradiated wild-type recipients did not reproduce interstitial lung disease or lethality*®2.
Instead, it led only to an increased interferon stimulated gene (ISG) signature in the lung and
reduced body weight. In both models, a severe T cell deficiency was observed, caused by
cell intrinsic defects in T cell development. The N153S mutation predominantly impaired
mature T cells in the periphery, whereas the V154M mutation restricted early T cell
development in the thymus, a defect that could be partially compensated by irradiation
resistant host T cells. These findings suggest that T cells play an important role in SAVI
pathogenesis in mice. The differing outcomes between models reflect the experimental
design and specific mutations rather than excluding mutation-specific contributions to T cell
mediated disease. This role for T cells is further supported by genetic evidence in murine
models. Rag1-- Sting1N153S mice, which lack both T and mature B cells, show no histological
signs of lung disease?*®34%, Similarly, TcrB3”- Sting1N53S mice, lacking mature T cells, develop
only mild pulmonary involvement*®34% In contrast, uMT7- Sting1N7535 mice, which lack
mature B cells developed severe perivascular inflammation in the lung, indicating that mature
B cells and antibodies are not required for STING N153S-driven lung pathology*®3.
Interestingly, this T-cell dependency is further supported by the observation a8 T cell but not
yd T cell cytopenia is observed in these models, together with expansion of inflammatory
macrophages and monocyte*®34%. Consistently, SAVI patients show spontaneous T cell
death323'442.

The pathogenesis of SAVI has been linked to lung inflammation, scarring, and fibrosis, as
well as increased vascular permeability, vascular occlusion and rupture leading to tissue
ischemia, necrotic skin ulcers, and systemic immune dysregulation. Although the
inflammatory nature of the disease is well recognized, the exact cell death mechanisms
responsible for tissue damage remain poorly defined. Mechanistically, T cell cytopenia in
SAVI has been associated with impaired T cell development and activation that
predominantly depends on IFN-y but is independent of type | and Ill interferons in mice*%449.
Other studies have implicated STING driven endoplasmic reticulum stress as a cause of T
cell exhaustion and death*%. In line with these observations, spontaneous death of T cells,
monocytes, and endothelial cells has been reported in SAVI patients323442. Furthermore, in
vitro exposure to STING agonists induces apoptosis in isolated T cells, as demonstrated by
Annexin V staining and flow cytometry*%”. Notably, this effect is absent in other primary cell
types such as MEFs, BMDMs, suggesting that the T cell phenotype may reflect context
specific vulnerability rather than a universal mechanism across all cell types*?.

Overactive STING is the primary driver of SAVI, and clinical data from patients suggest that
type | interferons downstream of STING and IFNAR contribute to STING associated
autoinflammation, consistent with the classification of SAVI as a type |
interferonopathy94424%0_ |n contrast, findings from mouse models indicate that type |
interferon responses are largely redundant. Previous studies have shown that disease in
Sting1N153S mice proceeds independently of type | interferons, IRF3, and IRF7492:49349% T cel|
depletion, inflammatory monocyte and neutrophil expansion occurred independently of Irf3/7,
and Ifnar1, suggesting that type | IFNs are not required for the effects of N153S or V154M
mutations in haematopoietic cell populations. Although Irf3 or Ifnar1 deficiency does not
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provide a survival advantage, Irf3 deletion leads to a substantial reduction in interferon-
stimulated gene (ISG) expression924934%8 indicating that IRF3 remains functionally
important for regulating interferon responses, even if it is not strictly essential for disease
progression. However, expression of NFkB-induced genes like TNFa, Nfkb2 and Cxcl10 was
even enhanced when type | interferon signalling was abrogated by IFNAR or IRF3 knock-out.
Interestingly, deletion of TNFR1 and TNFR2 partially ameliorates T cell loss in the spleen
and thymus and improves lung pathology at 10 weeks of age, while it does not prevent lymph
node loss*%°. Based on these findings, the authors of that study proposed that available TNFR
antagonists might benefit SAVI patients. However, clinical administration of the TNF blocker
etanercept in SAVI patients failed to provide any disease amelioration*®'.

Taken together, while species-specific differences in SAVI pathogenesis between mice and
humans cannot be fully excluded, these studies suggest that disease is driven by a complex
mechanistic network downstream of STING rather than a single isolated pathway. This
network likely involves both type | interferon and TNF signalling, which contribute distinct yet
interconnected aspects of the inflammatory and immunopathological phenotype. The limited
efficacy of monotherapies targeting only a single axis, as well as JAK inhibitors that suppress
only the amplification loop of IFN responses without addressing STING’s direct role in
inducing type | IFN responses via IRF3, underscores the need for a more comprehensive
understanding of these pathways. Elucidating the precise contributions, interactions, and
potential points of convergence within this network will be essential to guide the development
of more effective and durable therapeutic strategies. Importantly, such insights may extend
beyond SAVI, offering broader therapeutic potential for other STING-driven autoimmune and
autoinflammatory diseases.

5. STING and Cell Death

5.1. Emerging Links between STING and Cell Death

The cGAS-STING pathway has been previously implicated in the regulation of different cell
death programs. Agonist-induced activation of STING has been reported to drive pro-
apoptotic functions in T and B lymphocytes, including malignant B cells3234°97:500 through a
process dependent on endoplasmic reticulum (ER) stress and TBK1-IRF3-dependent
induction of Bax, leading to cytochrome c release®!. Interestingly, Bax-mediated
mitochondrial permeabilisation can trigger mtDNA release, generating a positive feedback
loop that further activates cGAS-STING592503, This ER stress-associated, STING-mediated
apoptotic cell death has been observed in multiple contexts, including macrophages during
mycobacterial infection®%4, hepatocytes in a murine model of early alcoholic liver disease®%,
murine chronic lymphocytic leukaemia, and normal non-malignant B cells®%°. Additionally,
STING-induced apoptosis via the p53-BH3-only protein axis has been demonstrated in
primary and lymphoblastic leukaemia murine T cells*®’, and specifically via PUMA, NOXA,
and BIM in TRP53/TP53-mutant mouse B lymphoma, human NK/T lymphoma, and acute
myeloid leukaemia cells®®®. However, no STING agonist-induced cell death has been
observed in MEFs, B16 melanoma, Hepa 1-6, or LL/2 Lewis lung cancer cell lines®®,
Interestingly, while some studies indicate that primary T cells undergo apoptosis upon STING
agonism*®”, others report the opposite®?. In these studies, primary MEFs, BMDCs, and
BMDMs were not sensitized to STING-induced apoptosis, suggesting that T cell susceptibility
may reflect context-specific effects rather than a generalizable mechanism. Contrasting the
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pro-apoptotic role of STING, several studies have shown that executioner caspases,
caspase-3/7, can inhibit cGAS-STING activation by directly cleaving cGAS and IRF3, thereby
suppressing STING-dependent type | IFN responses®’.

Beyond apoptosis, cGAS-STING signalling has also been implicated in necroptosis,
particularly under conditions of caspase inhibition. However, most data either do not directly
address the role of STING in inducing necroptosis or fail to address the exact mechanism by
which STING could modulate necroptotic cell death. For instance, in BMDMs, type | IFNs are
considered essential for necroptosis induction, as evidenced by Salmonella Typhimurium
infection of IFNAR-deficient mice, which prevented necroptosis®®®. Similarly, TLR stimulation
with polyinosinic-polycytidylic acid (poly I:C), LPS, TNFa, or IFN-B following caspase
inhibition failed to induce necroptosis in IFNAR-deficient BMDMs'?3. These findings suggest
that type | IFNs could drive necroptosis when caspases are inhibited, but they do not directly
implicate STING as the initiator of this IFN response. The role of STING becomes more
apparent in studies showing that STING-mediated type | IFNs sustain MLKL or RIPK3
transcriptional levels, which could potentially prime BMDMs to undergo necroptosis'?.
However, overexpression of MLKL in IFNAR-deficient BMDMs failed to induce necroptotic
cell death'?450°, Similarly, treatment with IFNs alone or cGAS-STING-dependent cytosolic
DNA sensing failed to induce necroptotic death in BMDMs but triggered necroptosis only
when combined with TNF under conditions of caspase inhibition®'°. Additionally, PUMA-
induced mtDNA release combined with caspase inhibition triggered necroptosis in HT29
colon cancer cells and MEFs®'".

Taken together, these findings suggest that while cGAS-STING signalling and its
downstream type | IFN responses may help create a permissive environment for necroptosis,
the existing evidence remains largely correlative, often relying on indirect readouts,
transcriptional changes, overexpression systems, or genetic models (e.g., IFNAR knockout)
that do not directly address the specific contribution of the cGAS-STING pathway.
Mechanistic evidence supporting a role for STING as an essential mediator of necroptotic
execution is lacking, and the precise molecular links between STING activation and the
necroptotic machinery remain unresolved.

cGAS-STING has also been implicated in lysosomal cell death (LCD) or lysosome-dependent
pyroptosis (LDCP). In human myeloid cells, STING can induce lysosomal trafficking, leading
to lysosomal membrane permeabilisation, potassium efflux, and activation of NLR (NOD-like
receptors) family pyrin domain containing 3 (NLRP3), resulting in pyroptosis®'2. STING can
further amplify AIM2-mediated inflammatory signalling by priming, in an IFN-dependent
manner, the upregulation of inflammasome components such as AIM2 during murine
cytomegalovirus infection in BMMs®'3. Similarly, during Chlamydia trachomatis infection,
cGAS-driven IFN responses increase caspase-1 and caspase-11 expression, promoting IL-
1B release and pyroptotic cell death®'.

It remains unclear what determines the selective activation of cGAS, AIM2, or NLRP3 upon
cytosolic DNA sensing. Current evidence suggests that cGAS may exhibit higher sensitivity
to diverse DNA species, even at lower cytosolic concentrations, due to its complex DNA-
binding architecture. This enhanced sensitivity could allow cGAS to respond earlier and to a
broader range of DNA stimuli. Depending on the cellular context and the specific trigger,
cGAS-STING downstream responses appear to modulate AIM2 and NLRP3 expression and
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activation, although additional, yet unidentified factors may also dictate which sensor
predominates in initiating the inflammatory or cell death program.

Despite extensive investigation into the relationship between STING signalling and regulated
cell death, it remains unresolved whether STING serves merely as a modulator of the
cytokine milieu or whether it can act as a direct upstream activator of necroptosis. This
question becomes particularly relevant in the context of caspase-8 deficiency, which, as
discussed earlier, leads to genomic instability and potentially accumulation of cytosolic self-
DNA. Such DNA represents a potent ligand for the cGAS-STING pathway, suggesting a
potential link whereby loss of caspase-8 function may couple endogenous DNA sensing to
RIPK3-MLKL-dependent necroptosis. In addition, caspase-8 deficiency leads to spontaneous
upregulation of ZBP12%, further suggesting that STING could influence the necroptotic axis
via the ZBP1-RIPK3-MLKL pathway. This possibility raises the intriguing scenario that
caspase-8 is not only a suppressor of necroptosis through direct regulation of RIPK1, but
also an indirect guardian against aberrant STING-driven necroptosis by limiting the release
of self-DNA and consequently activation of cGAS, modulating ZBP1 expression and
potentially activation. Importantly, determining whether STING-driven necroptosis can also
occur independently of caspase-8 loss is critical for understanding the broader physiological
and pathological relevance of STING as a direct necroptotic trigger. Establishing such a
mechanistic link would have broad biological implications and could open new avenues for
therapeutic intervention in interferonopathies characterised by excessive necroptosis.

In this context, the present work addresses two complementary aspects. First, the
development of in situ phosphorylated MLKL (pMLKL) detection as a robust and reliable
approach to qualitatively identify necroptosis in vivo, which is essential for assessing its
contribution to disease pathogenesis and progression. Second, the investigation of the
potential mechanistic involvement of STING in necroptosis and its impact on tissue pathology
and disease pathogenesis in STING-driven interferonopathies, thereby providing a rationale
for therapeutic intervention. Together, these aims seek to close critical gaps by enabling
rigorous detection of necroptosis in vivo, elucidating how perturbations in caspase-8 function
intersect with innate immune signalling to orchestrate necroptosis, and providing a
conceptual framework for therapeutic strategies targeting the STING-necroptosis axis in
STING-driven autoinflammatory and autoimmune diseases characterized by excessive
necroptosis.
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[l. Publications

1. Publication 1
Declaration and Rationale

The importance of murine phospho-MLKL-S345 in situ detection for Necroptosis
assessment in vivo

https://doi.org/10.1038/s41418-024-01313-6

Declaration: This study was undertaken to address the critical need for a reliable and specific
marker to detect necroptosis in vivo, particularly in murine models. Although phosphorylation
of murine MLKL at serine 345 (pMLKL-S345) is widely recognized as a hallmark of
necroptotic activation, a robust and validated method for its in situ detection has been lacking.
Prior studies have largely relied on RIPK3- or MLKL-deficient models, or on total MLKL
expression as indirect proxy for necroptosis, approaches that often lack spatiotemporal
resolution and functional specificity. This work aimed to systematically evaluate and optimize
conditions for immunohistochemical detection of pMLKL-S345, thereby providing a valuable
tool for the spatial and contextual analysis of necroptosis in tissue sections, and for
distinguishing it temporally and functionally from other forms of cell death, such as apoptosis.
Importantly, the study reinforces the specificity of pMLKL-S345 as a surrogate marker of
necroptosis across a range of physiological and pathological contexts, laying a foundation for
future research into the regulation and immunological consequences of necroptotic cell death
in vivo.

Contribution:

e Designed and optimized the immunohistochemical and immunofluorescent protocols
for in situ detection of murine pMLKL-S345.

e Generated and analysed Casp8E-XO mice used in the study.

e Performed, analysed and quantified all stainings across all examined tissues and
experimental conditions.

e Interpreted the experimental results, prepared all figures, and drafted and edited the
manuscript.
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Necroptosis is a caspase-independent modality of cell death implicated in many inflammatory pathologies. The execution of this
pathway requires the formation of a cytosolic platform that comprises RIPK1 and RIPK3 which, in turn, mediates the
phosphorylation of the pseudokinase MLKL (S345 in mouse). The activation of this executioner is followed by its oligomerisation
and accumulation at the plasma-membrane where it leads to cell death via plasma-membrane destabilisation and consequent
permeabilisation. While the biochemical and cellular characterisation of these events have been amply investigated, the study of
necroptosis involvement in vivo in animal models is currently limited to the use of MIkI~'~ or Ripk3™'~ mice. Yet, even in many of
the models in which the involvement of necroptosis in disease aetiology has been genetically demonstrated, the fundamental
in vivo characterisation regarding the question as to which tissue(s) and specific cell type(s) therein is/are affected by the
pathogenic necroptotic death are missing. Here, we describe and validate an immunohistochemistry and immunofluorescence-
based method to reliably detect the phosphorylation of mouse MLKL at serine 345 (pMLKL-S345). We first validate the method
using tissues derived from mice in which Caspase-8 (Casp8) or FADD are specifically deleted from keratinocytes, or intestinal
epithelial cells, respectively. We next demonstrate the presence of necroptotic activation in the lungs of SARS-CoV-infected mice
and in the skin and spleen of mice bearing a Sharpin inactivating mutation. Finally, we exclude necroptosis occurrence in the
intestines of mice subjected to TNF-induced septic shock. Importantly, by directly comparing the staining of pMLKL-345 with that of
cleaved Caspase-3 staining in some of these models, we identify spatio-temporal and functional differences between necroptosis

and apoptosis supporting a role of RIPK3 in inflammation independently of MLKL versus the role of RIPK3 in activation of

necroptosis.

Cell Death & Differentiation (2024) 31:897-909; https://doi.org/10.1038/s41418-024-01313-6

INTRODUCTION

Necroptosis is a caspase-independent form of regulated cell death
whose untoward activation drives loss of tissue homoeostasis
during development as well as the pathogenesis of many
inflammatory and infectious diseases [1]. Necroptosis can be
induced in response to the activation of death receptors (DRs)
[1, 2], (i.e., the tumour necrosis factor (TNF) receptor superfamily
(TNFR-SF) members TNFR1 [3-5], FAS/CD95 [6-8], TRAIL-R1/DR4
and TRAIL-R2/DR5 [9-11]), as well as pattern recognition receptors
(PRRs) including toll-like receptor 3 (TLR3) and TLR4 [12-14]. The
downstream events elicited by the activation of DRs or PRRs lead
to assembly of the necrosome, a cytosolic complex canonically
formed by the association of Receptor-Interacting Protein Kinase 1
(RIPK1) and 3 (RIPK3) via their RIP homotypic interaction motif

(RHIM) domains [15]. This complex has also been shown to form
via the association of the cytosolic DNA and RNA sensor, ZBP1,
with RIPK3, however, only in absence of RIPK1 expression or of its
RHIM domain (RIPK14R"™) [16]. The activation of this complex
culminates in the phosphorylation, ubiquitination and oligomer-
isation of the pseudokinase Mixed Lineage Kinase Domain-Like
(MLKL), responsible for membrane destabilisation and consequent
pore formation necessary for the execution of necroptosis and
release of the inner cellular content [1, 15, 17-21]. The activation
of MLKL relies on RIPK3-mediated phosphorylation of threonine
357/serine 358 (T357/5358) in human and of serine 345 (S345) in
murine MLKL [1, 22-24]. Whilst other phosphorylation events have
been described for both human and mouse MLKL by other
kinases, the above-mentioned are recognised to be the sole, so far
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discovered, mediated by RIPK3 and to be responsible for the
execution of necroptosis [23-25]. Currently, these are widely
utilised as conclusive markers to detect this specific cell death
modality, however, their utilisation has been limited to western
blotting and/or immunofluorescence in adherent cells [26]. To
date, there is no reliable and reproducible way of addressing
necroptosis in situ in tissues derived from different animal models.
The assessment of cell death in vivo relies on detection of cleaved
Caspase-3 (c-Casp3) [27] or so called TUNEL (terminal deoxynu-
cleotidyl transferase dUTP nick end labelling) staining (a hallmark
of intrinsic and extrinsic apoptosis but also necrosis, necroptosis,
pyroptosis and parthanatos [28-33]). Yet, neither are they specific
to necroptosis execution nor can they discriminate between
different modalities of cell death and MLKL-driven necroptosis.
Being able to differentiate between distinct modalities of cell
death impacts profoundly on the molecular understanding of the
biochemical process responsible for a given pathological condi-
tion and importantly, allows (a) the possibility to test pharmaco-
logically targeting of a specific cell death mechanism in an
informed way, (b) the discovery and prediction of necroptotic cell
death involvement in the aetiology of any disease in a tissue-
specific manner prior the utilisation of a genetic knock out model
and (c) the ability to investigate and distinguish the role of RIPK3
in inflammation independently of MLKL (mostly pro-apoptotic)
from its role in MLKL-driven necroptosis.

In this study, we show how necroptosis can be molecularly
detected in vivo. Following a thorough optimisation strategy, we
provide a detailed methodology for the immunohistochemical
and immunofluorescent in situ detection of S345-phosphorylated
murine MLKL (pMLKL-S345) in different tissues (skin, intestine,
lung, spleen and liver). We, first, optimise our detection method in
genetic mouse models of necroptosis induction via conditional
deletion of Caspase-8 (Casp8) or FADD from basal epidermal
keratinocytes [34] or intestinal epithelial cells [35], respectively.
Additionally, once demonstrated the validity and specificity of our
protocol, we provide evidence of the applicability and advantages
of detecting pMLKL-S345 in situ by utilising three additional
models that uncover, clarify and support (1) the role of necroptosis
in SARS-CoV infection, (2) the role of RIPK3 in inflammation
independently of MLKL via the analysis of the chronic proliferative
dermatitis mutation (cpdm) mice (Sharpin®™%9™ and Shar-
pin®Pdm/Pdm. pink3~/~ animals and (3) the role of necroptosis in
systemic inflammatory response syndrome (SIRS) following TNF
injection. In some of these models we directly compare the in situ
detection of pMLKL-S345 with the broadly used c-Casp3
demonstrating the importance of specifically detecting pMLKL-
S345 in situ to identify which cells undergo necroptosis as well as
highlighting functional and temporal differences with apoptotic
cell death.

MATERIALS AND METHODS

Mouse models

The Casp8™" mice were kindly provided by Hedrick [36], K14-Cre [37],
Fadd™" [38], Villin-Cre-ERT? [39] were obtained as previously described.
Shpn™™ mice were obtained from the Jackson laboratory [40]. MikI ™"~ was
generated by the Walczak lab as previously described [41], Casp8™/~ mice
were kindly provided by Hakem [42], Ripk3 ™/~ animals by Dixit and Newton
from Genentech [43]. C57BI/6N wild-type mice were purchased from
Charles River (Germany). Mice were bred to obtain Casp8ﬂ/ﬂ; K14cre'¥™*
carrying the conditional deletion of Casp8 in keratinocytes (Casp8 ). Mice
heterozygous for Casp8 and homozygous for Ripk3 (Casp™~; Ripk3™"") or
Mikl (Casp8t/~; MIkI’~) were bred to obtain Casp8~’~; Ripk3™~ and
Casp8~’~; MIki”’~ double-KO mice. To generate knock out mice with
inducible intestinal-epithelial cell-specific FADD deletion (Fadd"<*©), we
crossed Fadd™" mice with Villin-Cre-ERT? mice. These were further crossed
with MIkI~'~ to generate Fadd"™ <%, MIkI~’~. Fadd deletion was induced bg/
tamoxifen injections of 11 weeks old Fadd™": Villin-Cre-ERT? and Fadd™":
MIkI~"=; Villin-Cre-ERT*> mice at 10 mg/mL (T5648, Sigma-Aldrich) for 3
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consecutive days and then sacrificed at 14 weeks of age. As control,
Fadd™" littermates not expressing Cre were treated with tamoxifen in the
same way. All mice were kept in individually ventilated cages under a
stable 12 h day/night cycle at the animal facilities of the Medical Faculty,
the CECAD Research Center of the University of Cologne or the
Medizinisch-Technisches Zentrum at the TU Dresden. Water and standard
chow were provided ad libitum, room temperature and humidity were
automatically maintained. Mice were daily monitored, scored blindly by
two independent researchers and humanely sacrificed once reached
endpoint criteria via cervical dislocation. Experiments were performed
according to German animal protection laws and were approved by local
ethics committees as well as local government authorities (Landesamt fiir
Natur, Umwelt und Verbraucherschutz Nordrhein Westfalen or Landesdirek-
tion Dresden, number: VSG2020.A022).

SARS-CoV infection

Lung sections from SARS-CoV MA15-infected mice were obtained from a
recently published study where experimental material and methods with
regards to the model and infection are fully described [44]. SARS-CoV
MA15 was kindly provided by S. Zuiiga and L. Enjuanes (CNB-CSIC, Madrid,
Spain). Mice were infected intranasally with 10° TCID50/ml in a total
volume of 40 pl of PBS after isoflurane anaesthesia. A clinical score was
meticulously derived, if deemed necessary, through the assessment of
various components, including the appearance of the mouse, level of
consciousness, activity level, responsiveness to stimuli, ocular appearance,
and the frequency and quality of respiration. Mice were considered to have
reached the humane endpoint when the clinical score was equal or
exceeded 21, or when respiratory parameters surpassed a score of 3 [45],
or when weight loss was >25% of the initial weight. Animals were kept
under standard conditions of temperature, humidity and light at the
Research Center on Encephalopathies and Emerging Diseases of the
University of Zaragoza. Animal experimentation was approved by the
Animal Experimentation Ethics Committee of the University of Zaragoza
(number: P144/20).

Systemic inflammatory response syndrome (SIRS)

Co-housed 8-12 weeks old female C57BI/6N mice were divided in pairs of
two and each pair received two different doses of ice-cold recombinant,
LPS-free mouse TNF (TNF) (575208, lot: B306769, BioLegend) in a final
volume of 100 pl (dissolved in PBS) intravenously via tail-vein injection
(i.v.). The administered doses were adjusted to 0.75 pug/g or 1pg/g TNF.
Control mice received a corresponding volume of ice-cold LPS-free PBS.
The experiment was performed in a double-blinded manner. Mice were
monitored every 2 h for body temperature drop and sacrificed 6 h after
injection. Animal experimentation was approved by German animal
protection laws and were approved by local ethics committees as well
as local government authorities (number: TVA57/2017).

Dermatitis scoring criteria

Skin lesions in Shpnm/’“ mice were scored as previously described [40].
Briefly, 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 four 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 and
flank = 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 total severity. Scoring of skin lesions was performed by two
independent researchers in a double-blinded fashion.

Tissue harvesting and fixation

Mice were humanely sacrificed once reached endpoint criteria. Mouse skin
samples were collected by harvesting skin biopsies from the dorsomedial
region of the back of the mouse into a rectangle shape so that the long
side of the rectangle follows the anterior-posterior axis of the mouse.
Colon and small intestine were longitudinally cut and washed with PBS to
remove faeces and then rolled up from proximal to distal (Swiss-rolls).
Spleens, lungs and livers were carefully extracted, and washed in PBS. It
was previously reported that crosslinking fixatives can interfere with
specific detection of MLKL, RIPK1 and RIPK3 and methanol fixation was
pointed as a more efficacious methodology to prevent false positive
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staining [26]. However, it is important to note that this conclusion was
specific for detecting total and phosphorylated protein signal via
immunofluorescence in adherent cells. In tissues, it is still a matter of
debate if coagulant fixatives (ethanol and methanol) impact less on the
steric configuration of the proteins and therefore on the antigenic site
recognition [46, 47]. We opted for a formalin fixation because the
advantages of formalin fixation include a good preservation of tissue
morphology and because it is widely used for many different established
antibodies, therefore, maximising the utilisation of the same tissue block
(from the same animal) for the in situ detection of different markers.
Importantly, formalin fixation sterilises tissues more reliably than
precipitating fixatives, in particular for viruses (which is currently the
requested fixative by European authorities for the transportation and
utilisation of samples outside of S3 facilities such as SARS-CoV) and,
therefore, relevant to investigate necroptosis activation following viral
infection. In this study, we utilised tissues from different organs: skin,
spleen, lung, gut and liver. Tissues were placed in an embedding cassette
and fixed with either 10% buffered formalin (skin from Casp8"*©, small
intestine, colon and liver from TNF-induced shock model, HT501128-4L,
Sigma-Aldrich) or 4% formaldehyde (skin and spleen from Shpn’”/’” mice,
lungs from the SARS-CoV infection model and small intestine and colon
from Fadd™“*© mice, WAL60622, Walter CMP GmbH) overnight (O/N). The
cassettes were stored in 70% EtOH (skin) or PBS (spleen, lung, small
intestine, colon and liver) for at least 24 h before further processing.

Tissue processing (paraffin embedding and microtomy)

Fixed tissues were paraffin embedded using a vacuum tissue processor
(Model: ASP200S, Leica Biosystems) through standard automatic tissue
embedding protocols. The paraffin-embedded blocks were cut to obtain
3 pum thick (lung, small intestine, colon and liver) or 5 um thick (skin and
spleen) consecutive sections, then placed on labelled polysine adhesion
slide and dried O/N at 40 °C.

Haematoxylin & eosin staining of paraffin-fixed tissues

Tissue sections were deparaffinised with xylene and rehydrated in
reducing concentrations of EtOH (100%, 95%, 70%, 50 and 0%). The
haematoxylin and eosin (H&E) staining was performed by incubating the
tissue sections in haematoxylin (T865.3, Carl Roth) for 4 min, followed by
thorough washing and a 15 min incubation in tap water. The slides were
then incubated in eosin (X883.2, Carl Roth) for 30s (skin) or 1 min (spleen,
small intestine and colon), washed thoroughly in tap water, dehydrated
(75%, 95%, 100% EtOH and xylene) and mounted (H-5700, Vector
Laboratories).

Optimisation strategy of in situ detection of pMLKL-S345

via IHC

The optimisation strategy took place at six different levels that we
categorised as:

Level 1 - antibody selection, Level 2 - retrieval method, Level 3 -
retrieval time, Level 4 - antibody dilution, Level 5 - usage of detergents,
Level 6 - amplification method and in a total of 47 different conditions
(Supplementary Fig. 1).

Out of all the commercially available antibodies claiming to detect
pMLKL-S345 we decided to focus specifically on those that were known to
provide a clean and reliable signal by western blotting and also those that
had been most recently published in the literature to avoid any batch
issues: a recombinant rabbit monoclonal antibody (EPR9515) to pMLKL-
S345 antibody from abcam (ab196436) and a recombinant rabbit
monoclonal antibody (D6E3G) to pMLKL-S345 antibody from Cell
Signalling Technologies (CST, 37333) which was previously reported to
successfully stain murine pMLKL-S345 in fixed adherent murine cells [26].
Importantly, the ab196436 was previously published to detect pMLKL-5345
in tissues via IHC [48]. However, despite several attempts, we (and others)
could not obtain convincing results by following the published protocols,
which therefore, prompted us to optmise the staining procedure.

It is well established that potential masking of epitopes arising from
formalin fixation can be successfully overcome by the correct antigen
retrieval. Initially, the two antibodies were tested with heat-induced epitope
retrieval (HIER) method, in sodium citrate-based retrieval buffer, pH 6.
Antibodies were diluted 1:200, 1:400, 1:800, 1:1600 and 1:2000. Standardised
retrieval time for TintoRetriever Pressure Cooker (10 min) and a previously
verified maximum retrieval time (13 min) were compared. In addition, an
avidin-biotin-HRP signal amplification system was implemented to improve
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signal detection (data with regular anti-rabbit HRP conjugated antibody not
shown). Under these conditions, the abcam antibody failed to show signal
specificity because of high background levels and consequent low signal-to-
noise ratio. The CST antibody showed promising results at this initial stage
and was further validated. To improve antigen retrieval, a commercially
available Tris-EDTA based buffer, pH 9 (S236784-2, Agilent Technologies)
was utilised, as Tris-EDTA based buffers at pH 9 are usually employed for
either low affinity antibodies or when difficult epitopes require more
effective retrieval. Different retrieval times were tested: 5, 7 (data not
shown), 10 and 13 min. In parallel, an enzymatic/proteolytic antigen retrieval
method utilising Proteinase K (20 ug/ml in TE Buffer: 50 mM Tris Base, 1 mM
EDTA, 0.5% Triton X-100, pH 8.0) was tested. From this, we concluded that
pressure cooker-based HIER using Tris-EDTA based buffer, pH 9 and 1:2000
antibody dilution of the pMLKL-S345 antibody from Cell Signalling
Technologies (CST, 37333) were the most favourable conditions to detect
in situ pMLKL-S345. To further optimise the signal/noise ratio, 0.05% v/v
Tween20 was added to the retrieval buffer to obtain better permeabilisation.
Serial antibody dilutions (CST37333) of 1:2000-1:10000 were further
assessed to test background detection. Since further dilutions above
1:2000 incurred into decreased antibody-signal detection, despite decreas-
ing background, we decided to carry forward with 1:2000 dilution of the
CST37333 antibody. We also validated the staining method with a
‘homemade’ 0.05% v/v Tween20, Tris-EDTA based retrieval buffer, pH 9
and HIER using a standard, commercially available microwave oven.

Immunostaining

After standard deparaffinisation and rehydration, the paraffin sections were
retrieved differently for the detection of different antibodies. For pMLKL-
S345 detection (37333, Cell Signalling Technology, 1:2000) slides were
retrieved in 0.05% v/v Tween20, Tris-EDTA based antigen retrieval buffer,
pH 9 (5236784-2, Agilent Technologies) for 13 min at 114-121 °C using the
TintoRetriever Pressure Cooker (BSB7008, BioSB). For c-Casp3 staining (9664,
Cell Signalling Technology, 1:100, for skin sections and 9661, Cell Signalling
Technology, 1:200, for spleen, lung, small intestine, colon and liver) slides
were retrieved in sodium citrate buffer, pH 6 (C9999, Sigma-Aldrich) for
10 min at 114-121 °C using the TintoRetriever Pressure Cooker. Endogenous
peroxidase activity, antibody non-specific binding sites, avidin binding sites
and endogenous biotin and biotin receptors were blocked according to the
manufacturer’s instructions (SP-6000-100, SP-5035-100 and SP-2001, Vector
Laboratories, respectively). Biotinylated goat anti-rabbit secondary antibody
(1:200, BA-1000, Vector Laboratories) in combination with either the
avidin-biotin—-HRP amplification system (PK-6100, Vector Laboratories) with
DAB substrate (SK-4105, Vector Laboratories) or Alexa Fluor 594 Strepta-
vidin (511227, Thermo Fisher Scientific) were used for antibody detection.
All sections were counterstained with haematoxylin (H-3401, Vector
Laboratories) or DAPI (D9564, Sigma-Aldrich). The sections were then
mounted using commercially available mounting media (H-5700, Vector
Laboratories or P36930, Thermo Fisher Scientific).

Lambda protein phosphatase (lambda PP) treatment

Slides were treated with lambda PP (40.000U/ml) diluted in Lambda PP
buffer (P0753S, New England Biolabs) or with Lambda PP buffer alone
according to manufacturer instructions. Slides were incubated at 37 °C for
24 h in a wet chamber and then washed three times (5 min) in TBS-T 0.1%
v/v Tween20 before being incubated with the pMLKL-S345 antibody as
described above.

Histopathological analysis

Histopathological evaluation was performed in H&E stained 3 pm thick
intestinal Swiss-roll sections using the scoring system as described before
[35]. Briefly, histopathology scores are composed of four parameters:
epithelial hyperplasia, epithelial injury, tissue inflammation and epithelial cell
death. Histological sub-scores for each parameter: 0, absent; 1, mild; 2,
moderate; 3, severe. An ‘area factor’ for the fraction of affected tissue was
assigned and multiplied with the respective parameter score (1= 0-25%;
2 =25-50%; 3 =50-75%; 4 =75-100%). Each area was scored individually
and multiplied with the correlating area factor. Total histology score was
calculated as a sum of all parameter scores multiplied with their area factors.
Maximum score was 48. Evaluation was performed in a blinded fashion.

Imaging
Immunohistochemistry slides were digitalised via acquisition in a digital
slide scanner (NanoZoomer S360MD Slide scanner system, Hamamatsu
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Photonics K.K.) with 40x magnification lens. Additional bright field images
were acquired with Leica DM750 Binocular microscope and LAS X Life
Science Microscope Software, Leica, objective 10%, 20X or 63X. Immuno-
fluorescence pictures were acquired with LSM 980 with Airyscan 2 and ZEN
Microscopy Software, Zeiss, objective 20x and 63x, Zeiss.

Image analysis

The acquired bright field images were analysed in QuPath, an open-source
software [49]. To quantify the positively stained cells, a pixel classifier was
generated in order to exclude tissue areas that should not be accounted
for during the quantification step and would otherwise interfere with the
‘positive cell detector’ leading to false positive results. After setting the
parameters and threshold, the ‘positive cell detector’ was run and the
quantification results were acquired. The percentages of positive cells per
total number of cells for each section or image for the different biological
replicates were plotted utilising GraphPad. One-way or two-way Anova
statistical analysis and Tukey’s multiple comparisons test or unpaired two-
tailed t-test was calculated via graph pad/prism to determine significance
among the different groups (*P<0.05, **P<0.01, ***P<0.001,
***%p < 0.0001, ns = not significant).

RESULTS

Reliable in situ detection of pMLKL-S345 allows to distinguish
apoptotic from necroptotic cell death in different subcellular
populations

To initially optimise and validate the in situ detection of pMLKL-
S345 we decided to employ a published model of Casp8 deletion
from epidermal keratinocytes (Casp85%©). These mice are known
to succumb to aberrant skin inflammation induced by RIPK3 and
MLKL-mediated necroptosis. Accordingly, mice bearing deletion of
Casp8 from epidermal keratinocytes (Casp8t"©) presented with
severe skin inflammation leading to lethality by P7 [34] (Fig. 1A, B).
Mice with heterozygous deletion of Casp8 from keratinocytes
(Casp8E ™) showed no sign of inflammation, neither at P7 nor at
a later stage throughout their monitored life span and were
indistinguishable from wild-type mice (Fig. 1A, B). These mice
were utilised as negative controls to validate the pMLKL-S345
antibody and staining specificity in the presence of the single K14-
Cre allele. As previously reported, the embryonic lethality induced
by constitutive Casp8 deficiency is completely rescued by genetic
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Fig. 1 Casp.

is a reliable and robust model to study necroptosis. A Representative images of Casp

removal of either RIPK3 or MLKL suggesting that its pathological
cause is due to aberrant necroptosis [34]. Since removal of MLKL
or RIPK3, the kinase responsible for phosphorylation of MLKL at
S345, would impede detection of pMLKL-S345, we utilised
Casp8~/~; MIki~’~ and Casp8~~; Ripk3~'~ mice as further negative
controls. Consistent with the absence of necroptosis and with the
notion that necroptosis induction is responsible for the lethal
dermatitis, these mice presented no sign of necroptosis-induced
skin inflammation and their survival was significantly prolonged
(Fig. 1B). Due to the splenomegaly and lymphadenopathy that
occurs in Casp8~'~; MiIkI’~ and Casp8~/~; Ripk3~~ mice, they
were sacrificed once endpoint criteria were reached (Fig. 1B) and
skin samples were collected for immunohistochemical analysis.
After establishing our model of choice, we selected two pMLKL-
S345 antibodies: a previously published recombinant rabbit
monoclonal antibody (EPR9515) to pMLKL-S345 antibody from
abcam [48, 50] and a recombinant rabbit monoclonal antibody
(D6E3G) to pMLKL-S345 antibody from Cell Signalling Technolo-
gies (CST, 37333) which we tested on skin sections obtained from
the Casp8t'© animals. After performing different optimisation
conditions (47 steps shown in Supplementary Fig. 1), we
concluded that optimal detection of pMLKL-S345 takes place
using antibody 37333 (CST) with a 1:2000 dilution using 0.05% v/v
Tween20, Tris-EDTA based antigen retrieval buffer, pH 9 (5236784-
2, Agilent Technologies), retrieving for 13 min at 114-121°C.
Details of the optimisation steps are provided in the ‘Materials and
Methods’ section and in Supplementary Materials and Methods
(Supplementary Fig. 1). Once the optimal staining conditions were
determined, consecutive skin sections from five mice of each of
the above-mentioned genotypes were stained for pMLKL-5345 or
c-Casp3 and counterstained with haematoxylin to visualise tissue
architecture as well as to distinguish different subcellular
populations (Fig. 2A). Dying keratinocytes in the epidermis of
Casp8™© mice showed clear and specific staining for pMLKL-5345
demonstrating activation of the necroptosis executioner
MLKL (Fig. 2A, B). Significantly lower signal was detected in the
Casp8" mice whereas no staining was detectable in Casp8™”~;
MIikI~"~ or Casp8~"~; Ripk3~’~ mice (Fig. 2A, B). Similarly, c-Casp3
was also detected in Casp8*° mice, however, in contrast to
pMLKL-S345, c-Casp3-positive cells, specifically fibroblasts and

Casp8FKOMt (n=5)
%k %k %k %k
CaawEK°m=Q -ij::T————
% %k %k %k
Casp8”- MikI"~ (n=5)

Casp8” Ripk3” (n=5)

%k %k %k %k

3

850 mice at the indicated time point

(P7). Control mice included littermates with the Casp8*“** genotype. B Kaplan-Meier survival graph of mice of the indicated genotypes
(n=>5 in each group). P values were calculated by Gehan-Breslow-Wilcoxon test. ****P < 0.0001.
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Fig. 2 Reliable detection of pMLKL-S345 in situ distinguishes necroptosis from apoptosis. A Representative bright field images of skin

sections from mice with the indicated genotypes immunostained with pMLKL-5345 and c-Casp3. Consecutive skin sections from the same
mice were utilised for each marker and are shown in the same order (n =5 in each group). Scale bars: 100 um (representative field) and 20 pm
(magnified selected area). B Graph showing quantification of each immunostaining obtained via QuPath after slides were digitalised in a
digital slide scanner as described in the Supplementary Methods section. For each marker, total skin section was analysed and total numbers
of cells were obtained to calculate the percentage of positive cells over the total amount of cells detected. Data are presented as mean + SEM
and each dot represents one mouse. P values were calculated via two-way Anova. *P < 0.05, **P < 0.01, ****P <0.0001, ns not significant.

immune cells, were mostly located in the dermis (Fig. 2A).
AIthou?h the absence of pMLKL-5345-positive cells in Casp8~~;
Ripk3™"~ would already exclude the possibility that the selected
antibody would detect non-specifically total MLKL, we also
decided to pre-treat skin samples obtained from Casp8t"© with
lambda PP to remove phosphate groups from phosphorylated
residues to further validate the specificity of our protocol with the
antibody of choice. Lambda PP treatment completely removed
any pMLKL-S345 signal detected from consecutive skin sections
obtained from Casp8 *© animals (Supplementary Fig. 2), further
confirming specificity of detection of the phosphorylated target.
These results demonstrate that the described protocol serves to
specifically stain pMLKL-S345 in keratinocytes undergoing necrop-
totic cell death in the epidermis. Importantly, the staining pattern
obtained thereby was clearly distinct from that obtained when
staining for c-Casp3 in consecutive tissue sections. The latter
staining identified other cells that underwent apoptotic cell death
in the dermis, likely as a consequence of the necroptotic death of
keratinocytes in the epidermis, as c-Casp3-positive cells were
largely absent from the different control tissues (Fig. 2A, B).
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In situ detection of pMLKL-S345 is applicable to
immunofluorescence staining

Having established a specific and sensitive protocol for the in situ
detection of pMLKL-S345 in skin sections via immunohistochem-
istry, we next determined whether this protocol also served to
detect pMLKL-S345 by immunofluorescence via confocal micro-
scopy in skin and intestinal sections. To this end, we applied slight
modifications to the protocol due to the nature of the different
fluorophore-attached secondary antibodies required for acquisi-
tion via laser excitation (details provided in ‘Materials and
Methods’ and in Supplementary Material and Methods). Compar-
ably to the immunohistochemical detection of the above-
mentioned samples (Fig. 2B), our data showed specific staining
of cells in the skin sections obtained from Casp8~*° mice while
samples from both Casp8”~; MIkl~’~ or Casp8~’~; Ripk3™~
showed a clear lack of any detectable signals (Fig. 3A, B).
Additionally, we employed the conditional deletion of Fadd in the
intestinal epithelium via tamoxifen injection previously shown to
lead to the disruption of the intestinal barrier via activation of
necroptosis [35]. Briefly, Fadd™” mice were crossed with Villin-Cre-
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Fig. 3 In situ detection of pMLKL-S345 is applicable to immunofluorescence staining. A, B Representative images of skin sections from
mice with the indicated genotypes immunostained with Alexa fluor 594 streptavidin (red) to detect pMLKL-S345 and with DAPI (blue) to
detect nuclei (n=5 in each group). Dashed squares indicate 4 representative pMLKL-S345-positive cells per image. Scale bars: 100 pm.
B Representative images (single slice 0.4 pm) of pMLKL-5345 positive cells (n =4 cells per mouse in a total of n =5 mice). Scale bar: 5 um.
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Fig. 4 SARS-CoV infection induces apoptotic and necroptotic cell death. A Representative bright field images of lung sections of wt mice
infected intranasally with 10° TCID50/ml SARS-CoV MAT15 virus at 3 days post-infection (dpi) immunostained with pMLKL-5345 (n =3 for
mock-infected and MA15-infected mice). Scale bars: 100 um (representative field) and 50 um (magnified selected area). B Graph showing
quantification of pMLKL-5345 immunostaining obtained via QuPath after slides were digitalised in a digital slide scanner as described in
the Supplementary Methods section. Total lung sections were analysed and total numbers of cells were obtained to calculate the percentage
of positive cells over the total amount of cells detected. Data are presented as mean + SEM and each dot represents one mouse. P values were
calculated via one-way Anova, Tukey’s multiple comparisons test. *P < 0.05.

ERT? to obtain Fadd™“"©. These were further crossed with the
MIkl~~ to generate the Fadd™“"°; Miki~~ which served as a
negative control. At 11 weeks of age, these mice were injected
with 1 mg tamoxifen (10 mg/ml) for 3 consecutive days to obtain
the deletion of FADD from intestinal epithelial cells (Fadd™*°
and Fadd"™ ™*°; Miki~'~). Age-matched control littermates (Fadd™™
were also injected with tamoxifen and served as experimental
controls (Fadd™"7). Mice were sacrificed 3 weeks after the first
tamoxifen injection (14 weeks) and intestinal samples were
analysed for pMLKL-S345 detection by confocal microscopy. The
ileum, duodenum and jejunum obtained from Fadd™“*° animals
showed intestinal epithelial cells positive for pMLKL-5345 with the
ileum presenting the greatest number of positive cells and
duodenum, jejunum and colon presenting progressively less to no
positive cells for pMLKL-S345 (Supplementary Fig. 3). There was no
detectable staining of pMLKL-S345 in any intestinal sample
obtained from control Fadd® ™" or from Fadd™"C; MmikI~~.
Conclusively, these data show the ability to specifically detect
PMLKL-S345 via immunofluorescence and subsequent confocal
microscopy acquisition, similarly to the detection shown via
immunohistochemistry. Moreover, we highlight the usefulness of
this staining in further detecting MLKL-driven necroptosis in
different areas of the intestine, granting the possibility to precisely
determine the exact site and extent of necroptotic cell death-
induced inflammation.

SARS-CoV infection induces apoptotic and necroptotic

cell death

Lagunas et al. recently showed that infection by mouse adapted
SARS-CoV MA15 (SARS-CoV) leads to cell death in the bronchioles
and alveoli of infected mice [44]. In this study, while apoptosis was
shown to play a role (via detection of c-Casp3-positive cells) it was
clear that other modalities of cell death are engaged following
SARS-CoV infection as a greater number of TUNEL-positive cells,
although c-Casp3-negative, were detected in sections obtained
from the lungs of infected mice [44]. To test the involvement of
necroptosis activation, we obtained consecutive lung sections
from the published mock-infected and SARS-CoV-infected mice
[44] and performed pMLKL-S345 staining in situ on these sections.
Our data clearly show a significant amount of pMLKL-5345-
positive staining in alveolar cells as well as in cells of different
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origin in the lung epithelium, demonstrating activation of
necroptosis following infection (Fig. 4). Considering the previously
reported data, it is plausible that both apoptosis and necroptosis
contribute to the inflammatory syndrome observed in these
animals following SARS-CoV infection and that the inhibition of
both could be a valuable therapeutic strategy. These data show
the importance of pMLKL-S345 staining to investigate and
determine the occurrence of necroptosis during infection allowing
to distinguish and understand how different cell death modalities
affect pathological and systemic inflammation following viral
infection.

PMLKL-S345 staining distinguishes between RIPK3-mediated
necroptosis and RIPK3-mediated inflammation independently
of necroptosis

cpdm mice bear the genetic deficiency of Sharpin (Sharpin
henceforth referred as Shpn™™) [51-54]. These animals are
characterised by dermatitis and multi-organ inflammation includ-
ing splenomegaly, liver inflammation, disrupted lymphoid archi-
tecture and loss of Peyer’s patches in the gut. Overall, TNF/TNFR1-
induced cell death has been demonstrated to drive these
phenotypes [51, 53, 54]. Specifically, TNF-induced apoptosis is
responsible for skin inflammation since Casp8 heterozygosity can
significantly ameliorate the dermatitis, while multi-organ inflam-
mation is predominantly driven by RIPK3/MLKL-induced necropto-
sis [53, 54]. Interestingly, while co-deletion of Sharpin and RIPK3
delays the onset of the dermatitis, MLKL co-deletion does not
affect the skin inflammation observed in the Shpn™™ [53, 54l.
Previous studies that have addressed this issue have inferred that
attenuated linear ubiquitination unleashes a RIPK3 function which
is inflammatory in the skin, yet independent of MLKL. In other
tissues (e.g., the spleen), RIPK3 exerts a purely necroptotic function
[53, 54]. To further validate these conclusions via the in situ
detection of pMLKL-5345, we generated the Shpn™™, Shon™™ and
Shpn™™.  Ripk3™~ mice. Consistent with previously published
reports, Shon™™ mice manifested onset of dermatitis at around
11 weeks of age while Shpn™™; Ripk3~/~ animals presented a
modest delay in the appearance of the dermatitis [53, 54].
Nevertheless, they were all sacrificed at 14-15 weeks of age after
reaching endpoint criteria (Fig. 5A, B). In accordance with previous
studies [53, 54] histological analysis showed a very mild

cpdm/cpdm
’

SPRINGER NATURE

903



K. Kelepouras et al.

904
A
B
Shpn'"/'" Shpn'""" Ripk3 e Median survival (days)
e — Shpn*m nd.
‘ — Shpn™m 107
— Shpn™™ Ripk3 * 103
100
‘_“ L
=
£
@ 50
ES
0 Y T v T Y 1
0 50 100 150
Age [days]
% E
Shpn™m Shpnmm
by +/m : /-
; B2 Affected regions Shp n R’p k3'
= e ) — .
< E3 Characteristics of lesions §
w
15 1-Shpn*™
. 2-Shpn™m
g 3-Shpn™™ Ripk3”
e 10
&| £
@ £
(0] 5 5
ey 8
w
0
1 2 3
F G
PMLKL-S345 c-Casp3 PMLKL-S345 c-Casp3
§ ¥ §
+ +
Sk <
Q Q
< <
] %)
& &
£ H
s s
< <
“ 7}
Q Q|
2 L
x X |
g E
g g [&
s s
L[ S H
(2% 7N

Fig. 5 pMLKL-S345 staining distinguishes between RIPK3-mediated necroptosis and RIPK3-mediated inflammation. A Representative
images of mice of indicated genotypes at the endpoint (14-15 weeks). Control mice included littermates with the Shpn™™ genotype.
B Kaplan-Meier survival graph of mice with the indicated genotypes (n=7 for Shpn” m 6 for Shpn’"/ m 1 for Shpn’"/ m. Ripk3’/ ~ mice).
C Representative images of skin and spleen sections from mice with the indicated genotypes stained with H&E. Slides were digitalised in a digital
slide scanner and images were acquired in QuPath. D Graph of severity score of dermatitis assessment in 14-15 weeks old mice of the indicated
genotypes. Shon™™ mice (14-21 weeks old) served as controls (n = 5 for Shpn™™, 6 for Shpn™™, 1 for Shpn™™; Ripk3~/~ mice). E Representative
bright field images of spleens from mice of the indicated genotypes. F, G Representative bright field images of skin (F) and spleen (G) sections
from mice with the indicated genotypes immunostained with pMLKL-5345 and c-Casp3. Consecutive skin sections from the same mice were
utilised for each marker and displayed according to their order (n = 3 for Shpn™™, 3 for Shpn™™ and 1 for Shpn™™; Ripk3~'~ mice). Scale bars: skin
(F) 100 um (representative field) and 50 um (magnified selected area), spleen (G) 50 um for both representative field and magnified selected area.
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amelioration of the epidermal thickness in Shpon™™; Ripk3~'~ which
was confirmed by the dermatitis score (Fig. 5C, D). As expected
Shpn™™: Ripk3~'~ mice presented a clear restoration of the
marginal zone in the spleen which was reflected by a complete
rescue of the splenomegaly observed in the Shpn™™ mice
(Fig. 5C, E). We then obtained consecutive skin and spleen sections
and compared the staining of pMLKL-5345 and c-Casp3 in situ.
There was a very minor increase in the levels of pMLKL-S345
detected in localised areas of the skin of Shpn™™ compared to
Shpn™™ mice, suggesting that MLKL-induced necroptosis con-
tributes marginally to the dermatitis observed in the Shpn™™
animals. In contrast c-Casp3 staining was distinctly prominent in
the skin of Shpn™™ mice as compared to Shpn™"™ mice and only
partially diminished in Shpn™™; Ripk3™~ animals, as previously
published. This is suggesting that RIPK3-mediated inflammation
contributes to dermatitis independently of MLKL activation and
that apoptotic cell death is the main driver of dermatitis. It is
tempting to speculate that apoptosis can, in turn, cause
necroptosis to such a low extent that it does not contribute to
the lethality of the phenotype. On the other hand, detection of
PMLKL-S345 revealed a clear necroptotic phenotype in the spleen
of the Shpn™™ which was completely absent in the spleen of
Shpn™™: Ripk3~'~ animals. These data suggest that, attenuation of
linear ubiquitination, differently from TNF-induced apoptosis in the
skin, leads to RIPK3/MLKL-mediated necroptosis and secondary
apoptosis in the spleen.

Systemic inflammatory response syndrome drives apoptosis
and not necroptosis in intestinal epithelial cells

It was previously shown that in the C57BI/6N background,
Casp8~~; MIkKI”~ mice are completely unresponsive to TNF-
induced SIRS [55]. While SIRS, as determined by body hypother-
mia, serum cytokines and chemokines levels and SIRS-induced
mortality is significantly ameliorated in both RIPK3-deficient or
RIPK1-catalytically inactive mice, MIki”’~ animals have shown
different responses to high compared to low doses of TNF [55].
Specifically, while MIkI™’~ mice seem to respond similarly to WT
animals when treated with low doses of TNF, differences with
Ripk3~'~ are less evident following injections of high doses of TNF
[55]. This puts into questions whether the unresponsiveness of the
Casp8~~; MIkI™~ mice to SIRS (C57BI/6N) is solely due to loss of
apoptosis or both, apoptosis and necroptosis and, most impor-
tantly, whether RIPK3 might play a role in inflammation
independently of MLKL also in this pathological context.
Considering that homozygous deletion of Casp8 leads to
embryonic lethality [56], it is impossible to determine whether
MLKL deletion is simply required to prevent aberrant necroptosis
(as a consequence of Casp8 deletion) or whether MLKL-induced
necroptosis is indeed involved in SIRS. To answer this question, we
injected female C57BI/6N mice (i.e., the same strain as in the study
reported above [55]) with low or high doses of TNF (via tail-vein
injection) and sacrificed them after 6 h for tissue harvesting and
subsequent intestinal IHC staining with pMLKL-S345 and c-Casp3
(Fig. 6A-D). Histological analysis confirmed the intestinal damage
as a result of TNF injections (Fig. 6A, B). Our data conclusively
show that both doses of TNF drive predominantly apoptosis and
not necroptosis, as in the area of intestinal damage we could only
detect a significant increase of c-Casp3-positive cells (Fig. 6C, D
and Supplementary Fig. 4). Specifically, different parts of the
gastrointestinal tract, including ileum, duodenum, jejunum and
colon, contained cells positive for c-Casp3 staining, with ileum and
duodenum showing the highest levels. It was previously reported
that necroptosis-induced liver damage contributes to TNF-
mediated mortality in C57BI/6J animals [57]. Unexpectedly, we
could not detect a high number of pMLKL-S345-positive cells
(although significant) nor a difference in c-Casp3 staining
compared to control in our C57BI/6N animals (Supplementary
Fig. 5). Together, these results suggest that, at least in the C57BI/
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6N background, the previously published amelioration observed
in RIPK3-deficient mice might be due to the ability of RIPK3 to
promote apoptosis and inflammation independently of necropto-
sis execution. This notion is further supported by the published
improvement observed in Casp8*'~ animals or in RIPK1-kinase-
dead mice (Ripk1¥***) of the same background [55]. On the other
hand, the amelioration observed upon MLKL or RIPK3 deficiency
following injection of high doses of TNF might be the result of
secondary systemic necroptosis as a consequence of apoptosis
execution which leads to the disruption of the intestinal epithelial
barrier.

DISCUSSION

Currently, the detection of c-Casp3 is widely employed as a tissue
marker of cell death, and whilst it has been shown to detect also
Casp8-induced pyroptosis [35], it has paradoxically been utilised
even in models in which the deletion of FADD or Casp8 and RIPK1
leads to necroptosis-induced lethality which has been genetically
demonstrated to occur in a caspase-independent manner as
completely rescued by RIPK3 co-deletion [58-60]. Hence, since
necroptosis execution is not dependent on the cleavage of
caspases, it follows that the cleavage of Casp3 cannot be used to
specifically identify cells that undergo necroptotic cell death but
rather cell death events that take place as a consequence of it. In
the present study, we developed a protocol for the specific
immunohistochemical and immunofluorescence staining of
PMLKL-S345 in tissue specimens (skin, intestine, lung, spleen and
liver) obtained from different animal models. While we acknowl-
edge the difficulty to detect a cell death marker in every tissue, we
believe that this protocol can be further extended to other tissues
provided a certain degree of tissue-specific optimisation of which
we provide ample example. In particular in the kidney where
specifically the abcam antibody (compared in this study and
excluded) has been used to successfully stain for pMLKL-5345 [50],
however, deemed unspecific in another study [61].

Here, we demonstrate significant advantages of this staining
over others previously employed in characterising the aetiology of
different cell death-driven or involving pathologies, potentially
substituting the need for genetic crosses, and at the same time,
providing more informed conclusions on the role of pMLKL-S345-
induced necroptosis. The comparison of the immunohistochem-
ical staining we obtained with the in situ detection of pMLKL-S345
via the newly developed protocol to the ones obtained by staining
c-Casp3 in the Casp85*© model, critically highlights important
differences between these two markers of cell death. Despite the
clear presence of pMLKL-5345 in the epidermis containing dying
keratinocytes, the dermal layer presented a significant number of
cells that stained positive for c-Casp3 which, histologically,
correspond to fibroblasts and immune cells. Since the subcellular
population positive for each marker was clearly different as well as
located in distinct layers of the skin, we concluded that c-Casp3
staining detected a secondary cell death event in cells in which
Casp8 is expressed. It is in fact known that necroptotic cell death,
via the release of the content of the dying cells, which includes
TNF, type | interferon, IL-6, IL-33, IL-36, HMGB1, IL-1a [62, 63],
initiates a wave of systemic inflammation further augmented by
other modalities of cell death including apoptosis, GSDME-
mediated mitochondria pore formation and Casp8-induced
pyroptosis [16, 25, 28, 35, 64, 65]. Furthermore, release of
inflammatory cytokines also drives the recruitment of immune
cells expressing other death ligands such as TRAIL and FasL, in
addition to TNF [66], likely responsible for the cell death observed
in the dermis in both fibroblasts and immune cells in the
present study.

We then further extended the in situ detection of pMLKL-5345
to Fadd™*© allowing, for the first time the assessment of
different degrees of necroptosis in different areas of the intestine.
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Fig. 6 Systemic inflammatory response syndrome drives apoptosis and not necroptosis in intestinal epithelial cells. Co-housed 10-12
week old female C57BI6/N wt mice were injected with 0.75 ug/g or 1 ug/g of ice-cold recombinant, LPS-free mouse TNF intravenously. Control
mice received a corresponding volume of ice-cold LPS-free PBS. Mice were sacrificed 6 h post-injection. Untreated wt mice were additionally
analysed (n = 3 in each group). A Representative images of small intestine and colon sections (Swiss-rolls) of wt mice as indicated were stained
with H&E. Slides were digitalised in a digital slide scanner and pictures were acquired in QuPath. Scale bars: 50 um. B Graph showing histology
score in whole intestine. Data are presented as mean + SEM and each dot represents one mouse. P values were calculated via one-way Anova,
Tukey’s multiple comparisons test. **P < 0.01, ns not significant. C Representative images of ileum and colon sections (Swiss-rolls) of wt mice as
indicated immunostained with pMLKL-S345 and c-Casp3. Slides were digitalised in a digital slide scanner and pictures were acquired in
QuPath. Scale bars: 50 um. Arrowheads indicate pMLKL-S345-positive cells and c-Casp3-positive areas. D Graph showing quantification of
illustrated pictures for each immunostaining obtained via QuPath after slides were digitalised in a digital slide scanner as described in
the Supplementary Methods section. Total numbers of cells were obtained to calculate the percentage of positive cells over the total amount
of cells detected. Data are presented as mean + SEM and each dot represents one mouse. P values were calculated via two-way Anova, Tukey’s
multiple comparisons test. **P < 0.01, ***P < 0.001, ****P < 0.0001, ns not significant.
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Fadd™"° were previously shown to suffer from severe intestinal
inflammation [35]. While TNF or TNFR1 co-deletion together with
co-deletion of ZBP1, significantly ameliorated colon inflammation,
by preventing MLKL-induced necroptosis, this is not sufficient to
prevent ileitis, where it was proposed that Casp8 also drives
Gasdermin-D-mediated pyroptosis of FADD-deficient intestinal
epithelial cells which contributes to the observed inflammatory
phenotype [35, 67]. Importantly, MLKL co-deletion can completely
prevent colitis while ileitis is only completely prevented by co-
deletion of MLKL in Fadd®"C; Casp8=*°. In all published studies
both colitis and ileitis were characterised by histological score,
CD45 and c-Casp3 staining [35, 67, 68]. Specifically, the latter was
emplozled only to assess residual Casp8 activity in the Fadd®*;
Casp8™™° mice in the small intestinal epithelium and CD45 was
used as the marker of choice to detect intestinal inflammation.
Our pMLKL-S345 detection protocol allows, for the first time,
direct detection of necroptotic cell death in situ, confirming the
prominent occurrence of necroptosis in the ileum. Surprisingly, we
could not detect pMLKL-S345 in the colon probably due to either
the early time point at which the tamoxifen-treated mice were
sacrificed or potentially highlighting substantial differences
between embryonic conditional deletion of FADD versus adult
conditional deletion of FADD in the intestinal epithelium.

While many viruses were shown to trigger both Casp8-
mediated apoptosis and RIPK1/RIPK3- or ZBP1/RIPK3-mediated
necroptosis [1], the lack of a marker for in situ detection of pMLKL-
S345, has rendered it very difficult to truly determine the
contribution of necroptotic cell death following viral infection. It
was previously published that necroptosis plays a role in chronic
obstructive pulmonary disease caused by cigarette smoke [69]
and that syncytial viral infections, which induces bronchiolitis,
leads to activation of necroptosis [70]. This suggests already that
under certain conditions lung cells, including human airway
epithelial cells, can die necroptotically. Specifically for Corona-
viruses, involvement of ZBP1 or RIPK3 in SARS-CoV-2 infection has
been deduced from the attenuated cytokine and chemokine
production and reduced lung damage found in infected mice
deficient for either ZBP1 or RIPK3 [71]. Importantly, Miki~'~
animals do not present the same attenuation and appear to be
more similar to control mice raising questions with regards to the
exact role of necroptosis execution in SARS-CoV-2-infection-
mediated systemic inflammatory syndrome [71]. While necropto-
sis was recently deemed dispensable from the pathogenesis of
SARS-CoV-2 [72], it is not yet clear what cell death modality is truly
responsible for the consequent acute respiratory disease syn-
drome which might engage into untoward necroptosis activation.
Our data show that in lung sections obtained from SARS-CoV-
infected mice, alveolar cells as well as other cells of different origin
in the lung epithelium are positive for pMLKL-S345, suggesting
necroptotic execution potentially in both infected and non-
infected cells. This is in agreement with the data shown in
Lagunas et al. [44], where c-Casp3 and TUNEL staining highlighted
the involvement of cell death pathways other than apoptosis. It
remains to be determined whether necroptosis activation is
involved in the pathogenesis of development of severe disease
following SARS-CoV infection or whether this is merely secondary
cell death as a consequence of initial apoptosis without impact on
disease severity. Considering the therapeutic opportunity to
inhibit necroptosis pharmacologically, in the light of these results,
the analysis of MLKL activation following viral infections utilising
this novel detection protocol warrants further investigation.

The pro-apoptotic ability of RIPK3 was previously reported, in
particular with regards to specific conformational changes that
would promote Casp8 activation [55, 73]. This evidence has
questioned whether the amelioration provided by Ripk3™~
animals in different disease models should be immediately and
solely connected to inhibition of necroptosis or/and also to its role
in mediating inflammatory signals that drive apoptotic cell death.
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The fact that, in certain models, the outcome of MLKL deficiency is
different from that of RIPK3 deficiency implies that the role of
RIPK3 is context-dependent whereby RIPK3 can both support
apoptosis and also drive necroptosis. The data obtained by the
in situ detection of pMLKL-S345 in the skin and spleen of the
Shpn™™ and the Shpn™™; Ripk3~'~ mice suggest that, in a tissue-
dependent manner RIPK3 can either support apoptosis leading to
secondary necroptosis (as observed in the skin) or drive
necroptosis which then leads to secondary apoptosis (as observed
in the spleen). Similarly, the data obtained in the SIRS model
conclusively clarifies that the initial modality of cell death
activated in response to TNF-induced shock is apoptosis. Our
data suggest that any amelioration provided by RIPK3 or MLKL
deletion is either due to prevention of RIPK3-mediated activation
of Casp8 or to prevention of secondary necroptosis that might
further contribute to a wave of systemic inflammation in these
mice. In agreement with the study conducted by Newton et al.
[55], we also find that TNF-induced mortality in C57BI/6N is
predominantly driven by apoptosis-induced intestinal damage.
Differently from C57BI/6J [57], we do not observe biologically
significant levels of necroptotic cell death in the liver which was
shown to be the main driver of TNF-induced mortality in this
background strain. It was previously shown that C57BL/6J are
exquisitely sensitive to TNF-induced shock than C57BL/6N due to
presence of several passenger mutations in C57BI/6N [74],
suggesting that these different backgrounds differentially influ-
ence the organ susceptibility of the mice to TNF-induced shock.

This work provides a protocol for the specific and sensitive
detection of pMLKL-S345 in situ. Thereby, we provide an
important tool that, for the first time, allows to effectively and
reliably distinguish necroptosis from other modalities of cell death
in situ in different tissues. Moreover, this work provides evidence
of substantial differences between the in situ detection of
different cell death markers, demonstrating the necessity to
detect different modalities of cell death utilising molecular
signatures in situ. Our protocol allows to not only distinguish
these pathways from one another, but also to characterise which
cell types, in different tissues, succumb via different modalities of
cell death respectively in a given in vivo scenario. The ability to
detect pMLKL-S345 allows to specifically determine the role of
necroptosis in the pathology of many inflammatory disease
models, importantly, without the need to delete FADD or Casp8
which is also known to create de novo roles of necroptosis not
observed in their presence. Moreover, the in situ detection of
PMLKL-S345 grants the ability to distinguish the pro-apoptotic
role of RIPK3 from its role in activating MLKL as well as to decipher
which initial cell death pathway promotes systemic inflammation
by leading to secondary cell death activation. The ability to
concomitantly detect pMLKL-S345, c-Casp3 and TUNEL shall
contribute to determining which cell death pathway is responsible
for initiating different inflammatory processes. This, in turn, shall
provide the possibility to intervene therapeutically by specifically
inhibiting the cell death modality or modalities responsible for a
given pathology driven by inflammatory cell death.

DATA AVAILABILITY
No datasets were generated or analysed during the current study. All raw histological
images are available upon request.

REFERENCES

1. Liccardi G, Annibaldi A. MLKL post-translational modifications: road signs to
infection, inflammation and unknown destinations. Cell Death Differ.
2023;30:269-78.

2. Vanden Berghe T, Linkermann A, Jouan-Lanhouet S, Walczak H, Vandenabeele P.
Regulated necrosis: the expanding network of non-apoptotic cell death path-
ways. Nat Rev Mol Cell Biol. 2014;15:135-47.

SPRINGER NATURE

907



K. Kelepouras et al.

908

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

. Zhang DW, Shao J, Lin J, Zhang N, Lu BJ, Lin SC, et al. RIP3, an energy metabolism

regulator that switches TNF-Induced cell death from apoptosis to necrosis. Sci-
ence. 2009;325:332-6.

. He SD, Wang L, Miao L, Wang T, Du FH, Zhao LP, et al. Receptor interacting

protein kinase-3 determines cellular necrotic response to TNF-alpha. Cell.
2009;137:1100-11.

. Walczak H. Death receptor-ligand systems in cancer, cell death, and inflamma-

tion. Cold Spring Harb Perspect Biol. 2013;5:a008698.

. Holler N, Zaru R, Micheau O, Thome M, Attinger A, Valitutti S, et al. Fas triggers an

alternative, caspase-8-independent cell death pathway using the kinase RIP as
effector molecule. Nat Immunol. 2000;1:489-95.

. Matsumura H, Shimizu Y, Ohsawa Y, Kawahara A, Uchiyama Y, Nagata S. Necrotic

death pathway in Fas receptor signaling. J Cell Biol. 2000;151:1247-56.

. Vercammen D, Brouckaert G, Denecker G, Van de Craen M, Declercq W, Fiers W,

et al. Dual signaling of the Fas receptor: initiation of both apoptotic and necrotic
cell death pathways. J Exp Med. 1998;188:919-30.

. Jouan-Lanhouet S, Arshad MI, Piquet-Pellorce C, Martin-Chouly C, Le Moigne-

Muller G, Van Herreweghe F, et al. TRAIL induces necroptosis involving RIPK1/
RIPK3-dependent PARP-1 activation. Cell Death Differ. 2012;19:2003-14.

. Lafont E, Kantari-Mimoun C, Draber P, De Miguel D, Hartwig T, Reichert M, et al.

The linear ubiquitin chain assembly complex regulates TRAIL-induced gene
activation and cell death. EMBO J. 2017;36:1147-66.

. Montinaro A, Walczak H. Harnessing TRAIL-induced cell death for cancer therapy:

a long walk with thrilling discoveries. Cell Death Differ. 2023;30:237-49.

. He SD, Liang YQ, Shao F, Wang XD. Toll-like receptors activate programmed

necrosis in macrophages through a receptor-interacting kinase-3-mediated
pathway. Proc Natl Acad Sci USA. 2011;108:20054-9.

. Kaiser WJ, Sridharan H, Huang CZ, Mandal P, Upton JW, Gough PJ, et al. Toll-like

receptor 3-mediated necrosis via TRIF, RIP3, and MLKL. J Biol Chem.

2013;288:31268-79.

. Lim J, Park H, Heisler J, Maculins T, Roose-Girma M, Xu M, et al. Autophagy

regulates inflammatory programmed cell death via turnover of RHIM-domain
proteins. Elife. 2019;8:e44452.

. Zhang J, Yang Y, He W, Sun L. Necrosome core machinery: MLKL. Cell Mol Life Sci.

2016;73:2153-63.

. Lin J, Kumari S, Kim C, Van TM, Wachsmuth L, Polykratis A, et al. RIPK1 counteracts

ZBP1-mediated necroptosis to inhibit inflammation. Nature. 2016;540:124-8.

. Garcia LR, Tenev T, Newman R, Haich RO, Liccardi G, John SW, et al. Ubiquitylation

of MLKL at lysine 219 positively regulates necroptosis-induced tissue injury and
pathogen clearance. Nat Commun. 2021;12:3364.

. Liu Z, Dagley LF, Shield-Artin K, Young SN, Bankovacki A, Wang X, et al.

Oligomerization-driven MLKL ubiquitylation antagonizes necroptosis. EMBO J.
2021;40:e103718.

. Sun L, Wang H, Wang Z, He S, Chen S, Liao D, et al. Mixed lineage kinase domain-

like protein mediates necrosis signaling downstream of RIP3 kinase. Cell.
2012;148:213-27.

Su L, Quade B, Wang H, Sun L, Wang X, Rizo J. A plug release mechanism for
membrane permeation by MLKL. Structure. 2014;22:1489-500.

Wang H, Sun L, Su L, Rizo J, Liu L, Wang LF, et al. Mixed lineage kinase domain-
like protein MLKL causes necrotic membrane disruption upon phosphorylation
by RIP3. Mol Cell. 2014;54:133-46.

Petrie EJ, Sandow JJ, Jacobsen AV, Smith BJ, Griffin MDW, Lucet IS, et al. Con-
formational switching of the pseudokinase domain promotes human MLKL tet-
ramerization and cell death by necroptosis. Nat Commun. 2018;9:2422.

Tanzer MC, Tripaydonis A, Webb Al, Young SN, Varghese LN, Hall C, et al.
Necroptosis signalling is tuned by phosphorylation of MLKL residues outside the
pseudokinase domain activation loop. Biochem J. 2015;471:255-65.

Meng Y, Sandow JJ, Czabotar PE, Murphy JM. The regulation of necroptosis by
post-translational modifications. Cell Death Differ. 2021;28:861-83.

Zhu X, Yang N, Yang Y, Yuan F, Yu D, Zhang Y, et al. Spontaneous necroptosis and
autoinflammation are blocked by an inhibitory phosphorylation on MLKL during
neonatal development. Cell Res. 2022;32:407-10.

Samson AL, Fitzgibbon C, Patel KM, Hildebrand JM, Whitehead LW, Rimes JS, et al.
A toolbox for imaging RIPK1, RIPK3, and MLKL in mouse and human cells. Cell
Death Differ. 2021;28:2126-44.

Porter AG, Janicke RU. Emerging roles of caspase-3 in apoptosis. Cell Death Differ.
1999;6:99-104.

Shalini S, Dorstyn L, Dawar S, Kumar S. Old, new and emerging functions of
caspases. Cell Death Differ. 2015;22:526-39.

Rojas J, Bermudez V, Palmar J, Martinez MS, Olivar LC, Nava M, et al. Pancreatic
beta cell death: novel potential mechanisms in diabetes therapy. J Diabetes Res.
2018;2018:9601801.

Christofferson DE, Yuan JY. Necroptosis as an alternative form of programmed
cell death. Curr Opin Cell Biol. 2010;22:263-8.

SPRINGER NATURE

59

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

a4,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Fatokun AA, Dawson VL, Dawson TM. Parthanatos: mitochondrial-linked
mechanisms and therapeutic opportunities. Br J Pharmacol. 2014;171:2000-16.
Didenko VV, Ngo H, Baskin DS. Early necrotic DNA degradation — Presence of
blunt-ended DNA breaks, 3’ and 5’ overhangs in apoptosis, but only 5’ overhangs
in early necrosis. Am J Pathol. 2003;162:1571-8.

Bergsbaken T, Fink SL, Cookson BT. Pyroptosis: host cell death and inflammation.
Nat Rev Microbiol. 2009;7:99-109.

Kovalenko A, Kim JC, Kang TB, Rajput A, Bogdanov K, Dittrich-Breiholz O, et al.
Caspase-8 deficiency in epidermal keratinocytes triggers an inflammatory skin
disease. J Exp Med. 2009;206:2161-77.

Schwarzer R, Jiao H, Wachsmuth L, Tresch A, Pasparakis M. FADD and caspase-8
regulate gut homeostasis and inflammation by controlling MLKL- and GSDMD-
mediated death of intestinal epithelial cells. Immunity. 2020;52:978-993.e6.
Beisner DR, Ch'en IL, Kolla RV, Hoffmann A, Hedrick SM. Cutting edge: innate
immunity conferred by B cells is regulated by caspase-8. J Immunol.
2005;175:3469-73.

Hafner M, Wenk J, Nenci A, Pasparakis M, Scharffetter-Kochanek K, Smyth N, et al.
Keratin 14 Cre transgenic mice authenticate keratin 14 as an oocyte-expressed
protein. Genesis. 2004;38:176-81.

Mc Guire C, Volckaert T, Wolke U, Sze M, de Rycke R, Waisman A, et al.
Oligodendrocyte-specific FADD deletion protects mice from autoimmune-
mediated demyelination. J Immunol. 2010;185:7646-53.

Madison BB, Dunbar L, Qiao XT, Braunstein K, Braunstein E, Gumucio DL. Cis
elements of the villin gene control expression in restricted domains of the ver-
tical (crypt) and horizontal (duodenum, cecum) axes of the intestine. J Biol Chem.
2002;277:33275-83.

Taraborrelli L, Peltzer N, Montinaro A, Kupka S, Rieser E, Hartwig T, et al. LUBAC
prevents lethal dermatitis by inhibiting cell death induced by TNF, TRAIL and
CD95L. Nat Commun. 2018;9:3910.

Peltzer N, Darding M, Montinaro A, Draber P, Draberova H, Kupka S, et al. LUBAC
is essential for embryogenesis by preventing cell death and enabling haemato-
poiesis. Nature. 2018;557:112-7.

Salmena L, Lemmers B, Hakem A, Matysiak-Zablocki E, Murakami K, Au PY, et al.
Essential role for caspase 8 in T-cell homeostasis and T-cell-mediated immunity.
Genes Dev. 2003;17:883-95.

Newton K, Sun X, Dixit VM. 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. 2004;24:1464-9.

Martinez Lagunas K, Savcigil DP, Zrilic M, Carvajal Fraile C, Craxton A, Self E, et al.
Cleavage of cFLIP restrains cell death during viral infection and tissue injury and
favors tissue repair. Sci Adv. 2023;9:eadg2829.

Shrum B, Anantha RV, Xu SX, Donnelly M, Haeryfar SM, McCormick JK, et al. A
robust scoring system to evaluate sepsis severity in an animal model. BMC Res
Notes. 2014;7:233.

Taylor CR, Shi SR, Barr NJ. Techniques of immunohistochemistry: principles, pit-
falls, and standardization. In: Dabbs DJ, editor. Diagnostic immunohistochemistry.
3rd ed. Philadelphia, PA: Saunders/Elsevier; 2011. p. xviii, 941 p.

Shi SR, Key ME, Kalra KL. Antigen retrieval in formalin-fixed, paraffin-embedded
tissues: an enhancement method for immunohistochemical staining based on
microwave oven heating of tissue sections. J Histochem Cytochem. 1991;39:741-8.
He P, Ai T, Yang ZH, Wu J, Han J. Detection of necroptosis by phospho-MLKL
immunohistochemical labeling. STAR Protoc. 2021;2:100251.

Bankhead P, Loughrey MB, Fernandez JA, Dombrowski Y, McArt DG, Dunne PD,
et al. QuPath: open source software for digital pathology image analysis. Sci Rep.
2017;7:16878.

Pefanis A, Bongoni AK, McRae JL, Salvaris EJ, Fisicaro N, Murphy JM, et al.
Dynamics of necroptosis in kidney ischemia-reperfusion injury. Front Immunol.
2023;14:1251452.

lkeda F, Deribe YL, Skanland SS, Stieglitz B, Grabbe C, Franz-Wachtel M, et al.
SHARPIN forms a linear ubiquitin ligase complex regulating NF-kB activity and
apoptosis. Nature. 2011;471:637-41.

Gerlach B, Cordier SM, Schmukle AC, Emmerich CH, Rieser E, Haas TL, et al. Linear
ubiquitination prevents inflammation and regulates immune signalling. Nature
.2011;471:591-6.

Rickard JA, Anderton H, Etemadi N, Nachbur U, Darding M, Peltzer N, et al. TNFR1-
dependent cell death drives inflammation in Sharpin-deficient mice. Elife
2014;3:e03464.

Kumari S, Redouane Y, Lopez-Mosqueda J, Shiraishi R, Romanowska M, Lutzmayer
S, et al. Sharpin prevents skin inflammation by inhibiting TNFR1-induced kera-
tinocyte apoptosis. Elife. 2014;3:e03422.

Newton K, Dugger DL, Maltzman A, Greve JM, Hedehus M, Martin-McNulty B,
et al. RIPK3 deficiency or catalytically inactive RIPK1 provides greater benefit than
MLKL deficiency in mouse models of inflammation and tissue injury. Cell Death
Differ. 2016;23:1565-76.

Cell Death & Differentiation (2024) 31:897 - 909



56. Kaiser WJ, Upton JW, Long AB, Livingston-Rosanoff D, Daley-Bauer LP, Hakem R,
et al. RIP3 mediates the embryonic lethality of caspase-8-deficient mice. Nature.
2011;471:368-72.

57. Duprez L, Takahashi N, Van Hauwermeiren F, Vandendriessche B, Goossens V,
Vanden Berghe T, et al. RIP kinase-dependent necrosis drives lethal systemic
inflammatory response syndrome. Immunity. 2011;35:908-18.

58. Rickard JA, O'Donnell JA, Evans JM, Lalaoui N, Poh AR, Rogers T, et al. RIPK1
regulates RIPK3-MLKL-driven systemic inflammation and emergency hemato-
poiesis. Cell. 2014;157:1175-88.

59. Anderton H, Bandala-Sanchez E, Simpson DS, Rickard JA, Ng AP, Di Rago L, et al.
RIPK1 prevents TRADD-driven, but TNFR1 independent, apoptosis during devel-
opment. Cell Death Differ. 2019;26:877-89.

60. Dannappel M, Vlantis K, Kumari S, Polykratis A, Kim C, Wachsmuth L, et al. RIPK1
maintains epithelial homeostasis by inhibiting apoptosis and necroptosis. Nature.
2014;513:90-4.

61. Muller T, Dewitz C, Schmitz J, Schroder AS, Brasen JH, Stockwell BR, et al.
Necroptosis and ferroptosis are alternative cell death pathways that operate in
acute kidney failure. Cell Mol Life Sci. 2017;74:3631-45.

62. Bertheloot D, Latz E, Franklin BS. Necroptosis, pyroptosis and apoptosis: an
intricate game of cell death. Cell Mol Immunol. 2021;18:1106-21.

63. Kaczmarek A, Vandenabeele P, Krysko DV. Necroptosis: the release of damage-
associated molecular patterns and its physiological relevance. Immunity.
2013;38:209-23.

64. Elmore S. Apoptosis: a review of programmed cell death. Toxicol Pathol.
2007;35:495-516.

65. Jiang MX, Qi L, Li LS, Li YJ. The caspase-3/GSDME signal pathway as a switch
between apoptosis and pyroptosis in cancer. Cell Death Discov. 2020;6:112.

66. Falschlehner C, Schaefer U, Walczak H. Following TRAIL's path in the immune
system. Immunology. 2009;127:145-54.

67. Welz PS, Wullaert A, Vlantis K, Kondylis V, Fernandez-Majada V, Ermolaeva M,
et al. FADD prevents RIP3-mediated epithelial cell necrosis and chronic intestinal
inflammation. Nature. 2011;477:330-4.

68. Wittkopf N, Gunther C, Martini E, He G, Amann K, He YW, et al. Cellular FLICE-like
inhibitory protein secures intestinal epithelial cell survival and immune home-
ostasis by regulating caspase-8. Gastroenterology. 2013;145:1369-79.

69. Lu Z, Van Eeckhoutte HP, Liu G, Nair PM, Jones B, Gillis CM, et al. Necroptosis
signaling promotes inflammation, airway remodeling, and emphysema in chronic
obstructive pulmonary disease. Am J Respir Crit Care Med. 2021;204:667-81.

70. Simpson J, Spann KM, Phipps S. MLKL regulates rapid cell death-independent
HMGB1 release in RSV infected airway epithelial cells. Front Cell Dev Biol.
2022;10:890389.

71. Li S, Zhang Y, Guan Z, Ye M, Li H, You M, et al. SARS-CoV-2 Z-RNA activates the
ZBP1-RIPK3 pathway to promote virus-induced inflammatory responses. Cell Res.
2023;33:201-14.

72. Bader SM, Cooney JP, Bhandari R, Mackiewicz L, Dayton M, Sheerin D, et al.
Necroptosis does not drive disease pathogenesis in a mouse infective model of
SARS-CoV-2 in vivo. Cell Death Dis. 2024;15:100.

73. Mandal P, Berger SB, Pillay S, Moriwaki K, Huang CZ, Guo HY, et al. RIP3 induces
apoptosis independent of pronecrotic kinase activity. Mol Cell. 2014;56:481-95.

74. Vanden Berghe T, Hulpiau P, Martens L, Vandenbroucke RE, Van Wonterghem E,
Perry SW, et al. Passenger mutations confound interpretation of all genetically
modified congenic mice. Immunity. 2015;43:200-9.

ACKNOWLEDGEMENTS

We would like to thank the members of the Liccardi Lab for helpful discussion. In
addition, we would like to thank the Histology core facility of the SFB1403, the
decentralised and CECAD animal facility staff of the University of Cologne for their
support.

AUTHOR CONTRIBUTIONS

GL conceptualised and supervised the study. KK and GL designed the experiments.
KK designed and optimised the staining protocol, analysed mice, conducted all the
histological stainings in the manuscript. KK analysed and performed the in vivo
experiments in the Casp8*° mice. ABV provided the first observation with the CST
antibody and helped with quantifications and analysis optimisation. JS conducted
the in vivo experiments in the Shpn™™ and Shpn™"™; Ripk3~/~, Casp8'; Ripk3 ™/~
and Casp8~/~; MIkI”’~ models. HR and CK helped with dissections, scoring and
samples preparations. AA provided the sections from SARS-CoV infected mice. AA
and MZ generated the Fadd™“*° and Fadd™“*°; Miki~~ animals and provided the
sections utilised in this study. IUM, MA and JP performed the SARS-CoV infection. AL

Cell Death & Differentiation (2024) 31:897 - 909

K. Kelepouras et al.

and WT provided the SIRS model, and WT, MZ and IL prepared the intestinal sections
from TNF-injected mice (SIRS model). KK, JS, ABV, MZ, WT, AL, AA, HW, and GL
discussed the results. KK and GL prepared the figures. KK and GL wrote the
manuscript.

FUNDING

GL is funded by the Center for Biochemistry, Univeristy of Cologne - 956400, K&In
Fortune, CANcer TARgeting (CANTAR) project NW21-062A, two collaborative research
center grants: SFB1399-413326622 Project C06, SFB1530-455784452 Project A03 both
funded by the Deutsche Forschungsgemeinschaft (DFG) and associated to the
collaborative SFB1403 also funded by the DFG. AA is funded by the Center for
Molecular Medicine Cologne (CMMC) Junior Research Group program, Deutsche
Forschungsgemeinschaft (DFG) (project number AN1717/1-1), the Jirgen Manchot
Stiftung foundation, the collaborative research center SFB1530 (Project A5, ID:
455784452), HW is funded 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) and three
collaborative research center grants (SFB1399, Project C06, SFB1530-455784452,
Project A0O3 and SFB1403-414786233) funded by the Deutsche Forschungsge-
meinschaft (DFG) and CANcer TARgeting (CANTAR) funded by Netzwerke 2021. AL is
funded by the German Research Foundation SFB-TRR205, SFB-TRR 127, SPP2306, a
Heisenberg-Professorship to AL, project number 324141047, the International
Research Training Group (IRTG) 2251 and by the BMBF (FERROPath consortium),
the TU Dresden/Kings College London transcampus initiative and the DFG-
Sachbeihilfe LI 2107/10-1. JP is funded by FEDER (Fondo Europeo de Desarrollo
Regional), Gobierno de Aragén (Group B29_23R), CIBERINFEC (CB21/13/00087),
Ministerio de Ciencia, Innovacién y Universidades (MCNU)/Agencia Estatal de
Investigacion (PID2020-113963RBI00). MA is funded by a Postdoctoral Juan de la
Cierva Contract. Open Access funding enabled and organized by Projekt DEAL.

COMPETING INTERESTS

The authors declare no competing interests.

ETHICS APPROVAL
No patient data were utilised in this study. Animal ethics are listed in the ‘Material
and Methods’ section.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541418-024-01313-6.

Correspondence and requests for materials should be addressed to
Gianmaria Liccardi.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

5Y Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s), under exclusive licence to ADMC Associazione Differenziamento e
Morte Cellulare 2024

SPRINGER NATURE

60

909


https://doi.org/10.1038/s41418-024-01313-6
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Supplementary Figures

ab196436

Sodium Citrate Buffer pH6

CST37333

Proteinase K
CST37333

Tris-EDTA Buffer pH9
CST37333

Agilent Technologies

CST37333

Tris-EDTA Buffer pH9 + 0.05% Tween20
Home-made

Supplementary Figure 1: Representative images of skin sections from Casp8&-X° mice immunostained
with pMLKL-S345 with the indicated o-pMLKL-S345 antibodies, antibody dilutions, retrieval
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method/retrieval buffer and retrieval times. Slides were digitalised in a digital slide scanner and images
were acquired in QuPath. Scale bar: 50um.
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Supplementary Figure 2: (A) Representative images of skin sections from Casp85X° mice treated
with 40.000U/ml Lambda Protein Phosphatase (Lambda PP) in Lambda PP buffer and immunostained
with pMLKL-S345. Control slides of skin section from Casp85X° mice treated with Lambda PP buffer
and Casp8E-KOMt mice were also immunohistochemically assessed (n=5 in each group). Scale bars:
100um (representative field) and 20um (magnified selcted areas). (B) Graph showing quantification of
pMLKL-S345 immunostaining obtained via QuPath after slides were digitalized in a digital slide scanner
as described in the supplementary methods section. Total skin sections were analysed and total
numbers of cells were obtained to calculate the percentage of positive cells over the total amount of
cells detected. Data are presented as mean + SEM and each dot represents one mouse. P values were
calculated via unpaired two-tailed t-test. **P<0.01.
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Supplementary Figure 3: Co-housed 11-weeks old Fadd™; Villin-Cre-ERT?and Fadd™; Mikl-; Villin-
Cre-ERT? mice were injected with tamoxifen (10mg/mL) for 3 consecutive days to induce deletion of
Fadd from intestinal epithelial cells (Fadd’E¢-K0 and Fadd'(¢-KO; MiklF- respectively). Age-matched
Fadd™ mice treated with tamoxifen in the same way served as controls (Fadd’=c-WT). (A-B)
Representative images of ileum, colon, duodenum and jejunum sections (Swiss-rolls) from mice of the
indicated genotypes at the endpoint (14 weeks) immunostained with pMLKL-S345 via
immunofluorescence. Red dots indicate pMLKL-S345 signal. DAPI for nuclei. Scale bar: 100um.



Duodenum

Jejunum

Mock TNF 0.75 pglg TNF 1 pg/g
PMLKL-S345 c-Casp3 pPMLKL-S345 c-Casp3 PMLKL-S345 c-Casp3

Duodenum Jejunum
ns % %k % %
ns L3 L
ns *% ns *k Kk
0 K% =
T 20 s 2 157 ns & #
g 15 T I !
2 10— Ao P i ‘1’ = Mock
+3 5 % +8 5 i[ A 0.75uglg
g "l 2 i v 1uglg
810+ 81.0-
£ 0.8+ $ 0.8
< 0.6 < 0.6
S 04 3= S 04 =
2 0.2- v = 0.2+ L
= 0.0~ = 0_0_‘#'_
PMLKL  c-Casp3 PMLKL  c-Casp3

64



Supplementary Figure 4: Co-housed 10-12-week-old female C57BI6/N wt mice were injected with
0.75ug/g or 1ug/g of ice-cold recombinant, LPS-free mouse TNF intravenously. Control mice received
a corresponding volume of ice-cold LPS-free PBS. Mice were sacrificed 6 hours post-injection (n=3 in
each group). (A) Representative images of duodenum and jejunum sections (Swiss-rolls) of wt mice
immunostained with pMLKL-S345 and c-Casp3 as indicated. Scale bars: 50 ym. Arrowheads indicate
pMLKL-S345-positive cells and c-Casp3-positive areas. (B) Graph showing quantification of illustrated
pictures for each immunostaining. Total numbers were obtained to calculate the percentage of positive
cells over the total amount of cells detected. Data are presented as mean + SEM and each dot
represents one mouse. P values were calculated via two-way Anova, Tukey's multiple comparisons
test. **P<0.01, ***P<0.001, ****P<0.0001, ns: not significant.
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Supplementary Figure 5: Co-housed 10-12-week-old female C57BI6/N mice were injected with
0.75ug/g or 1ug/g of ice-cold recombinant, LPS-free mouse TNF intravenously. Control mice received
a corresponding volume of ice-cold LPS-free PBS. Mice were sacrificed 6 hours post-injection (n=3 in
each group). (A) Representative images of liver sections immunostained with pMLKL-S345 and c-
Casp3 as indicated. Scale bars: 50 um. Arrowheads indicate pMLKL-S345-positive cells or c-Casp3-
positive cells. (B) Graph showing quantification of illustrated pictures for each immunostaining obtained
via QuPath. Total numbers of cells were obtained to calculate the percentage of positive cells over the
total amount of cells detected. Data are presented as mean + SEM and each dot represents one mouse.
P values were calculated via two-way Anova, Tukey's multiple comparisons test. **P<0.01, ***P<0.001,
****P<0.0001, ns: not significant.
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Supplementary Materials and Methods

Experimental Procedure

2.1 Sample preparation

Biopsy harvesting: Humanely sacrifice mice once reached endpoint criteria. Collect
the mouse skin samples by harvesting skin biopsies from the dorsomedial region of
the back of the mouse. Using a razor or a trimmer, remove as much hair as possible
and with the scissors cut skin biopsies into a rectangle shape with the dimensions of
10 mm (L) x 5mm (W) so that the long side of the rectangle follows the Anterior-
Posterior (AP) axis of the mouse (2.1.1). For colon and small intestine Swiss-rolls,
longitudinally cut the respective tissues and wash with PBS to remove faeces. Roll up
the intestinal samples from proximal to distal in a Swiss-roll shaped formation. For
spleens, lungs and livers carefully extract and clean them up from any leftover adjacent
tissue and wash them in PBS. Place the biopsies in an embedding cassette. Place the
cassettes in 10% buffered formalin/ 4% Formaldehyde to fix the tissue overnight (O/N),
i.e. for 8-12 hours (2.1.2). Store the cassettes containing the skin biopsies in 70% EtOH
and the cassettes containing spleen, lung, liver and intestinal samples in PBS at 4°C
at least for 24 hours before further processing (2.1.3).

Notes: (2.1.1) Make sure the rectangle-shaped biopsy is collected from the upper back
of the mouse. Keep the area of harvesting consistent for all mice to obtain comparable
results. (2.1.2) The skin specimens should be fixed O/N in formalin but it should not be
kept for more than 24 hours in fixative. Over-fixation of samples may destroy the
antigen site and interfere with the quality of the immunohistochemical staining. On the
other hand, insufficient fixation may lead to the production of poor-quality paraffin
blocks affecting the specimen cutting and its adherence to the slide during the retrieval
step. (2.1.3) In general it is recommended to proceed with the embedding and cutting
of the samples 24 hours following transfer into 70% EtOH or PBS. Please be mindful
that extended storage times may harden the tissue which may negatively impact the
preparation of the specimen for staining.

2.2 Tissue processing

Fixed tissues were paraffin embedded using the standard automatic tissue embedding
protocols of the Vacuum tissue processor, Leica Biosystems, Model: ASP200S.

1.

Transfer the cassettes containing the tissue sections to a Tissue Processor for
dehydration. The skin tissues are processed in 70%, 80%, 96% EtOH for 2 hours each,
100% EtOH three times for 2 hours each and then in Xylol 2 times for 2 hours each.
Spleen, lung, liver, colon and small intestine samples are processed in 30%, 50%, 70%
EtOH for 2 hours each, 96% EtOH for 1 hour, 100% EtOH two times for 2 hours each
and then in Xylol 2 times for 2 hours each; all steps are performed at RT. Skin tissues
are then infiltrated in paraplast tissue embedding medium two times for 1 hour each
and one last time for 2 hours, while the rest of the tissues two times for 1 hour each
and a 2 hour incubation in between. All steps of paraffin infiltration are performed at
62°C.

In a Heated Paraffin Embedding Station, select the appropriate mold size. Pour the
paraffin-embedding medium into the mold until one quarter of the mold is filled. Directly
transfer the paraffin-infiltrated tissue inside the mold using heated tweezers. For skin
sections make sure that the long side of the rectangle-shaped section is vertical to the
mold’s surface and in parallel to the mold’s longer side. Hold the tissue in the centre
and at the bottom of the mold using the tweezers to maintain its proper orientation
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(2.2.1). Place the labelled lid of the sample cassette on top of the mold and slowly pour
liquid paraffin into the mold until it is completely filled. Transfer the mold on a Cold
Plate at -5°C for approximately 15 minutes until the paraffin is solid and hard enough
to remove the block from the mold. The blocks are then placed on the Cold Plate until
they are cut.

3. On a Microtome, trim the paraffin-embedded blocks by cutting thick sections of 20 ym
until the complete surface of the embedded tissue is revealed. Set the cut size at 3 um
(lung, liver, colon, small intestine) or 5 uym (skin, spleen) and cut consecutive slices
according to the number of sections needed.

4. Transfer the slices, grouped at a ribbon-shaped form of 6-8 slices, in a histological
water bath for tissue sections set at 40°C for approximately 1-2 min. Pick every single
floating section onto a correctly labelled Polysine Adhesion Slide. Transfer the slides
on a Slide Dryer set at 40°C until the slides are dried and moisture-free. Continue the
slide drying O/N in an incubator at 40°C (2.2.2).

Notes: (2.2.1) Make sure all biopsies are placed in the mold in the correct orientation. This
step will determine the final orientation of the biopsy in the paraffin block. This will ensure the
produced cuts provide with the appropriate view of: the interfollicular epidermis, the hair
follicles and hair orientation when stained for skin, white and red pulp for spleen, bronchioles,
alveoli and veins for lungs, the crypts, villi and lumen for intestinal samples (2.2.2). The drying
step is critical to ensure proper adhesion of the tissue on the slide. Insufficient drying of the
sections may lead to tissue loss during the staining procedure and especially during Heat-
induced Retrieval.

2.3 Staining

1. Deparaffinisation/Rehydration: Incubate the slides in Xylol or Xylene substitute
three times for 5 minutes each, twice in 100% v/v ethanol for 5 minutes each, 95%
v/v ethanol in water for 5 minutes, 70% v/v ethanol in water for 3 minutes, 50% v/v
ethanol in water for 3 minutes and lastly two times in deionised (DI) water (diH2O)
for 5 minutes each (2.3.1, 2.3.2).

2. Antigen Retrieval: Prepare fresh 1x Dako Target Retrieval Solution Buffer and
add 0.05% Tween20. Transfer the slides in a Slide holder and then in a Staining
Dish or directly in a Coplin jar containing the retrieval buffer. Incubate the slides in
the retrieval buffer for 10 minutes at room temperature. Fill the Pressure Cooker
with 500-1000 ml of ddH->O and place the Dish/Coplin jar inside the cooker. Choose
the High-Pressure program (114°-121°C) and set the timer at 13 minutes (2.3.3,
2.3.4, 2.3.5). Directly after the end of the program release the pressure, remove
the lid from the Pressure cooker and let the slides sit in the same buffer for around
1 hour to allow the buffer progressively cool down. Wash the slides in diH20 twice
for 5 minutes each and air-dry them carefully. Using a Hydrophobic barrier pap
pen, draw a circle around each tissue section (2.3.6).

3. Blocking and Primary Antibody Incubation:

i. Endogenous Peroxidase Blocking: Block endogenous peroxidase activity by
incubating the slides in BLOXALL Blocking solution for 10 minutes at RT in the
dark by adding the reagent to each tissue section dropwise. Immediately rinse
the slides in diH,O and incubate them for 5 minutes in washing buffer
(henceforth referred as WB, see Supplementary Table 2).
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ii. Protein Blocking: Block the antibody non-specific binding sites by incubating
the tissue sections in animal free serum RTU for 30 minutes at RT. Wash the
slides in WB for 5 minutes.

iii.  Biotin/Avidin Blocking: Block avidin binding sites by incubating the tissue
sections in Avidin blocker for 5 minutes. Wash the slides in WB for 5 minutes
and block endogenous biotin and biotin receptors by incubating the tissue
sections in Biotin Blocker for 5 minutes. Wash slides in WB three times for 5
minutes each followed by a quick rinse in TBS.

iv. Lambda Protein Phosphatase (Lambda PP) Treatment
Prepare Lambda PP working solution by diluting the supplied 10x concentrated
NEBuffer Pack for Protein MetalloPhosphatases (PMP) and MnCl. in diH2O.
Vortex and add Lambda PP to a final concentration of 40.000U/ml (2.3.7).
Include internal controls by treating slides with the prepared 1x Lambda PP
Buffer only. Incubate slides at 37°C in a wet chamber for 24h (2.3.7). Wash
slides thoroughly for three times in WB for 5 minutes each followed by a quick
rinse in TBS.

v. Primary Antibody Incubation: Apply the primary pMLKL-S345 antibody at a
final dilution of 1:2000 in 0.1% v/v Triton-X, animal free blocker and incubate
them overnight at 4°C in a wet chamber filled with water (2.3.8).

4. Secondary Antibody Incubation: Wash the slides in WB, three times for 10
minutes each on a shaker at 200 rpm and then quickly rinse in TBS. Incubate the
tissue sections in Biotinylated Goat Anti-Rabbit IgG Antibody (H+L), by diluting it
1:200 in 0.1% v/v Triton-X, animal free blocker for 40 min.

For the immunohistochemical assay: In the mean-time, prepare the ABC
Reagent: Add 1 drop of Reagent A (Avidin, ABC Elite) in 5 ml of 1XTBS in a 15 ml
falcon tube and vortex thoroughly. Add 1 drop of Reagent B (Biotinylated HRP,
ABC Elite) in the same tube and mix well. Let the reagent stand at room
temperature for at least 30 minutes before use. Wash the slides three times for 5
minutes in WB on the shaker and quickly rinse them in TBS. Add the ABC reagent
in each tissue section dropwise and incubate them for 40 minutes. Wash the slides
three times for 5 minutes in WB on the shaker and then wash the slides in diH20
for 5 minutes.

5. DAB staining, counterstaining and mounting: Combine 1 drop (~30 ul) of
ImmPACT DAB Reagent to 1 ml ImmPACT DAB Diluent and apply the DAB
mixture to each tissue section and incubate. Stop the reaction by dipping the slide
in water when the signal staining reaches the desirable intensity. Then, rinse twice
with diH20 (2.3.9, 2.3.10).

For Hematoxylin counterstaining, prepare two chambers, one containing
hematoxylin and the other one containing tepid tap H20. Transfer the slides in a
slide basket/rack and dip it in hematoxylin for 2 min. Transfer the slide basket in
the chamber containing tepid tap H-O and wash the slides by moving the slide
basket up and down for approximately 10 seconds. Rinse well in a container under
running tap H-O for approximately 20 sec and let the slides stand in tap water for
15 minutes, until Haematoxylin acquires a bluish tint.

Dehydrate the tissue sections by dipping the slides in 70%, 95%, 100% ethanol
and Xylene for 1 minute each.
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Mount the slides by adding 1-2 drops of Mounting Medium and cover the slides
with a coverslip (2.3.11) before letting them dry O/N at RT.

For the Inmunofluorescence assay: After incubating the slides in Biotinylated
Goat Anti-Rabbit IgG Antibody (H+L), wash the slides three times for 5 minutes in
WB on the shaker and quickly rinse them in TBS. Incubate the tissue sections in
Alexa Fluor 594 Streptavidin (1:200) and DAPI at a final concentration of 0.1-1
pg/ml in animal free blocker for 30 minutes.

Wash the slides thoroughly three times for 10 minutes each in WB in the dark on
the shaker and then rinse the slides in diH2O for 5 minutes. Mount slides in anti-
fade mounting media and store at 4°C for at least 24 hours before visualization
under the confocal microscope.

Notes: (2.3.1) Always work under a fumes’ hood when using xylene to avoid its hazardous
effects. (2.3.2) In case of incomplete deparaffinisation, incubate the slides at 60°C for 20
minutes prior to xylene incubation. (2.3.3) The time, temperature and pH of the retrieval buffer
should be kept consistent to properly retrieve the antigenic site and avoid either inadequate
retrieval or destruction of the antigenic site. This will prevent loss of signal or non-specific
antibody binding and any possible background staining. (2.3.4) Alternatively, heat the slides
in the Coplin jar in the microwave oven at half power (350 W) until the buffer starts to boil.
Continue boiling at 120 W for 15 minutes. At this point, make sure to replenish retrieval buffer
when you observe spillage from the Coplin jar to avoid drying the tissue. Remove the jar from
the microwave oven and let the slides sit at room temperature (RT) in the same buffer for 40
minutes until the temperature reaches around 50°C. (2.3.5) It is often experienced that during
retrieval time, tissues of different origin and age might detach from the slides. To prevent this
from occurring while ensuring correct retrieval, we recommend the assembly of a “sandwich”
cassette. Briefly, add retrieval buffer to a slide of interest. Place a coverslip on top of the slide
and then add retrieval buffer to the coverslip. Gently place the second slide face down on top
of the coverslip and secure the sandwich-like cassette with metal clips. This will apply a
mechanical compression to the two tissue sections to prevent detachments and preserve
tissue morphology while allowing adequate epitope retrieval. Add the sandwich into a Coplin
jar and proceed with boiling into a pressure cooker for 10-13 minutes. Follow procedure as
described above. (2.3.6) Carefully circle the tissue sections around the edges using the pap
pen to prevent diffusion of the incubation buffers and reagents. Avoid drawing the circle too
close to the tissue sections as this might prevent liquid diffusion over the section due to
hydrophobic tension. (2.3.7) Concentration of Lambda PP, temperature and incubation times
were optimised for skin tissue sections for this staining assay. Since this de-phosphorylation
assay varies with tissue samples and temperature, we recommend you optimise these
parameters for different incubation times or tissue samples. (2.3.8) Primary antibody dilution
has been optimised for skin, spleen, lung, liver and intestinal sections. We recommend to
titrate the dilution for other organs in the range of 1:1000-10000 to find optimal antibody
concentration to better assess specific pathological conditions of interest or in case of high
Noise/ Signal ratio. (2.3.9) During DAB exposure, observe the slides under the microscope
until the desirable intensity is reached. Stop the reaction simply by dipping the slides in water.
The reaction usually takes 15 seconds for optimal intensity (2.3.10) Always use a positive and
a negative control to validate the performance of your staining. (2.3.11) To prevent any
bubbles from being trapped between the coverslip and the slide, add the mounting medium
on a wet slide, directly after the incubation step in xylene. Place the coverslip in a 60° angle
until it touches one side of the slide and slowly release it on top of it by excreting mild pressure
with an angled tweezers. To remove any bubbles that were still trapped, mildly exert pressure
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on top of the slide using the tweezers. Be careful as too much pressure might destroy the

tissue.

2.4 Imaging Analysis

Immunohistochemistry slides were digitalised using a digital slide scanner (NanoZoomer
S360MD Slide scanner system, Hamamatsu Photonics K.K.) with a 40x magnification lens.
The acquired brightfield images were analysed in QuPath, an open-source software [1].
Additional 10x and 63x pictures were acquired with Leica DM750 Binocular microscope. The
immunofluorescence pictures were acquired with LSM 980 with Airyscan 2, 20x and 63x lens,
Zeiss at the CECAD Imaging Facility, University of Cologne.

W

o N

1. Create Pixel Classifier

In QuPath, to quantify the positively stained cells, we generated, first and when
necessary, a pixel classifier in order to exclude the areas of the tissue that should not
be accounted for during the quantification step and would otherwise interfere with the
“positive cell detector”. These areas mainly comprised of the hair follicles since the
melanin from the hair can be considered falsely as positive signal by the automated
detector leading to false positive results.

On QuPath main window, create a new project by clicking on ‘Create Project’. Select
the directory you want to save your project to.

Click on ‘Add images’ and import the .dnpi files by drag and drop or simply by clicking
on ‘Add Image’. Set image type “Brightfield (H-DAB)” and click “Import”.

To generate a pixel classifier, you need first to create a training image.

Click Classify>Training Images>Create region annotations. Set width and height at
150, Size units: ym, Classification: Region* and click on ‘Create region’ 5-10 times.
Place the square training regions on representative areas that include both areas that
should be classified and areas that should be excluded from the classification. Before
you continue make sure to save your project (File>Save).

Click Classify>Training images>Create training image. Set Classification: Region*,
leave the rest as default and click “OK”. A new composite image will be generated at
the end of your project by combining the different numbers of region annotations you
generated. If required, set image type as ‘Brightfield (H-DAB)’ and click “Apply”.
Select the brush tool and draw on the areas with positive cells that should be classified.
On the left side of the main window click on “Annotations”. You will find listed all the
annotations you generated with the brush tool. In the Annotations panel select the
annotations you generated, in the class panel right next to the list with the annotations,
click on ‘Positive’>Set Class. Repeat the same procedure, this time creating
annotations that contain only areas that should be excluded from the classification (i.e.,
the hair). Set Class “Negative”. (In the “Class” Panel you can add or remove Classes
by clicking at the three dots “More options”).

Click on Classify>Pixel classification>Train pixel classifier (Ctrl + shift + P).

Select Classifier: “Random Trees (RTrees)”, Resolution: “Very high (0.46 pm/px)”’,
leave rest as default and click on “Live prediction”.

The Pixel Classifier might need further optimisation. Adjust the Pixel Classifier options
until best results are reached, add “Classifier name” and click on “Save”.

2. Create Regions Of Interest (ROIs) and Run Pixel Classifier
In the “Project” tab select the file you want to work with.
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Click on Analyze>Deprecated>Simple Tissue Detection (deprecated). This will
generate automatically annotations for the tissue sections based on a chosen

In the “Annotations” tab you will find the newly generated Annotations.

Select all the annotations in the “Annotations” tab and go to Classify>Pixel
Classification>Load pixel classifier. Choose model: Select the classifier you generated,
Region: “Any annotation ROI” and click on “Create objects”.

A new “Pixel Classifier” window will pop up. Choose parent objects: “Current selection”

In the “Create objects” window, leave everything as default and click “OK”.
For every annotation two new annotations will be generated, one classified as positive

Click on “Annotation (Positive)’ in the annotation tab. Go to Analyze>Cell

In the “Positive cell detection” window that pops up, set the parameters as desired and
press “Run”. Detection annotations will be generated. By looking at them you can
decide to change accordingly the “Positive cell detection” parameters and re-run the
detection. In principle, we suggest you optimize your detection method by mainly trying
and adjusting the “Intensity Parameters”, and “Intensity Threshold Parameters”.

2.
threshold.
3.
4.
5.
and click “OK”.
6.
7.
and one as negative.
3. Positive cell detection and counting
1.
detection>Positive cell detection.
2.
3.

Go to Measure>Show annotation measurements. Right click on the “Annotation
results” window>Show classes>Positive. Here you will find the quantification results
(including the total number of cells, the number of cells stained positive and the
percentage of the positive cells).

2.5 Graph and Statistics

Plot the percentages of positive cells per total number of cells for each section or image for
the different biological replicates were in a statistical software. Perform two-way Anova
statistical analysis to determine significance among the different groups (P values=0.05 *;

0.01**; 0.001*** 0.0001****).
Supplementary Table 1

Reagents, materials and the equipment necessary for the execution of the protocol are given
in Table 1. The recipes for the preparation of the reagents can be found in the Reagents

section (Table 2).

Resources Source Catalogue number
Antibodies

Phospho-MLKL (Ser345) Cell Signalling #37333
(DBE3G)* Technology

Kits/ Assays

Goat Anti-Rabbit IgG Antibody | Vector #BA-1000
(H+L), Biotinylated, 1.5 mg* Laboratories

VECTASTAIN Elite ABC-HRP | Vector # PK-6100
Kit, Peroxidase (Standard)* Laboratories

ImmPACT DAB Substrate Kit, | Vector #SK-4105
Peroxidase (HRP) Laboratories
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Alexa Fluor 594 Streptavidin Thermo Fisher # S11227
Scientific

Animal-Free Blocker and Vector #SP-5035-100

Diluent, R.T.U. Laboratories

Avidin/Biotin Blocking Kit* Vector # SP-2001
Laboratories

BLOXALL Endogenous Vector #SP-6000-100

Blocking Solution, Peroxidase | Laboratories

and Alkaline Phosphatase

Hematoxylin Counterstain Vector #H-3401
Laboratories

Hematoxylin Counterstain Carl Roth # T865.3

Eosin Carl Roth # X883.2

VectaMount Express Mounting | Vector #H-5700

Medium Laboratories

ProLong Gold Antifade Thermo Fisher # P36930

Mountant Scientific

DAPI, dilactate Sigma-Aldrich # D9564

Dako Target Retrieval Agilent #S5236784-2

Solution, pH 9 (x 10), Technologies

Concentrate*

Lambda Protein Phosphatase* | New England #P0753S
Biolabs (NEB)

Chemicals

Xylol (Isomere) Carl Roth #9713

ROTI Histol (Xylene Carl Roth #6640

substitutes)

Xylene (mixture of isomers) VWR Chemicals #28975.360

298.5%, AnalaR NORMAPUR

ACS, Reag. Ph. Eur. analytical

reagent (for Tissue Processor)

Ethanol ROTIPURAN =99.8%, | Carl Roth #9065

p.a.

ETHANOL 96 % DENATURED | TH.GEYER #11832327

WITH MEK, IPA AND

BITREX® (MIN. 96.0 %)

Ethanol denatured 299.5%, VWR Chemicals #85033.360

GPR RECTAPUR® (denatured

with 1% MEK) (for Tissue

Processor)

Surgipath Paraplast Leica Biosystems | #39602012

Tween-20 Sigma-Aldrich #P7949-2.5L

Triton X-100 Sigma-Aldrich #X100

Sodium chloride 99.5-100.5%, | VWR Chemicals #27810.364

AnalaR NORMAPUR® ACS,

Reag. Ph. Eur. analytical

reagent, NaCl

Trizma base, ary Standard and | Sigma-Aldrich #T1503

Buffer, 299.9% (titration),

crystalline, NH,C(CH2OH)s3

EDTA disodium salt dihydrate | VWR Chemicals #20302.293

99.0-101.0%
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Formalin solution, neutral
buffered, 10%

Sigma-Aldrich

#HT501128-4L

Formaldehyde solution, Walter CMP # WAL60622
phosphate buffered, 4% GmbH

Treatments

LPS-free mTNFa BioLegend #575208
Tamoxifen Sigma-Aldrich #T75648
Equipment

Vacuum tissue processor

Leica Biosystems

Model: ASP200S

Modular Tissue Embedding
Center

Leica Biosystems

Model: EG1150

Fully Automated Rotary
Microtome

Leica Biosystems

Model: RM2255

Cold Plate for Modular Tissue
Embedding System

Leica Biosystems

Model: EG1150C

Water Bath for Paraffin Leica Biosystems | Model: HI1210
Sections

Flattening table for clinical Leica Biosystems | Model: HI1220
histopathology

TintoRetriever Pressure BioSB #BSB7008
Cooker

Microwaves Bomann #MW6014CB
Shaker Grant Instruments | Model: PMR-30

Confocal Microscope

ZEISS

Model: LSM 980 with Airyscan 2

Light Microscope

Leica Biosystems

Model: DM750

Bioimage Analysis)

Slidescanner for brightfield Hamamatsu #C13220-21MDEU

images

General Supplies

Staining trough acc. to Coplin* | Carl Roth #YC09.1

Polysine Adhesion Slides Epredia #J2800AMNZ

Tissue embedding cassettes Kabe Labortechnik | #054681

Cover Glasses DWK Life sciences | #235505508

Hydrophobic Barrier PAP Pen | Vector #H-4000
Laboratories

Stain Tray Simport Scientific | #M918-2

Set for histology and cytology | Bio Optica #10-10

with 12 dishes

Plastic Staining Dish BioSB #BSB 7009

Slide Holder (24 Slides) BioSB #BSB 7010

Staining dish with attached lid | Bio Optica #10-30

Plastic slide basket Bio Optica #10-42

Disposable Blades Leica Biosystems | #14035838382

Software

QuPath (Open Software for https://qupath.github.io/

Prism - GraphPad

https://www.graphpad.com/features

* We suggest that the indicated reagents and materials are not replaced to ensure the highest
possible experimental performance. The rest of the reagents, materials and general supplies
could be replaced based on the availability and capacity of the respective consumabiles.
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Supplementary Table 2

Reagent Preparation

“Homemade” Tris-EDTA Antigen Retrieval Buffer at pH 9, 1x

Tris-EDTA Retrieval Buffer | Amount Final Concentration
Trizma base 1,219 10mM

EDTA 0,37¢g TmM

HCI Until pH 9 n/a

H.O 1L n/a

Tween-20 0,5ml 0,05% (v/v)

To prepare 1L of 1x Tris-EDTA Antigen Retrieval Buffer stock solution, dissolve the indicated
amount of Trizma and EDTA in 900ml of double-distilled water (ddH.O). Adjust the pH at 9 if

necessary and fill up to 1L with ddH.O. Store the Buffer at 4°C for long-term use.

TBS 10x Concentrated

TBS Amount Final Concentration
Trizma base 24,29 200mM

NaCl 87,759 1.500mM

HCI Until pH 7,4 n/a

H.O 1L n/a

To prepare 1L of 10X TBS stock solution, dissolve the indicated amount of Trizma and NaCL
in 900ml of double-distilled water (ddH20). Adjust the pH at 7.4 with 12N HCI and fill up to 1L
with ddH20. TBS is stable at 4°C for 3 months. To make 1x TBS working solution, dilute 100ml
of 10x TBS in 900ml of ddH»0O. Store the TBS solutions at 4°C.

Washing Buffer (WB), 1x

TBS-T 0.1% (v/v) Amount Final Concentration
1x TBS 1L n/a

Tween-20 1ml 0,1% (viv)

Total n/a 1L

The washing buffers should be prepared freshly on the day of use. Store them at 4°C for short-

term use.
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2. Publication 2
Declaration and Rationale

STING induces ZBP1-mediated necroptosis independently of TNFR1 and FADD
https://doi.org/10.1038/s41586-025-09536-4

Declaration: This study uncovers a novel role for the cGAS-STING signalling axis in driving
necroptotic cell death and delineates the molecular mechanisms underlying this process,
while also revealing a central role for STING-driven necroptosis in the pathogenesis of
STING-associated vasculopathy with onset in infancy (SAVI). While STING is classically
recognized as a central mediator of innate immunity, primarily through the TBK1-IRF3-
dependent induction of type | interferons, its role in regulating programmed cell death has
remained poorly defined. Here, we identify ZBP1 as the key mediator of STING-driven
necroptosis, acting independently of TNFR1. Through a combination of pharmacological
STING agonists, genetic knockout models, transcriptomic analysis and in vivo
experimentation, we demonstrate that STING activation licenses necroptosis by inducing a
type | IFN-dependent transcriptional program that upregulates both ZBP1 and MLKL. This
enables ZBP1-RIPK3-MLKL-mediated necroptosis independently of the canonical TNFR1-
FADD-RIPK1-RIPK3 axis. Importantly, we reveal a dual role for STING, not only as a
transcriptional inducer of necroptotic effectors, but also as an amplifier of inflammatory
signalling that promotes both TNFR1- and ZBP1-dependent necroptosis. Notably, aberrant
STING activation in SAVI patients bearing gain-of-function STING mutations orchestrates a
necroptotic transcriptional program that almost entirely overlaps with that observed in
Casp8EX0 mice. This is further confirmed in the Sting1N753S SAVI mouse model, where co-
deletion of Ripk3 rescues both immune-cell-driven pathology and lethality. These findings
clarify how STING directly interfaces with regulated necroptotic cell death and underscore its
relevance in both homeostatic and inflammatory contexts. This newly defined STING-driven
necroptotic axis offers mechanistic insight into interferonopathies such as SAVI and suggests
new avenues for therapeutic intervention in STING-driven chronic inflammatory and
autoimmune diseases characterized by excessive necroptosis.

Contribution:

e Contributed to the design and coordination of the experimental approach.

e Generated and analysed all mouse models used in the study.

e Optimised, performed, analysed, and quantified all immunohistochemical (IHC) and
immunofluorescent (IF) stainings across all examined tissues and experimental
conditions, as well as all in vitro IF experiments in cultured cells.

e Performed cytokine and blood analysis and prepared mRNA from mouse tissue.

e Performed the viability assays and western blots presented in Figure 1i and Extended
Data Figures 2d, 6e.

e Interpreted the experimental results, prepared all figures, and drafted and edited the
manuscript.
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Conditional deletion of caspase-8 in mouse epidermal keratinocytes (Casp&©)

causes necroptosis-driven lethal dermatitis'”. Here we find that the loss of Casp&
leads to anaccumulation of cytosolic DNA that is responsible for the activation of a
CGAS-STING-mediated transcriptional program. Genetic and biochemical evidence
indicate that STING upregulates both ZBP1and MLKL. Combined caspase-8-
deficiency- and STING-activation-driven accumulation of Z-nucleic acids activates
ZBP1and triggers the formation of a ZBP1-RIPK1-RIPK3 complex independently of
the FADD-RIPK1-RIPK3 complex, enabling execution of necroptosis. Genetically, we
reveal afunctional overlap between STING and ZBP1 as drivers of lethal dermatitis
independently of TNFRI, identifying an aetiology of necroptotic inflammation. As
gain-of-function mutations in human STING cause STING-associated vasculopathy
with onsetininfancy (SAVI), we assessed the role of STING-induced necroptosisin
SAVI's aetiology. Chronic activation of STING in patients orchestrates a necroptotic
transcriptional program that is confirmed in the StingI™>* SAVI preclinical mouse
modelin whichimmune-cell-driven pathology and lethality are rescued by Ripk3
co-deletion. These findings establish STING-driven ZBP1-mediated necroptosis as a
central pathogenic mechanismin both caspase-8-deficientinflammation 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 Mikl, loss of Tnfrl does not prevent,
and only delays, the embryonic lethality and the lethal dermatitis of
Casp8'and Casp8-*°mice, respectively"®®, Thus, RIPK3-MLKL-induced
signallingbeyond TNFR1-mediated necroptosisisresponsible for aber-
rantly activated necroptosis. Similarly, removal of Tnfr1 only minimally
delaysthe observed lethal dermatitisinduced by loss of Ripk1 or Fadd
in epidermal keratinocytes (Ripk1*° or Fadd“*°)'° "2, Notably, Ripk1-*°
mice can survive through adulthood already with single co-deletion
of Zbpl, and Faddt*° mice are completely rescued by co-deletion of
Zbpl and Tnfr1, suggesting ZBP1-dependent but TNFR1-independent
necroptosis involvement”*, Although it was shown that activation
of ZBP1 depends on its binding to cytosolic Z-DNA or Z-RNA® 2, the
pathway responsible for ZBP1upregulation and its consequent rolein
necroptosis remained unclear.

Previous studies have indicated that the loss of caspase-8 induces
upregulation of ZBP1 in mouse embryonic fibroblasts (MEFs)*.

Histological examination of skin obtained from Casp8” mice
crossed with either RIPK3- or MLKL-deficient mice (Casp8~” Ripk3™~
and Casp8/"MIkl"") revealed a significant upregulation of ZBP1
and STAT1 phosphorylation (p-STAT1) also in vivo (Fig. 1a). ZBP1
upregulation was indeed detectable despite the absence of any vis-
ible necroptosis-induced skin lesions or histologically detectable
immune cell infiltration (Fig. 1a). This suggested that caspase-8 pre-
vents the sustained tonic activation of interferon (IFN) signalling, prob-
ably responsible for driving ZBP1 expression independently of cell
death.

Given that ZbplI deletion is required to neutralize aberrantly
activated necroptosis**'¢?%?22* we hypothesized that the activa-
tion of this IFN-mediated transcriptional response would have 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.
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By doing so, we would establish a mechanistic link between necrop-

tosis activation and the clinical manifestations of interferonopa-
thies specifically driven by untoward activation of this upstream

regulator.
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STING orchestrates necroptosis through ZBP1
To address this question, we generated Casp87*° mice (Fig. 1b). As

expected, these mice succumbed to keratinocyte necroptosis-driven



Fig.1|STING induces ZBP1-MLKL upregulation and ZBP1-RIPK1-RIPK3
complex formation. a, Representative images of consecutive skinsections
from12-week-old mice of theindicated genotypes stained with haematoxylin
and eosin (H&E) and theindicated antibodies. n =4 per group. Scale bar, 50 pm.
Immunostaining quantificationis shown. Dataare mean +s.e.m.Each dot
represents one mouse. Pvalues 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=>5pergroup.Scalebars,1cm. Pvalues were calculated using two-sided
Gehan-Breslow-Wilcoxon tests. ¢, Representative images of consecutive skin
sections from P5 mice of theindicated genotypes stained with the indicated
antibodies.n =5pergroup.Scale bars, 50 pm (mainimages) and 20 pm (insets).
d-f,Immunoblotanalysis with theindicated antibodies of lysates from
immortalized WT and Casp8™ (d), Casp8™and Casp8™ Ripk3™ (e),and MIkl"~

and Casp8”"MIkl™" (f) MEFs treated with C-178 (10 pM), DMXAA (20 pg ml™) and
IFNy (1,000 U mlI™) for 48 h. The dagger symbols indicate lysates from WT (e) or
Casp8™ (F) MEFs. g, Lysates fromimmortalized Miki”~ MEFs pretreated with
DMXAA overnight, followed by treatment with recombinant TNF (100 ng mI™),
Z-VAD-FMK (20 pM) and BV6 (2 uM) for 48 hwereimmunoprecipitated with
anti-FADD and anti-ZBP1antibodies. Animmunoblot analysis using the indicated
antibodiesis shown.SM, Smac mimetics. h, Lysates fromimmortalized MIkI™",
Fadd™MIkl”" and Casp8”MIkl"~ MEFs treated with DMXAA and/or C-178 for

48 hwereimmunoprecipitated with anti-ZBP1antibodies. Animmunoblot
analysis using theindicated antibodiesis shown. i, Immunoblot analysis with
theindicated antibodies of lysates from Casp8”~ and sgCtrl MEFs treated with
DMXAA and/or etanercept (50 pg ml™) for 48 h. Representative immunoblot
dataareshown fromtwoindependent experiments.**P<0.01, ***P< 0.001;

NS, not significant (P> 0.05).

dermatitis (Fig. 1b and Extended Data Fig. 1a,b) and systemic inflam-
mation (Extended Data Fig. 1c-f) by postnatal day 7 (P7)". Transcrip-
tional analysis of P5 Casp8*°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 withinflammation, 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 Casp8-*°
skin at P5 confirmed an expected infiltration of CD45" immune cells
inthe dermisinresponse to keratinocyte necroptosis; however, it also
revealed elevated STING levels in epidermal cells that were causative
of necroptotic cell death (Fig.1c). Notably, these same cells also exhib-
itedincreased 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 ZBP1and 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
reported?, 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 afunctional
link between STING activation induced by caspase-8 deficiency and
IFN-response signalling. Consistently, treatment with the mouse STING
agonist (DMXAA) or IFNy enhanced the basal level of ZBP1, which was
completely abolished or slightly reduced, respectively, by co-treatment
with C-178 or co-deletion of Stingl (Fig.1d-fand Extended Data Fig. 2a).
Thus, these data suggest that the loss of caspase-8 leads to aberrant
STING activation, which drives IFN-dependent transcriptional upregu-
lation of both ZBP1and 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™~, MIkl""~, Casp8™'"
Ripk3™~, Casp8”' MIkl"~, ZbpI™'~, Casp8” and Zbpl”’~ 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, ZbpI™" cells
still underwent TNF-induced necroptosis but were unresponsive to
STING-activation-induced necroptosis (STAIN), indicating that ZBP1

78

is essential for enhanced cell death induction by STING (Extended
DataFig.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
necroptosisis 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-1l 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 ZBP1was upregulated in a STING-dependent manner, it was
not detectedin FADD pull-downs (Fig.1g). Notably, endogenous ZBP1
pull-down demonstrated that STING-induced upregulation of ZBP1
resultedin the formation of a FADD-independent complex, whichwas
also formed even after DMXAA treatment alone (Fig.1g). Consistently,
in Casp8'"MIkl”~ and Fadd™-MIkl”~ MEFs, we detected constitutive
formation of the ZBP1-RIPK1-RIPK3 complex under basal conditions,
correlating with sustained endogenous ZBP1expression (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 ZBP1expression and con-
sequently ZBP1-complex assembly (Fig. 1h). These findings establish
that STING signallingis 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).
Collectively, these results identify a pathway of STAIN mediated by a
ZBP1-RIPK1-RIPK3-containing complex that formsindependently of
the TNF-induced FADD-RIPK1-RIPK3 complex-IlI, while also contribut-
ing to autocrine TNF release.

STAIN occurs independently of TNFR1

To investigate STAIN in vivo, we generated StingI**° mice, which were
viable and fertile (Supplementary Fig. 2), and CaspS8*°Sting1*° mice.
Moreover, we generated Casp8*°Tnfr1”~ mice, which, contrary to pub-
lished reports’, succumbed to lethal dermatitis at P10 (Fig. 2a). Nota-
bly, Casp8*°Sting1“*° mice survived until P11, demonstrating a clear
similarity and a small, albeit significant, survival advantage to TnfrI
full-body co-deletion (Fig. 2a and Supplementary Fig. 2).
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Fig.2|STING-induced necroptosis occursindependently 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 (%).
Pvalues were calculated using two-sided Gehan-Breslow-Wilcoxon tests.

b, Representativeimages and quantification of the body weight of mice of the
indicated genotypesatP3 (n=5pergroup)andP5(n=15,15,12and 10 for the
respective genotypes). Thearrowsindicate areas with lesions. Scale bar,1cm.
c, Representative images of skin sections from P5mice of the indicated
genotypes (n=>5pergroup) 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 pm. d-f, Representative images of consecutive skin sections from
mice of theindicated genotypes (n =5 pergroup) at P3 stained with H&E and
theindicated antibodies (d), at P5stained with H&E, the indicated antibodies
and TUNEL (fluorescein, green) (e) and at P5 stained with H&E and the indicated

Macroscopically, both Casp8*°Tnfr1”~ and Casp8*°Sting1t*° mice
maintained a normal body weight and exhibited no or significantly
fewer lesions at P3 and PS5, respectively, compared with Casp&°©
mice (Fig. 2b). This was corroborated by a significant decrease in
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antibodies (f). Scale bars, 50 pm (main bright-field images; d and e (top and
middle)), 20 um (insetsind and e), 100 pm (confocal images; e (bottom)) and
100 um (f). Immunostaining quantification is shown. g-i, Significantly
downregulated genesin the skin from P5 Casp8°Tnfr1*° (g), Casp8*°Sting1*° (h)
and both Casp8**°Tnfr1*° and Casp8-*°Sting1“*° (i) mice compared with
Casp8*°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 asimplemented in DESeq2, with Pvalues
adjusted for multiple testing using the Benjamini-Hochberg method (P < 0.05).
Inband d-f,dataare mean = s.e.m.; Pvalues were calculated using two-way
ANOVA followed by Tukey’s multiple-comparison test; *P < 0.05, ****P< 0.0001.

skin inflammation (keratin-6 (K6), K10, K14) (Fig. 2c) and by the res-
cue of organ inflammation (Extended Data Fig. 3a-c). Immunohisto-
chemical analysis of P3 skin sections confirmed the observed delay in
necroptosis activation, evidenced by diminished numbers of MLKL



phosphorylated at Ser345 (p-MLKL(Ser345))*, and ZBP1-positive epi-
dermalkeratinocytes, particularly in the skin of Casp8*°Sting1¥*° mice
(Fig.2d). Similarly, skin sections from P5 mice showed clear reductions
in p-MLKL(Ser345)%, cleaved CASP3 (CI-CASP3) and TUNEL staining
inboth genotypes (Fig. 2e). Loss of STING in keratinocytes coincided
with the absence of p-STAT1 and ZBP1 in the epidermis, whereas,
in Casp8t*°Tnfr1”™ mice, staining for these markers was partially
reduced in both stromal and immune cells (Fig. 2f). Thisindicated a
tissue-compartment-specific difference in early necroptosis inhibition
between keratinocyte-specific STING and constitutive TNFR1absence.

We next assessed the following three manifestations of inflamma-
tion in Casp8*°Tnfr1”~ and Casp8*°Sting1t*° 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 inimmune cell recruitment with the exception of an enhanced
infiltration of CD3" T cellsin both genotypes, albeit more significantly
after Stingl co-deletioninkeratinocytes, and asignificant reductionin
F4/80" macrophagesin Casp8*°TnfrI”~ 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 IFNy and IFN were significantly attenuated
by keratinocyte-specific STING deficiency, implying that STING in
these cells drives the intrinsic cytokine expression needed forimmune
cell infiltration through IFN-response activation (Extended Data
Fig. 3g). Comparative RNA-seq analysis of skin tissue from Casp8-*°,
Casp8~*©TnfrI”~ and Casp8*°StingI**° mice revealed that genes spe-
cifically downregulated after constitutive TNFR1 absence were pre-
dominantly involved in TNF-, TLR- and NF-kB-driven inflammatory
pathways (Fig. 2g). By contrast, keratinocyte-specific deletion of Stingl
resulted in specific downregulation of many ISGs, as well as Mlkl and
Gsdmd (Fig.2h). Furthermore, genes such as Eif2ak2, Gsdmc, Ninj1, Il6
and /l1b were significantly downregulated inboth models, suggesting
their involvement in amplifying inflammatory cell death rather than
initiating disease-causing necroptosis (Fig. 2i). Importantly, Zbpl was
downregulated in both Casp87*°Tnfr1”~ and Casp8*°Sting1**° mice
(Fig. 2i and Extended Data Fig. 3g), suggesting that, while Sting1 dele-
tioninkeratinocytes contributes tointrinsic 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 ZBP1and, notably,
also MLKL (Fig. 2h,i and Extended Data Fig. 3g) underpins its central
roleinsustaining necroptosisinitiation and propagation by providing
essential components required for necroptosis execution.

To further elucidate the complementary, independent roles of
TNFR1and STING in Casp8*°-mediated necroptosis and their func-
tional interplay with ZBP1, we generated Casp8*°Tnfr1”"ZbpI”~ and
Casp8*°Tnfr1”-StingI**° mice. Notably, heterozygous deletion of
Zbpl or Stingl prevented equally the postnatal lethality observed in
Casp8*°Tnfr1”’ 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 Stingl in Casp8**°Tnfr1” mice
rescued all of the pathological phenotypes observedin Casp8*°Tnfr1”
mice. Both Casp8*°Tnfr17"ZbpI”~ and Casp8*°Tnfr1” StingI**° 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 Casp8**°Tnfr1""ZbpIl™ or Casp8*°TnfrI" Stingl**°
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mice at 4 weeks of age, which did not reveal any signs of dermatitis
(Fig. 3f). By contrast, severe epidermal thickening could be readily
observedinboth Casp8*°Tnfr17"Zbp1™* and Casp8*°Tnfr1™ Sting1**
mice. These mice displayed elevated immune cellinfiltration, increased
levels of p-STAT1 and ZBP1 as well as p-MLKL(Ser345)-positive cells in
the epidermis. As expected, CI-CASP3 was also detected due toimmune
cellinfiltration, leading to secondary apoptosis (Fig. 3f).

Constitutive absence of ZBP1 completely rescued the lethal
dermatitis observed in Casp8*°Tnfr1”~ mice through adulthood
(Extended Data Fig. 4e,f). Yet, keratinocyte-specific absence of
STINGs significantly extended the survival, with approximately 50% of
Casp8T*°Tnfr1”Stingl®*° mice surviving at least up to 14 weeks (Fig. 3a).

Casp8E*°Tnfr17StingI**° mice at12-14 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 CI-CASP3 (Extended Data Fig. 4f). These mice also exhibited haema-
tological abnormalities and systemic inflammation (Extended Data
Fig.4gand Supplementary Fig. 3). Notably, afew cells inthe epidermis
of Casp8F*°Tnfr1”StingI“*° mice remained positive for ZBP1staining
(Extended DataFig. 4f), probably owing toincomplete 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 Stingl would mimic the protective benefits observed after ZBP1
co-deletion in Casp&*°TnfrI”~ mice. To this end, we first generated
Casp8*°StingI”~ mice which, notably, survived substantially longer
than Casp8*°Tnfr1”~ 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, Casp8*°StingI™ mice,
similarly to Casp8*°Tnfr1”~ mice, showed no signs of inflammation
(Extended Data Fig. 5a—c). Compared with Casp8*°Sting1t*° mice,
Casp8*°Stingl”~ mice not only survived longer (Fig. 4c) but, by P11 (the
endpoint of Casp8-*°StingI**° mice), they also showed no significant
epidermal thickening, amarked reductionin p-MLKL(Ser345) levelsin
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 systemicinflammation (Extended
DataFig.5d,e). Todetermine whether the observed prolonged survival
was solely due to suppression of ZBP1-driven necroptosis, we also gen-
erated Casp8°ZbpI”~ mice, which we predicted would phenocopy the
survival of Casp8*°Stingl™~ mice. Unexpectedly, these mice developed
severe, lethal dermatitis and systemic inflammationindistinguishable
in timing and severity from Casp87*° 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 Casp8~*°Tnfr1™~
ZbpI”’~ 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 asecond, independent, necrop-
totic checkpoint; (3) given the survival of the Casp8*°Stingl™”~ mice
encompassing and surpassing the survival of the Casp8**°Tnfr1” 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
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Fig.3|Keratinocyte STING licensing of ZBP1 mediates TNF-independent
necroptosis. a, Kaplan-Meier survival curves of n mice of theindicated
genotypes. Thetable shows the mediansurvivaland the relative survival
advantage (%). Pvalues 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) valuesin the peripheral blood (e) of 4-week-old
mice of theindicated genotypes. nvalues areindicated. Control mice included
age-matched Casp8T*" " Tnfr1¥°Zbp1*° and Casp S " Tnfr1¥°Sting1t*°
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littermates. Scale bar,1cm (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 (AlexaFluor 488, green),
nuclei (DAPI, blue), H&E and theindicated antibodies (n = 5 per group). Scale
bars, 50 um (bright-field images, bottom 6 rows) and 100 pm (confocal images,
top two rows). Immunostaining quantification is shown. For c-f, dataare
mean +s.e.m.; each dotrepresents one mouse; Pvalues 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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Fig.4 |STING regulates necroptosis checkpoints through CGAS-gDNA

and ZBP1/Z-NAsensing. 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)andn=3(d) pergroup.Forbandd, scalebars,100 pm (mainimages)
and 20 um (insets). e, The median survival of n mice of the indicated genotypes.
f, Graphical representation of the TNFR1and ZBP1distinct necroptotic
checkpointsand their dependence on STING. g, Kaplan-Meier survival curves
of nmice oftheindicated genotypes. Control mice included age-matched
Casp8= " Tnfr1*°Zbp1*°, Casp8* " Tnfr1*°Sting1**° and Casp8-*°" Tnfr1*°
Sting1*littermates. h, Representative images of consecutive skin sections
from12-week-old mice of theindicated genotypes stained with the indicated
antibodies.n =3 pergroup. Scalebar, 50 um.i, The median survival of n mice of

theindicated genotypes.j, Kaplan-Meier survival curves of n mice of the
indicated genotypes. The table shows the median survival and the relative
survivaladvantage (%). k1, Representative images of consecutive skin sections
from P5mice of theindicated genotypesstained asindicated.n=3 (k) andn=5(1).
Forkandl, scale bars, 100 pm (mainimages) and 20 pm or 10 pm (insets).
m,n, Representative confocalimages of the indicated MEFs stained for Z-NA
(AlexaFluor 594, red) and nuclei (DAPI, blue) under basal conditions or after
treatment with DNase 1 (25U ml™) and/or RNase A (1 mg mI™) (m) and
quantification of mean Z-NA (red) fluorescence intensity (n). Data are

mean +s.e.m. Pvalues were calculated using two-way ANOVA followed by
Tukey’s multiple-comparisonstest.Fora,c, e, g,iandj, Pvalues were calculated
using two-sided Gehan-Breslow-Wilcoxon tests; each dotinthe graphs
represents one mouse; **P<0.01,***P< 0.001, ****P<0.0001; NS, not
significant (P> 0.05).

NF-kB pathway engagement (Fig. 4f). Consistently, transcriptional
upregulation of several inflammatory genes, including Tnf, ZbpI and
MIkl,was completely suppressed in Casp8*°Stingl” mice,and RNA-seq
analysis revealed a similar downregulation for NF-kB signature genes
compared with in Casp8*°TnfrI”~ mice (Extended DataFig. 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 Casp8*°Stingl”~ mice compared with Casp8*°Tnfr1”"
miceisbestexplained 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 Casp8~*°Tnfr1”StingI”~ mice. Notably, these mice
remained viable, healthy and phenotypically indistinguishable from
control littermates and Casp8 °Tnfr1”"ZbpI” mice (Fig. 4g). At 12
weeks of age (shortly before Casp8-*°Tnfr1”StingI**° mice reach their
survival endpoint), Casp8*°Tnfr1”Stingl”~ mice showed no signs of
lethal dermatitis (Fig. 4h, Extended Data Fig. 5h and Supplementary
Fig.4). Moreover, whereas Casp8*°Tnfr1™"StingI**° mice at 12 weeks
of agerevealed severe systemic disease, Casp8-*°Tnfr1”Stingl” mice
appeared indistinguishable from the littermate controls (Extended
DataFig. 5i-kand Supplementary Fig. 4). Histological examination of
skinsections showed suppression of lethal dermatitis as evidenced by
normalized epidermal thickness, loss of p-MLKL and ZBP1 expression
and CD45", and CI-CASP3-positive cells (Fig. 4h). This marked pheno-
typic divergence confirms that the residual necroptosis observed in
Casp8*°Tnfr17Sting1**° mice was possibly due to incomplete Stingl
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 toinitiate ZBP1-mediated necroptosis and early inflammation.
Gene dosage analysis revealed that the survival of Casp8**°Tnfr1 /"7
mice was significantly prolonged after homozygous constitutive
co-deletion of Stingl, particularly when compared to homozygous
co-deletion of Zbpl or keratinocyte-specific Stingl 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-
lightsits essential and non-redundant functionin TNFR1-independent,
ZBP1-mediated pathology.

gDNA activates CGAS-STING in Casp8-/°

Todetermine the source of STING activation downstream of Casp8loss,
we generated Casp87°Cgas™ mice. Cgas co-deletion fully phenocopied
the protection observed in Casp8*°StingI”~ mice, as evidence by the
survival analysis and comparable suppression of tissue inflammation
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through histological analysis at P5 (Fig. 4j,k and Supplementary Fig. 4).
To exclude alternative nucleic-acid-sensing pathways, we also gener-
ated Casp8°Mavs™ 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 Casp8loss is entirely
dependent on CGAS, placing cytosolic DNA sensing upstream of the
type I IFN response signature observed in Casp8*° mice.

To identify the origin of the DNA species activating CGAS, we first
examined the potential role of mitochondrial DNA (mtDNA), as a CGAS
agonist?. Immunofluorescence staining in Casp8”~, Casp8”' MIkl"~
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 reductionin DNA staining (Extended DataFig. 6b),
of whichthe successful depletion was confirmed by RT-qPCR (Extended
DataFig. 6¢). By contrast, there was no reduction in ISG transcription
(including ZbpI) (Extended Data Fig. 6d). These results were further
corroborated at the protein level-ZBP1expression and p-STAT1levels
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 instability®® and DNA damage?’, which can result in nuclear
DNA leakage into the cytosol, known to be a potent activator of CGAS.
Inagreement with this, we observed that skin obtained from Casp8-*°,
Casp8' Ripk3™, Casp8' MIkl"~ as well as Casp8*°Tnfr1” Stingl ™~
and Casp8 °Tnfr1”~Zbp1”~ mice exhibited mitotic abnormalities,
with many p-HH3-positive cells displaying aberrant chromosome
segregation and elevated yH2A.X foci (Fig. 4] and Extended Data
Fig. 6f). These findings suggest that caspase-8 deficiency compro-
mises genome integrity independently of necroptosis, as previously
reported®?, supportingamodelin which genomic DNA released due
to caspase-8-loss-induced genome instability actsasaprimary trigger
of CGAS-STING activation in this context.

Z-NAs and ZBP1 are amplified by STING

To understand how ZBP1 s activated after its upregulation by STING,
we used Casp8™", Casp8'"MIkl”~ and Casp8' Ripk3’~ MEFs and per-
formed immunofluorescence staining to specifically detect Z-form
nucleic acids (Z-NAs)?. 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 withboth DNaseland
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 ZBP1and Z-NAs. Clear
spatial overlap was observed, indicating physical proximity and prob-
ableinteraction (Extended DataFig. 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 toincreased recruitment and phosphorylation of RIPK1
and RIPK3in ZBP1limmunoprecipitates, further supporting functional
activation of ZBP1in this context.

STAINis 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
SAVI. SAVIis an autosomal-dominant genetic interferonopathy char-
acterized by early-onset systemic inflammation, chronic anaemia,
cutaneous lesions, polyarthritis-like symptoms and interstitial lung
disease. Conventionalimmunosuppressive treatments, anti-malarials,
TNF inhibitors and B-cell-depleting biologics have provided limited to
no therapeutic effect®**, Recently, new regimens have included JAK1/2
inhibitors (such as ruxolitinib); however, their efficacy has yielded only
atemporary reduction in symptoms>%,

Considering the identification of aberrant STAIN as a critical driver
of lethalinflammatory necroptosis, we hypothesized that STAIN could
contribute or even cause the clinical manifestation of SAVI. We there-
fore examined aset of longitudinal samples obtained from paediatric
patients affected by SAVIY. 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 cytokines®® and identified additional
top-ranked candidates (IL-21, CXCL1, IL-1B, IFNacand 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 |
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
activationand, notably, the differential upregulation of MLKL and ZBP1
(Fig.5b). We further functionally grouped these genes and categorized
themintothree categories—cell death, IFN response and inflammation
(Extended DataFig. 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
dueto 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 clAPs and the linear ubiquitin
chain assembly complex. Importantly, RIPK3, MLKL and ZBPI 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 CXCLI and CXCL8
(ref.39) (Supplementary Fig. 7). This suggested a functional correlation
between STING-mediated IFN response, the transcriptional expression
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of ZBP1 and MLKL, and the cell-autonomous cytokines known to be
released by necroptosis.

Importantly, transcriptomic comparison of upregulated pathways
in the Casp8° mice (versus the control) with the pathways upregu-
lated in IFN"€" SAVI samples revealed a significant functional overlap
of 73% of all pathways (Fig. 5¢c). Within these, we identified a set of key
genes overlapping between Casp8*° mice and IFN"&" SAVI samples
(Supplementary Table 2), suggesting that these pathways and genes
aredescriptive 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 SAVImouse model bearing
the heterozygous StingI™>* GOF mutation (hereafter StingI™* mice),
which closely phenocopies human SAVI, faithfully recapitulating key
clinical features of this disease*° (Extended Data Fig. 9a-f).

Histological analysis of skin, lung, thymus and spleen collected from
StingI™>3s 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 CI-CASP3-positive staining (Extended Data
Fig.9g). Spleen exhibited strong CI-CASP3 staining only, indicative of
dominant apoptosis in that compartment at the endpoint (Extended
DataFig. 9g). To determine the role of necroptosis in disease manifes-
tation and pathogenesis and confirm preclinically the translational
relevance of our findings, we generated StingI™>*Ripk3” 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 StingI™* mice (Fig. 5d,e). Histological analysis of 35-week-old
StingI™>*Ripk3™~ mice showed a complete absence of p-MLKL(Ser345)
staining with a clear rescue in skin, lung, thymus and splenic inflam-
mationand 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)*"*.
High-resolution immunophenotyping of the lung, spleen and thy-
mus revealed that co-deletion of Ripk3 significantly ameliorates the
immune abnormalitiesinduced by STING GOF (Fig. 5g-iand Extended
Data Fig. 10). In the thymus, StingI™>*Ripk3™~ 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
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. Inthe spleen, RIPK3 co-deficiency led to marked
improvements in both the lymphoid and myeloid compartments.
StingI™* 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
DataFig.10f). These aberrations were consistently and significantly res-
cuedin StingIN>*Ripk3™ mice. A similar normalization was observed
in bone-marrow-derived and splenic myeloid subsets of the spleen,
confirming that RIPK3-dependent necroptosis is amajor driver of hae-
matopoietic dysregulation (Extended Data Fig. 10f). Importantly, the
frequency ofimmature erythroid precursors (Ter119°CD71") was also
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Fig.5|Seenext page for caption.
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Fig.5|STAINshapes SAVI transcriptional signaturesimmune dysregulation
andlethality. a, Typeland typell IFN response signaturesin SAVIsamples (P(x)
post(y) or pre(y), where x = patient number, y =sample number, pre = pre-
treatment and post = post-treatment; see Extended Data Fig. 8a). Genes
upregulatedin SAVIversus controls (P < 0.05) that overlap with Hallmark IFNa
andIFNyresponse genesets (GSEA) are shown. Expression values are row-scaled
and colour coded (red, high; blue, low). The green and red boxes indicate IFN'"
and IFN"€"signature samples, respectively. b, Differentially expressed genesin
type Il IFN"€" SAVI samples compared with controls (P,q < 0.05 and fold change
(FC) >1.5).IFN-responsive genes (left) and genes belonging to cell death (yellow),
IFNresponse (green) and inflammation (orange) are annotated. ¢, Pathway
comparative analysis from Metascape data. The pathway overlap between
Casp8t*°mice and SAVIIFN"&"samplesis shown. The bar plot displays -log;,[g]
values for tenrepresentative overlapping pathways. d,e, Kaplan-Meier survival
curves (d) and representative images (e) of n mice of the indicated genotypes.
Pvalues were calculated using two-sided Gehan-Breslow-Wilcoxon tests.

f,Representative images of theindicated consecutive tissue sections from
35-week-old mice of the indicated genotypes stained with H&E and p-MLKL
(Ser345).n=3 pergroup. Scale bars,100 um (mainimages) and 20 pm (insets).
g-i, Flow cytometry analysis of thymus (g), lung (h) and spleen (i) from
6-8-week-old mice of theindicated genotypes (n values areindicated). CD8*
thymocytes are plotted as the percentage of viable cells,and CD69*CD8"
thymocytes, MHCII" dendritic cells,and CD4" and CD8" T cells are depicted as
the percentage of their respective parental populations; all other populations
were plotted asthe percentage of CD45" cells. Foraand b, differential expression
analysis was performed using the Wald test asimplemented in DESeq2; Pvalues
were adjusted for multiple testing using the Benjamini-Hochberg method. For
g-i,age-matched WT and Ripk3-KO littermates were used as controls; dataare
mean +s.e.m.;each dotrepresents one mouse; Pvalues were calculated using
two-tailed unpaired t-tests; *P < 0.05, **P< 0.01, ***P < 0.001, ****P< 0.0001;

NS, notsignificant (P> 0.05).

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 cellloss, but also as adriver of systemic disease progression,
reinforcing the functional and translational relevance of our findings.

Collectively, our findings reveal that caspase-8 deficiency in keratino-
cytesaberrantly activates a STING-mediated upregulation of ZBP1and
MLKL that,inturn, 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 aZBP1-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
inturn serve as ligands for ZBP1 activation (Supplementary Fig. 8).
Co-ablation of STING in keratinocytes or constitutively together with
full-body depletion of TnfrI revealed a substantial or complete addi-
tional survival advantage to Casp8*° 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-kB activation. This
dualrole positions STING as a centralinducer and amplifier of necrop-
toticsignalling. Importantly, the extended survival and broader rescue
observed after systemic Stingl deletion, compared with the deletion of
either ZbpI or Tnfr1 alone, suggest that STING partially governs both
the TNFR1 and ZBP1 checkpoints. Thus, STING not only licenses the
ZBP1axis and its activation but also reinforces the TNFR1-dependent
pathway, underscoringits unique role as ashared upstream regulator
of inflammatory necroptosis.

The necroptosis-driven lethal inflammation observed in Casp&8©°
mice shares transcriptional commonalities with SAVI, providing fur-
ther functional links between aberrant STAIN and development of
SAVL. In the StingI™* mice, Ripk3 co-deletion alone robustly improves
survival and overall necroptosis-induced cell death in all tissues and
ameliorates earlyimmune dysfunction. The genetic and pathological
rescueinaffected 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 animportant effector pathway underlying both the onset and
manifestation of SAVI and possibly other autoinflammatory diseases
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arising from pathogenic STING activation. Importantly, the robust
rescue observed in StingI™** mice with RIPK3 co-deficiency alone,
without the necessity for caspase-8 inactivation, demonstrates that
caspase-8 expression in SAVIis functionally irrelevant for controlling
necroptosis. This, together with our biochemical data demonstrating
therole of STINGin (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 centralnode inafeedforward necroptoticinflam-
matory circuit that underlies sustained tissue pathology. By estab-
lishing STAIN as a pathogenic mechanism in SAVI, our findings offer a
conceptual advancein 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

Casp8™ mice were provided by S. M. Hedrick* and the K14-Cre** and
Tnfr1™ (ref.45) micewere obtained as previously described. Zbp1™” mice
were purchased from Cyagen (C57BL/6NCya-Zbp1°™/Cya, S-KO-16146)
and Sting"" (B6,SJL-StingI™-1<“mb /1 031670)*, Stingl™~ (B6(Cg)-
StingI™+2%amb/; 025805)*, Cgas™~ (B6(C)-Cgas ™ Evcommtingu/y (32 6554)%
and StingI™>S'VT (B6J.B6N-StingI®™™n/], 033543)*° mice were pur-
chased from The Jackson Laboratory. MIkl”~ mice were generated by
the Walczak laboratory*® and Casp8”~and Ripk3™~ mice were provided
by R.Hakem, V. Dixit and K. Newton, respectively*’. Mavs”~ mice were
provided by the SFB1403 consortium'. All mice were maintainedona
C57BL/6N background; C57BL/6) strains were backcrossed for at least
tengenerations. Male mice carrying the K14-cretransgene were crossed
toobtainall Casp8*°models. Casp8'" Ripk3™~ or Casp8“"MIkl”" were
bred to obtain Casp8” Ripk3™ and Casp8~"Mikl”~ double-knockout
mice, respectively. Mice heterozygous for StingI™* (StingI™>>/"T)
were bred with Ripk3™~ mice to obtain StingI™>S"TRipk3™~ 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; withineach
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
scoringwas 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 fiir Natur, Umwelt und Verbraucherschutz
Nordrhein-Westfalen).

Celllines

Casp8-knockout cell lines were generated by CRISPR-Cas9-mediated
gene editing. WT and Zbpi-knockout MEFs were electroporated
with Casp&-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” StingI”~ double-knockout
celllines were generated by isolating and transfecting Casp8"'Sting1™
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 previously*:.

Cell death assay

Immortalized MEFs were seeded to 96-well plate (1 x 10* cells per well)
andincubated with either DMSO or pretreated with 20 pug mI DMXAA
(D5817, Sigma-Aldrich). Similarly, HaCaT and HT-29 cell lines were pre-
treated with 10 uM ADU-S100 (HY-12885B, MedChemExpress)*°. The
next day, medium containing DMSO, DMXAA or ADU-S100 was replen-
ished and cellswere additionally treated with 100 ng ml™ recombinant
TNF (inhouse), 20 pM Z-VAD-FMK (APE-A1902-25MG, APExBIO), 2 pM
BV6 (57597, Selleck Chemicals) or combinations of them. In experi-
ments using RIPK3, MLKL, TNF or STING inhibitors, 10 uM GSK'872
(S8465, Selleck Chemicals), 1 1M NSA (S8251, Selleck Chemicals),
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50 pg ml™ etanercept (Enbrel, PAA115147, Pfizer) or 1 uM C-178 (S6667,
Selleck Chemicals)® 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 described®. 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 pl; P3296, Sigma-Aldrich) were incubated
with 1.5 pg of FADD antibody (ab124812, Abcam) or 1 ug 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 °Cwith rotation. Beads were washed five times with wash buffer
(150 mM NacCl, 150 mM Tris-HCI1 M, pH 7.4, 5% glycerol, 0.5% Triton
X-100), and bound proteins were eluted by boiling in 60 pl of 2x SDS
loading dye for 5 min.

Dermatitis scoring criteria

Skinlesionsin Casp8™ Tnfr1”"Zbp1" K14-cre®™, Casp8""Zbp1” Tnfr1 ™"
K14-cre®"", Casp8™'Tnfr1”Stingl""'K14-cre®"", Casp8""Tnfr1™~
StingP"""K14-cre’™" and Casp8™ Tnfr1” Stingl" K14-cre®™" mice were
scored using an adjusted version of the scoring system previously
described*®. Two main clinical criteria were assessed to determine
atotal 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 = 1and tail =1). For the second criteria, the
characteristic of each lesion was defined by its severity. Punctuated
small crustsreceived ascore of 1, coalescent crusts received ascore of
2and ulcerationreceived a score of 3. The sum of allindividual 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 describe
H&E staining, along with detection of p-MLKL(Ser345) and CI-CASP3,
were performed accordingly®. Forimmunodetection of ZBP1, STING,
p-STAT1(Tyr701), CD3, Ly6G, pHH3-S10 and yH2AX-S139, the slides were
retrievedin Tris-EDTA-based antigen-retrieval buffer, pH 9 (S236784-2,
Agilent Technologies), for 10 min at 114-121 °C using the TintoRe-
triever Pressure Cooker. For F4/80, CD45, K6A, K10 and K14 stain-
ing, the slides were retrieved in sodium citrate buffer, pH 6 (C9999,
Sigma-Aldrich), under the same conditions. For delicate tissues prone
todetachment (skin fromadult mice), antigen retrieval was performed
at 60 °Cinawater bath overnight. Primary antibodies were incubated
at4 °C overnight or at room temperature for 45 minutes (for ZBP1).
Theblocking steps, antibody detection procedures, counterstaining
and mounting were performed as previously described®. For p-STATI,
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, Vec-
tor Laboratories). TUNEL staining was performed using the Dead-
End Fluorometric TUNEL System (Promega, G3250) according to the
manufacturer’sinstructions. A list of the antibodies used is provided
inSupplementary 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 minatroom temperature, quenched with50 mM ammonium chloride
in PBS and permeabilized with 0.1% Triton X-100 in PBS for 10 min at
37 °C. For ZBP1and Z-DNA/Z-RNA staining, cells were fixed for 10 min
and permeabilized with 0.4% Triton X-100 in PBS for 10 minat 37 °C. After
blocking, the following primary antibodies diluted in blocking buffer
wereincubated at4 °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 described®. For mitochondrial staining, cells were incubated with
200 nM MitoTracker Deep Red (M22426, Thermo Fisher Scientific) for
30 minat37 °Cbefore fixation. For nucleic acid degradation, cells were
treated with DNase I or RNase A as previously described®.

Image analysis

Image acquisition, analysis and quantification of whole-tissue digital
images were performed as previously described®. For mouse tissue
confocal microscopy, three representative images per biological repli-
cate (n=5)wereacquired 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
scriptidentified positive cells by overlapping cellboundaries and target
fluorophoresignals. Positive cell counts from threeimages per replicate
were pooled.Immunocytochemicalimages were manually segmented
inFiji,and the mean fluorescence intensity was quantified by rolling-ball
background subtraction using a customscript. Co-localization of Z-NA
and ZBP1was assessed using the BIOPJACoP plugin after background
subtraction. Atleast 10 images and 30 cells per staining condition were
analysed. Dataare 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 HMS 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 pul DTT1M per ml + 0.5% Reagent
DX) according to the kit’s manufacturer instructions in TissueLyser
11(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

Wholeblood 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
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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 (thatis, rela-
tive quantification) of the samples was calculated as 2 2t to the con-
trols (littermates for mice and healthy individuals for patients with
SAVI). The primer for mZbpI 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

Atotal of 2 pg 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. Theresulting librar-
ieswere 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) 1x100 bp sequencing strategy.

Differential expression analysis

RNA-seqreadswerealigned 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 Zbpl. 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 Casp8*°Stingl™~ in comparison to all of the other genotypes. The
analysis was performed asindependent experiment. For patient data,
single-sample gene set enrichment analysis was performed using the
gsvamethod (gsva package) with the hallmark gene sets. The nine sam-
ples with highest IFNy scores were classified as IFN"&"samples and used
for differential expression and pathway analyses (patient samples clas-
sified as IFN"e" P1post1, P1post2, P1post3, P2postl, P2post2, P2post3,
P2post5, P3postl, 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 Metascape® or the GSEA GUI
tool (v.4.3.3). For Metascape, significantly upregulated genes (g < 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 g values were plotted
as-log[g]. Mouse samples were analysed using Homo sapiens as arefer-
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-
inggenes: TNF, TNFRSF1A, TNFRSF10, TNFRSFI10B, RIPK1, FADD, CASPS,
CFLAR, RIPK3, MLKL,CASP1, TNFSFI10, FASLG, FAS,ZBP1, ADAR, TRIM2S,
EIF2AK2,IL1B, TLR4, BIRC2, RBCK1, TREX1, NLRC4, TLRS 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 plasmaisolation

Total protein was extracted from mouse skin tissue in cell lysis buffer
2(895347,R&D Systems) in TissueLyser I1 (85300, Qiagen) using 7 mm



stainless steel beads (69990, Qiagen). Extracted proteins were stored
at—80 °C. For human plasmaisolation, whole blood was collected in
EDTA blood collection tubes. Subsequently, the samples were cen-
trifuged at1,500g 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 SAVIand 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
previously®. Red blood cell lysis (1x RBC lysis buffer, BioLegend) was
performed for 4 min onice 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
onthe BD FACSymphony A3 system and analysed using FlowJo v.10.10
and GraphPad Prism. Statistical significance was determined using
unpaired t-tests. Alist of all of the antibodies used is provided in Sup-
plementary Table 6. The gating strategy isincluded in Supplementary
Fig. 9.

Depletion of mtDNA and measurement of relative mtDNA levels
Immortalized MEFs were treated with 150 pM ddC or 10 pM 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
protocolfor cells. Relative mtDNA levels were measured using RT-qPCR
with the Brilliant Il 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 (22 quantification
method. A list of the sequences for all of the primers used is provided
inSupplementary 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 H,0 (Gibco).

RT-PCRand RT-qPCR

The total RNA that was previously isolated was treated with DNase (New
England Biolabs). Digested RNA (100 ng pl™ per sample) was reverse
transcribed using the high-capacity reverse transcription kit (Applied
Biosystems, Life Technologies). The generated cDNA was amplified
using the Brilliant Ill 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 (2744) quantification
method.
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Ethics statement

The study involving the collection of the included patient samples
was approved by the local Institutional Ethical Committee of Bambino
Gesu 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 s 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
otherwiseindicated, with each dot representing one mouse or individ-
ual sample. For comparisonsinvolving more than two groups, statistical
significance was determined using one-way or two-way ANOVA followed
by Tukey’s or Sidak’s multiple-comparison test as appropriate. Insome
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 ¢-tests as indicated.
Pvaluesare provided in the figures or figure legends; P> 0.05 was con-
sidered to be notsignificant. For cell viability assays, datarepresent the
mean t 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
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

RNA-seq datafor 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.
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Extended DataFig.1|See next page for caption.
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Extended DataFig.1| Caspase-8Loss Reprograms Keratinocytes to Induce
ISGs, Necroptosis and DNA Sensing. a, Graph of the trajectory of body weight
changesinnmice ofindicated genotypes. b, Graph of body weight of n mice of
indicated genotypesatsurvival endpoint (P7). c-e, Representative images (c),
graphsof organ-to-body-weight ratio (d) and representative images of tissue
sections stained with H&E (e) of spleenand liver of n mice of indicated
genotypes.Scalebars:2 mm (spleen and liverimages), 200 um (main bright-
fieldimages) and 50 pm (insets). f, Peripheral blood analysis of indicated values
inmiceofindicated genotypesat survivalendpoint.n=9 per group.g, Heatmap
of row-scaled expression values of differentially expressed genes in Casp8:*°
versus Casp87*?""skin (p-adj < 0.05). h, Volcano plots depicting differentially
expressed genesin Casp8*°versus Casp8 "7 skin at P5. Genes with [FC|>1.5
and p-adj < 0.05aredisplayed. i, Pathway enrichment analysis of upregulated
genesin Casp8*°versus Casp87%°"7 skin (p-adj < 0.05,FC > 1), using Metascape.
Bar plot shows -log,,(q) values for enriched pathways. j-m, Dot plots of Gene
Set Enrichment Analysis (GSEA) for top 20 or 30 upregulated pathwaysin
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Casp8-°versus Casp87*° control skin. Gene Ontology Biological Process
(GOBP) (j), BioCarta (k), Reactome (I) and Hallmark (m) databases. Dot size
indicates gene set size; colour intensity represents -log,,(p-adj). n, Enrichment
plots for representative pathways identified by GSEA. Black vertical lines show
positions of pathway genes in the ranked genelist.Ina,b,d and f, dataare
presented as mean +s.e.m.; each dot represents one mouse; Pvalues were
calculated viatwo-tailed unpaired t-test; *P < 0.05, **P< 0.01, ***P < 0.001,
***+Pp < 0.0001; NS, not significant (P> 0.05).Ing, h, differential gene expression
analysis was performed using the Wald testasimplemented in DESeq2, with
Pvalues 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).
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Extended DataFig.2|STINGsensitizes to Necroptosis viaZBP1Independently
of TNFR1. a,Immunoblot analysis with the indicated antibodies of lysates from
immortalized Sting1”" and Casp8™ StingI”~ MEFs treated with C-178 (10 uM) and
DMXAA (20 pg ml™) for 48 h; sgCasp8~” MEFs were used as control. b-d, Relative
cellviability ofimmortalized WT, Ripk3”", Mlkl”- and Zbp1”- MEFs (b), sgCtrl,
sgCasp8™", 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™), Z-VAD-FMK (20 uM) and/or BV6 (2 uM) for 48 h.
e, f,Relative cell viability of HT-29, HT-29 CASP8~, HT-29 ZBPI"" (e) and HaCaT (f)
cellsassessed by CellTiter-Glo assay, pre-treated with ADU-S100 (10 pM) alone
orincombination with NSA (1 uM) or GSK'872 (RIPK3i, 10 mM) overnight,
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followed by treatment with recombinant TNF, Z-VAD-FMK and/or BV6 for 48 h.
g, Relative cell viability of sgCasp8” MEFs assessed by CellTiter-Glo assay,
pre-treated with DMXAA and/or Etanercept (50 pg ml™) overnight, followed by
treatment withrecombinant TNF, Z-VAD-FMK and/or BV6 for 48 h. h, Relative
cell viability ofimmortalized sgCasp8™"; Zbpl”~ MEFs assessed by CellTiter-Glo
assay, pre-treated with DMXAA and/or Etanercept overnight, followed by
titration with recombinant TNF (0.05,0.1,1and 10 ng ml™) for 48 h.Inb-h, data
arepresentedasmean +s.e.m.;eachdotrepresentsanindependent experiment
each containing three technical replicates; Pvalues were calculated via two-way
Anova followed by Sidak 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 DataFig.3| TNFR1or 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=5pergroup.Scalebars:2 mm (spleenand liverimages), 200 pm (main bright-
fieldimages) and 50 um (insets). d, Representative images of consecutive skin
sections from PSmice of indicated genotypes stained with H&E and the indicated
antibodies.n=>5per group. Scalebar: 50 um. Graphs show immunostaining
quantification. e, Graphs of cytokine levels (pg mI™) of skin homogenates from
P5mice of indicated genotypes, analysed via Luminex-Multiplex assay for the
indicated targets.n=>5 pergroup. Cytokines highlighted inred denote those
implicated in necroptosis, as detailed in Supplementary Table1. Dataare
presented asmean +s.e.m.;each dotrepresents one mouse; Pvalues were
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calculated viatwo-tailed t-test. f, Heatmaps showing X-fold changes in cytokine
levelsrelative to Casp8 " control and Casp8t*°respectively at P5.g, RT-
gPCRanalysis of mRNA expression of the indicated genes in skin from P5Smice
ofindicated genotypes. Graphsrepresent relative quantification (log,RQ)
normalized to Gapdh, with expression levels shown relative to Casp8*"7,
Datarepresentthree biological replicates fromtwo independent experiments.
Differentlettersindicate statistically significant differences between groups,
determined by one-way ANOVA followed by Tukey’s HSD test (FDR=0.05).
Inbandd, dataingraphs are presented as mean + s.e.m.; each dotrepresents
one mouse; Pvalues were calculated viatwo-way Anova followed by Tukey’s
multiple comparisonstest; *P < 0.05,**P< 0.01, ***P< 0.001, ****P< 0.0001;

NS, not significant (P> 0.05).
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Extended DataFig. 4| Sting1*° Delays Lethal Inflammation in Casp8*°
TnfrI” 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. nvalues
areindicated. Scale bars: 5 mm (spleen and liverimages), 1 mm (thymusimages),
1mm (mainbright-fieldimages) and 100 pm (insets). d, Neutrophil, PLT and
MCV valuesin peripheral blood from 4-week-old mice of indicated genotypes.
nvalues areindicated. e, Graphs of dermatitis severity score and body weight
of12-14-week-old mice of indicated genotypes. nvalues are indicated. Control
miceincluded age-matched Casp8%°"": Tnfr1%°; Zbp1*° and Casp8XO;
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Tnfr1%°; Sting1**°littermates. f, Representative images of consecutive skin
sections from12-14-week-old mice of indicated genotypes stained with H&E
andtheindicated antibodiesn=>5per group.Scalebar:100 pum. Graphs show
immunostaining quantification. g, Peripheral blood analysis of indicated
valuesin12-14-week-old mice of indicated genotypes. nvalues are indicated.
Ina-g,dataingraphsare presented asmean +s.e.m.; each dotrepresents one
mouse; Pvalues were calculated viatwo-way Anova followed by Tukey’s multiple
comparisonstest; *P < 0.05,**P<0.01,***P < 0.001, ***P< 0.0001; NS, not
significant (P> 0.05).
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Extended DataFig. 5| StingI” inhibits early necroptosis andimmune
dysregulationin Casp8£*°. a, b, Representative images, graphs of organ-to-
body-weightratio (a) and H&E-stained tissue sections (b) of spleen and liver
from P5mice of indicated genotypes. nvalues areindicated. Scalebars:2 mm
(spleenand liverimages), 200 pm (main bright-field images) and 50 um (insets).
¢, Peripheral blood analysis ofindicated valuesin P5mice of indicated genotypes.
nvaluesareindicated.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 Casp8t*°; Sting1“*° mice (P11).
Scalebars: 2 mm (spleen and liverimages), 200 pm (main bright-field images)
and 50 pm (insets). f, RT-qPCR analysis of gene expression in skin from P5 mice
ofindicated genotypes. Graphs represent relative quantification (log, RQ)
normalized to Gapdh, relative to Casp8: "', Data represent three biological
replicates fromone or twoindependent experiments asindicated. Different
lettersindicate statistically significant differences between groups, determined
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by one-way ANOVA followed by Tukey’s HSD test (FDR = 0.05). g, Heatmap of
NF-kB-associated genes downregulated in Casp8:*°; Tnfr1%°, Casp 8"
Sting1*°, or both, compared to Casp8*° mice. Expression values are DESeq2-
normalized, row-scaled, and colour-coded by intensity (red, high; blue, low).
Differential expression was determined using the Wald testin 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) in12-week-old mice of
indicated genotypes. nvalues are indicated. Scale bars:1 mm (mainimages)
and 100 um (insets).Ina, c,dand h-k, dataingraphs are presented as mean +
s.e.m.;eachdotrepresents one mouse; Pvalues were calculated viatwo-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 DataFig. 6 |STING Activationis not mediated by Mitochondrial
DNA. a, b, Confocalimages 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 pM)
or IMT1B (10 pM) (b). Insets highlight magnified regions. Arrows mark DNA foci
lacking TFAM and MitoTracker signals. Images represent single optical slices
(0.4 pm). n>20 cells/condition. Scale bars: 10 pm and 1 um (insets). ¢, dRT-qPCR
analysis of indicated mitochondrial genes to assess mtDNA depletion (c), and
ofindicated ISGsto assess IFN response (d), in theindicated MEFs. Dataare
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shownasrelative expression (log,) to untreated WT control normalized to
beta-Actin; graphs represent mean + s.e.m.n=3technical replicates; Pvalues
were calculated viatwo-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 uM), ddC, orIMT1B as above for 96 h. f, Representative images of consecutive
skinsections from12-4-week-old mice of indicated genotypes stained with H&E
andtheindicated antibodies.n=5pergroup. Arrows indicate YH2A.X positive
areas/cells.Scale bars:100 pm (mainimages) and 10 pm (insets).
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Extended DataFig.7|STING activationenhances ZBP1-Associated Z-NA
Accumulation. a, b, Confocalimages of indicated MEFs stained for Z-NA (Alexa
Fluor 594, red) and nuclei (DAPI, blue) under basal conditions or following
treatmentwith DNase I (25 UmL™) and/or RNase A (1mgmL™) (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

102

with DMXAA (20 pg ml™) (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 pm).Scalebar:10 pm.Inb,d and e, data are presented as mean + s.e.m.;
eachdotrepresentsone celland 30 cells/condition were analysed via two-way
Anovafollowed by Tukey’s multiple comparisonstest; *P< 0.05,**P< 0.01,
***P<0.001,***P<0.0001; NS, not significant (P> 0.05).
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Extended DataFig. 8| SAVIlongitudinal 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.

Thisimage was created in BioRender. Saggau,J. (2025) https://BioRender.
com/9yrgmée. b, Heatmaps showing X-fold changesin cytokine levels relative
to healthy controls for each patient. ¢, Pathway enrichment analysis bar plot
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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 genesinvolved in necroptosis, mitochondrial cell death, pyroptosis,
and deathreceptor componentsinIFN-high samples from Patient1(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 testin DESeq2
with Benjamini-Hochberg adjusted P-values (p-adj < 0.05).


https://BioRender.com/9yrgm6e
https://BioRender.com/9yrgm6e
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Extended DataFig.9|STAIN promotes Systemic Inflammationin SAVI
mice. a, Kaplan-Meier survival curves of mice of indicated genotypes. nvalues
areindicated. 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-weightratio of spleen, thymus (d) and lung (e) of
StingIM**"Tmice at survival endpoint (nindicated. Examined lymph nodes
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thymusimages) and 2 mm (lung images). f, Peripheral blood analysis of
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Sting 1VsswT

Sting 1V13sWT

indicated values in endpoint StingI™**“T mice. nvalues are indicated.

g, Representativeimages of consecutive skin, lung, spleen and thymus sections
from StingI™***"T at survival endpoint stained with H&E and the indicated
antibodies. n=5pergroup.Scale bars:100 pm (mainimages) and 20 um (insets).
Ina-g, age-matched WT littermates were used as controls. Ind-f, dataare
presented as mean *s.e.m.; each dotrepresents one mouse; Pvalues were
calculated via two-tailed unpaired t-test; *P< 0.05, ***P< 0.001, ****P< 0.0001;
NS, not significant (P> 0.05).



o .
£ - ]
g A s
Y AN _ * =
e NS 2
o * 17} - =
~%53 * 2 vl )
Tl : i i
£25% @ 2 <t ?
1 (%) siieo N Rl N
< Teit 8y
T o i o 1 _£8 :
? M “ il T - £E55 g5 *
£ * s_ * HM e <> seg g
% 3| © Fle| # [ HE S HIS 1gii
) * . @ |3 £2%5% - o
L3 ol j,. 1 z 4 m_ el [ MWWW 47\._7M>8=.“=:=%_$z
&w 5 EEI L H < o s_ . (LR
i H 2| N H g 8 s 2 H A TR D)
To gk = et (%) siie2 1,809 2 HERH! = St - N
L3535% (%) si1e2 1,800 ,$u0L ¥ 11| |} * i
388 e 2 ® ° . HE B 2| ™ R e .| i PRI
£E€55 (%) seho0wAY} d@ 46900 N E . HAREE] * 2:[*le| {
ey .| 3 “ TS RN » HERN
HRHA! ¥ 23333 2l H 2|
HE A ] wla H (%) ones JyBrom Apogjuaalds
N e | . A A — —
s dusd P :& 2| - g |l LD 288 8% & 8 ® 2 0 <
H H . H . T e
9 H siL i 2 H mi * 3 8 £ < ﬁ " ads eelmw ; (%) s1199 1,00 ,§HOL (%) saykoojnuein
2(.|"12 i = [T ] R (%) s1ea 1 ,¥ad s 2 ] w
* © - .
e (%) si1e0 1,800 onteN I V- H h .
_ , : L 2| . wle Pl etz
b ° © H * R LR 2| u_
(%) soykoowikus eNG (%) sovoowikys da . Y et 2 g, |zl ® TN
i ¥ 5 H 2 .
i . Hl { a . 2| Yo - frd ]
| 1l [l ot EEEEE EEEER
* -4 « 2 s 8 8 -
] 3 - 22 2RUPUSP IIDHIN
2 g ﬁ . mi., = e -t @ (%) 1199 1 paD sneN (%) si
. -
: | il » - 8 & = % © 5
LI : . . T (%) sue2 W1 gao S > # s
— £ 2 3 8 ° € 3 :| 2 % 5%
s & 32 S %) seuoowhuy 503 6900 % i, i A EFINHE i3
(%) sevhoowAy) ZNG (%) seikoowikus va: H - xle|® mi M i Ls_ s _tg
- . > = * =, o * 2 b4
e o glsfl e 5 Ut e Be s sEi§
e i 2] " ,..u.: =1 ® <« ~ L8533
" = « 1 *E 2 s & S E £25%
T el T 5y —_ SRR hawon £355
o o |2 2| e o (%) siie0 ™1 yad T EE
2| " H H e 2 8 % =8 > .«
2 LR - (%) sii92 31 gao - H " "
T T © o © = ~ . . » ”
s @ < 8 o - AoowAu) a9 i . 2| _..I: L < : 2 u_* RLL
(%) seMkoowAyl ING (%) e H i :| 2 H SRR I PY 3- He| 3 " Lotk
T H < « N
T :| 2l ERANDRE ol ._‘ < e ..z. i ;i * 2| ' o g
< w1 i 2l«| |2 i 2 - -
” N H N H
P AN H LA HHUE N HEY g g 8§ o 8 8 %8
i, 2 Ty (n) siie28 : x| 2 e 83 2 ° e 2 @ ()0 ki3
EINLIE T T i o| oo T = s N ® sies 1 yo (%) s1e2 1,80 , 8801
2]y - LY i g 8 8 8 (%) soBeydouoews Juopisay ) slieo L
* . L N g (o) si192 1 ,pao ,guoL . el
L 888 8 8 & ag N :| "
£ % % % g i3 : 7, 2l RN
o (%) sakoowhuy NG (%) serhoowkuys yNG _t& s _ - e AL u_ R EREH % owH
& BT * < - . %3 *
nmmw T m,,_ o HE g ] b : | . e e
izes < Tk w dH 2l wa
s c2E2 ¢ - L oo - g =2 = o
L 255 . S 3328 ° © e
s (TR e e 2 8 & ¢ 2 taka
ot o - 8 & 2 © oS0 L (%) 1199 180 anteN
TS si 2 92 8 8 ¢ (%) saykoouow Juspisay %
SSE = 14 (%) sile2 L ,yad eneN K
~ I ¥ H
<883 : | & - | e ¥ g B e
: = >,
Be5s ik . e . - D NRHH up.g... 2| | I3l A lzls
S£S P < e 4
E8€55 22 8 3 HR 4 2|, <A By *| - |3
LIRS (%) ones yubom Apogibunt  » |, | L FX LA 2|, ] == TR . ps
s o
T R - gl - $ 2 5 B ¢ % oy o
- %) +
£ $ 8 8 2 & & % I (%) S99 8 JioHW
s (%) S22 %2y yao (%) sayhoojnues
5 2
£ = H 8 H
| R s o 3
: H > e il 2l . HAHHN AR
2 © t|, ¢l e I B I MH IR HHHH 3t
© HE N Hi o +
M 3 “le|* L - * N_ a3 2213283
il & & & o € 8 & = =° C Y e
2 2 2 2 8 T 2 @ - ~ (%) sne2 "1 8aod te))
b BUBS uwsssink BUBS munbBUBS wsssinkBUBS S a.m comy a5 ¥ (o) su90 onupuea - (%) siiea g .
© snwAyyL - &m (%) sl o
o

106

Extended DataFig.10|See next page for caption.
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Extended DataFig.10|STAIN promotes Immune Depletionin SAVImice.
a,b,Representativeimages, organ-to-body-weight ratio (a) and flow cytometric
thymocyte phenotyping (b) of thymifrom 6-8-week-old mice of indicated
genotypes.nvaluesareindicated. 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.nvaluesareindicated. Immunecells 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
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ratio (e) and flow cytometricimmune cell phenotyping (f) and erythrocyte
phenotyping (g) of spleens of 6-8-week-old mice of the indicated genotypes.
nvalues areindicated. Immune cell types are depicted as percentage of CD45*
cells, their respective sub-populations are shown as percentage of parental
populationsand erythrocytes were plotted as percentage of live cells.Ina-g,
age-matched WT and Ripk3*°littermates were used as controls,;dataare
presented as mean t s.e.m.; each dot represents one mouse; Pvalues were
calculated viatwo-way Anova followed by Tukey’s multiple comparisons test (a,
cande) or viatwo-tailed unpaired t-test (b,d,fand g); *P< 0.05,**P< 0.01,
***P<0.001,***P<0.0001; NS, not significant (P> 0.05). The gating strategy
for cell populationsshowninb,d,fand gis provided in Supplementary Fig. 9.
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Uncropped western blot images. GAPDH was used as a loading control and was blotted on
the same membranes, provided that no proteins of interest ran near ~37 kDa. At least two
membranes per western blot/figure were used to ensure proper loading control assessment.
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a, Representative images of Sting75*°and Sting1"" mice and table of expected and observed
numbers of weaned offspring with the designated genotypes resulting from intercrosses of
parents with the indicated genotypes. b, Representative images and graphs of body weight of
n mice with the indicated genotypes at their survival endpoint as indicated. Scale bar: 1 cm.
¢, Graph of the trajectory of body weight changes in mice with the indicated genotypes. n
values are indicated. d, e, Representative images of consecutive skin sections from mice with
the indicated genotypes stained for K6 (Alexa Fluor 488, green), K10 (Alexa Fluor 594, red),

109



K14 (Alexa Fluor 488, green), TUNEL (fluorescein, green), nuclei (DAPI, blue), pMLKL-S345,
CI.CASP3 (d) and H&E, CD45, F4/80, STING, pSTAT1-Y701 and ZBP1 (e) at the indicated
survival endpoint. n=5 per group. Scale bars: 100 um. Graphs show immunostaining
quantification. f, g, Representative images, graphs of organ-to-body-weight ratio (f) and
representative images of tissue sections stained with H&E (g) of spleen and liver of mice with
the indicated genotypes at survival endpoint as indicated. n=20 per group. Control mice
included age-matched Casp85*°"Tlittermates. Scale bars: 2 mm (spleen and liver images),
200 um (bright-field images) and 50 um (inserts). In b-f, data are presented as meants.e.m,;
each dot represents one mouse; control mice included age-matched Casp854°"littermates;
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<0.0 01; NS, not significant (P>0.05).
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Supplementary Figure 4
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a, Representative images of mice with the indicated genotypes at P5. n=5 per group. Scale
bar: 1 cm. b, Representative images and graph of body weight of n mice of the indicated
genotypes at the survival endpoint of Casp8*° Sting1*° mice (P11). Control mice included
age-matched Casp85*"T Sting15K° and Casp8*°"T Sting1X© littermates. Scale bar: 1 cm.
Data in graph 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<0.01,
***P<0.001; NS, not significant (P>0.05). c-f, Representative images of mice (c¢) and spleen
(d), thymus (e) and liver (f) of 12-week-old mice of the indicated genotypes. n=3 per group.
Control mice included age-matched Casp85XO"T Tnfr1XC Sting15X° and Casp85*°"T Tnfr1K°
Sting1%© littermates. Scale bars: 1 cm (mouse images), 5mm (spleen, liver and thymus
images). g, Representative images of mice with the indicated genotypes at P5. n=3 per group.
Scale bar: 1 cm. In a, g arrows indicate areas with lesions.
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Supplementary Figure 5
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Graphs of cytokine levels (pg ml™) in plasma samples from SAVI patients, pre- and post-
treatment as indicated and healthy controls, analysed via Luminex-Multiplex assay for the
indicated targets. Cytokines highlighted in red denote those implicated in necroptosis, as
detailed in Supplementary Table 1. Data are presented as meants.e.m.; P values were
calculated via Kruskal-Wallis test followed by Dunn's multiple comparisons test; *P<0.05,
**P<0.01; NS, not significant (P>0.05).
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Supplementary Figure 6
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a-e, Dot plots from Gene Set Enrichment Analysis (GSEA) for top 20 or 30 upregulated
pathways in SAVI IFN-high patients versus healthy donors. Hallmark (a), Gene Ontology
Biological Process (GOBP) (b), KEGG (c), BioCarta (d), and Reactome (e) databases. Dot
size represents gene count; colour intensity indicates —log..(p-adj). f, Enrichment plots for
representative enriched pathways. Normalised Enrichment scores (NES) and positions of
gene set members (black vertical lines) in the ranked gene list are shown. g, h, Enrichment
plots for Type | (g) and Type Il (h) interferon responses. Venn diagrams next to each plot show
the overlap between upregulated interferon-related genes in IFN-high SAVI sample vs healthy
control (green) and the genes in the Hallmark interferon gene sets (yellow).
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Supplementary Figure 7
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RT-gPCR analysis of mRNA expression of the indicated genes in whole blood of SAVI
patients, pre- and post-treatment as indicated and healthy controls. Graphs represent relative
quantification (RQ, log2) to healthy controls. Transcript levels were normalised to the
housekeeper gene HPRT. Data are presented as mean + s.d. from three technical replicates;
P values were calculated via two-tailed t-test; *P<0.05, **P<0.01, ***P<0.001,
****P<0.0001; NS, not significant (P>0.05).
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Supplementary Figure 8
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Our model illustrates the existence of two parallel, mechanistically distinct necroptotic
pathways that become activated upon caspase-8 deficiency: a canonical TNF-TNFR1-
FADD-RIPK1-RIPK3 axis (left), and a STING-driven, ZBP1-RIPK3—-MLKL axis (right). Upon
loss of Casp8, mitotic errors and DNA damage result in the accumulation of cytosolic DNA,
activating the cGAS—-STING pathway. STING activation induces a robust type | interferon
response and NF-kB signalling, leading to transcriptional upregulation of key necroptotic
effectors including ZBP1 and MLKL. Concurrently, STING promotes the accumulation or
stabilization of endogenous Z-form nucleic acids (Z-NAs), which serve as ligands for ZBP1
activation. Activated ZBP1 forms a necrosome-like complex with RIPK3 and RIPK1, enabling
MLKL phosphorylation and necroptotic cell death in a TNFR1-independent manner. STING
also partially amplifies the canonical TNFR1 checkpoint by promoting autocrine TNF
expression through NF-kB activation, thereby reinforcing TNF-mediated necroptosis. This
positions STING as a central, shared regulator of both necroptotic checkpoints. Genetic
evidence demonstrates that ZBP1 and STING are required for the TNFR1-independent arm
of necroptosis in caspase-8-deficient keratinocytes, and that STING function extends beyond
the epidermis to drive systemic inflammation via cell-extrinsic necroptosis in immune and
stromal cells. Together, these data identify aberrant STING activation as a dual-function driver
of necroptosis initiation and propagation, offering mechanistic insight into inflammatory
disease in settings of caspase-8 loss. In the context of a STING gain-of-function (GOF)
mutation, as observed in the SAVI model, necroptosis plays both pathogenic role as well as
contributes to the manifestation of the disease. However, the presence of cleaved caspase-

115



3—positive cells in affected tissues also suggests activation of apoptotic pathways. Thus, while
our findings identify necroptosis as a major contributor to SAVI pathogenesis and
manifestation, they do not exclude the involvement of other programmed cell death (PCD)
modalities. Created in https.//BioRender.com/I84v2zc.

Supplementary Figure 9

@ Spleen (after RBC lysis) + lung e Thymus

a-d, Gating strategy to determine single cell (a), viable immune cell (b), lymphocyte (c¢) and
myeloid (d) cell populations in the spleen and lung. e-f, Thymocyte population gating into
single cells (e) and T cell developmental stages. g-h, Gating of erythrocyte populations from
spleen homogenates.
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Supplementary Table 1

Necroptosis Apoptosis Pyroptosis
a " = " Immune Cell Immune Cell Type Pathway involvement
Cytokine Released Activates Released Activates Released Activates Attractant Attracted (activated/produced by)
-7 No No No No No No No None NF-kB, STATS
CXCL10%% No No Yes No Yes No Yes T cells, NK cells IFNy, NF-kB
L4257 No No No No Yes No Yes Ao NF-B, STAT4
G-CSF*® No No No No Yes No No Neutrophils NF-kB
LT Yes No Yes No Yes No Yes T cells, B cells NF-kB, STAT3
M-CSF®% Yes No Yes No Yes No No Macrophages NF-kB
cXCLZ%S! Yes No Yes No Yes No Yes Neutrophils, NF-KB, AP-1
Macrophages
ccL4®? No No No No Yes No Yes T cells, NK cells NF-kB, IRF
IL-33% Indirectly No No No Yes No Yes Th2 cells, ILC2 NF-kB, ST2 receptor
CXCL9®& Yes No No No Yes No Yes T cells, NK cells IFNy, NF-kB
ceLa® Yes No Yes No Yes No Yes Tieslls, Monocytes, NF-kB, AP-1
NK cells
FasL® No Yes No Yes No No No None NF-kB, FAS signaling
S100A9%5 Yes No Yes No Yes No Yes cutrophils NF-KB, TLR signaling
acrophages
IL-18%657 Yes No Yes No Yes Yes Yes NK celféIL helper NF-kB, Caspase-1
TRAIL® No Yes No Yes No No No None NF-kB, TRAIL signaling
ccL24% No No No No Yes No Yes Eosinophils, Th2 cells NF-kB, IL-4 signaling
70 B cells, T follicular
IL-21 No No No No No No Yes helper calls STAT3, NF-kB
IL-g%67! Yes No Yes Yes Yes No Yes Tetle.Bels, NF-kB, STAT3
acrophages
cxcL1% Yes No Yes No Yes No Yes INeutrophils, NF-KB, AP-1
Eosinophils
IL437 No No No No No No Yes Eosinophils, STAT6, NF-<B
Macrophages
37 Basophils,
IL-3 No No No No No No Yes Eosinophils NF-kB, STATS
IL-1p%7 Yes No Yes Yes Yes Yes Yes Neutrophils, NF-kB, Caspase-1
Macrophages, T cells
Yes
L1557 Yes No (indirectly) No (alarmin No Yes Neutrophils, NF-KB, Caspase-1
Macrophages
role)
cD4oL*™ Indirectly No Indirectly No Indirectly No Yes B cells, T cells NF-KB, MAPK
indirectly
IFN-o™® No + No indirectly + personal No No Yes NK cells, Dendritic STAT1, IRF
personal comms cells
comms
CXcL11™ No No No No No No Yes T cells, NK cells IFNy, NF-kB
IL-g%6& Yes No Yes No Yes No Yes Neutrophils, T cells NF-kB, AP-1
ccL2%set Yes No Yes No Yes No Yes Monocytes, T cells NF-kB, STAT3
IFN-y®82 Yes Yes. Yes Yes No No Yes Macrophages, T cells STAT1, NF-kB
BAFF® No No No No No No Yes B cells, T cells NF-kB
CXCL5%# Yes No Yes No Yes No Yes Neutrophils, NF-kB, AP-1
Eosinophils
TNFSes Yes Yes No Yes Yes No Yes Nettrophis, NF-KB, MAPK
Macrophages, T cells
CCL5% Yes No Yes No Yes No Yes Tcells,Niscells, NF-kB, AP-1
Macrophages

List of cytokines and their roles in different cell death modalities.
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Supplementary Table 2

IFN response Necroptosis
Human Gene |Mouse Orthologue Human Gene [Mouse Orthologue
gg’;’fs 3 ; m”;: MLKL Milkd
S
BT o ZBP1 Zbpt
STATT Stat1 EIF2AK2 Eif2ak2
STATZ Stat2 JUNB Junb
IF135 i35
IFI27 27
IFi44 Hi44 i n 0
Nucleic acid sensing
GBP3 Gbp3 Human Gene |Mouse Orthologue
GBPS Gbp5 DDX58 Ddx58
SIGLECT siglect TREX1 Trex1
MX1 Mx1 iFIH1 Ifiht
MXx2 Mx2 IFITt ifit1
USP18 Usp18 IFIT3 Ifit3
RSAD2 Rsad?2 ZC3HAVT Zc3havi
RTP4 Rip4 DDX60 Ddx60
BST2 Bst2 OASL Qaslt
XAF1 Xaft Qasta
PARPS Parp9 OAST Oas1b
PARP12 Parpi2 Qas’ic
PARP14 Parp14 Oastg
HERCS5 Herc6 OAS2 Oas2
TAP1 Tap1 0AS3 Oas3
TRIMS Trimb HELZ2 Helz2
EPSTIT Epstit DHX58 Dhix58
SAMDOL Samd9!
TRIM25 trim25

Shared upregulated genes in IFN-high SAVI and Casp8X° mice, categorized by IFN
response, nucleic acid sensing, and necroptosis. Table presents selected differentially
upregulated genes categorised into three groups: IFN response, nucleic acid sensing, and
necroptosis. These genes were identified as upregulated in IFN-high SAVI samples relative to
controls and show overlap with genes upregulated in Casp8%° mice compared to their
respective controls.

Supplementary Table 3
Antibody Identifier Source Dilution
FADD 05-486 Millipore 1:1000
RIPK1 3493 Cell Signalling Technology 1:1000
610459 BD Biosciences 1:500
pRIPK1 (S166) 31122 Cell Signalling Technology 1:500
RIPK3 95702 Cell Signalling Technology 1:1000
pRIPK3 (T231/S232) | 91702 Cell Signalling Technology 1:500
MLKL MABC604 Millipore 1:1000
pMLKL (S345) 37333 Cell Signalling Technology 1:1000
ZBP1 AG-20B-0010-C100 | Adipogen 1:1000
pSTAT1 (Y701) 5483 Cell Signalling Technology 1:250
TBK1 3013 Cell Signalling Technology 1:1000
pTBK1 (§172) 72971 Cell Signalling Technology 1:500
caspase-8 ALX-804-447 Enzo Life Sciences 1:1000
STING 13647 Cell Signalling Technology 1:1000
Total OXPHOS ab110413 Abcam 1:500
GAPDH G9545 Sigma-Aldrich 1:10000
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anti-mouse IgG JIM-115-035-174 Jackson ImmunoResearch 1:5000
anti-rat IgG JIM-112-035-175 Jackson ImmunoResearch 1:5000
anti-rabbit IgG JIM-211-032-171 Jackson ImmunoResearch 1:5000

List of antibodies used for Western Blot analysis.

Supplementary Table 4
Antibody Identifier Source Dilution
pMLKL (S345) 37333 Cell Signalling Technology | 1:2000
Cl. CASP3 (skin) 9664 Cell Signalling Technology | 1:100
Cl. CASP3 (other tissues) 9661 Cell Signalling Technology | 1:200
ZBP1 AG-20B-0010-C100 | Adipogen 1:800
STING 13647 Cell Signalling Technology | 1:200
pSTAT1 (Y701) 9167 Cell Signalling Technology | 1:50
CD3 ab5690 Abcam 1:1400
Ly6G 87048 Cell Signalling Technology | 1:100
pHH3 (S10) 06-570 Sigma-Aldrich 1:500
yH2AX (S139) 9718 Cell Signalling Technology | 1:50
F4/80 MCA497R BioRad 1:50
CD45 550539 BD Biosciences 1:200
Keratin-6A 905701 Biolrgend 1:400
Keratin-10 ab9026 Abcam 1:200
Keratin-14 905304 Biolegend 1:400
goat anti-rabbit MP-7451 Vector Laboratories kit
goat anti-rat MP-7444-15 Vector Laboratories kit
mouse-on-mouse MP-2400 Vector Laboratories kit
biotinylated goat anti-rabbit | BA-1000 Vector Laboratories 1:200
biotinylated goat anti-rat BA-9400 Vector Laboratories 1:200
goat anti-rabbit Alexa Fluor | A32731 Thermo Fisher Scientific | 1:400
Plus 488
goat anti-mouse Alexa Fluor | A32742 Thermo Fisher Scientific | 1:400
Plus 594

Antibodies used for in situ immunohistochemistry and immunofluorescence.

Supplementary Table 5
Target Forward primer Reverse primer
gene
mlsg15 GTGCTCCAGGACGGTCTTAC CTCGCTGCAGTTCTGTACCA
mTnf CAGGCGGTGCCTATGTCTC CGATCACCCCGAAGTTCAGTAG
mS100a9 TGGTGGAAGCACAGTTGGCAAC | CAGCATCATACACTCCTCAAAGC
mMiIkl AATTGTACTCTGGGAAATTGCCA | TCTCCAAGATTCCGTCCACAG
MRIpk3 TCTGTCAAGTTATGGCCTACTGG | GGAACACGACTCCGAACCC
mRipk1 GACTGTGTACCCTTACCTCCGA CACTGCGATCATTCTCGTCCTG
mlfn CAGCTCCAAGAAAGGACGAAC GGCAGTGTAACTCTTCTGCAT
mlfny CGGCACAGTCATTGAAAGCCTA GTTGCTGATGGCCTGATTGTC
mGapdh CTCCCACTCTTCCACCTTCG GCCTCTCTTGCTCAGTGTCC
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hMLKL TAATTCTGAGAAGATCCGCAAG GGAGAGTTTCTTTAAGATTTCAT
hZBP1 GCAAACTCCGAAGCCATCCAGA | CCAAGTTGAGGAATCACCTGGTG
hISG15 GCGAACTCATCTTTGCCAGTA CCAGCATCTTCACCGTCAG
hIFIT1 CTGGCAGAAGCCCAGACTTACC | AGGCCCATCCTTCCTCACAGTCT
hIFI27 CGTCCTCCATAGCAGCCAAGAT ACCCAATGGAGCCCAGGATGAA
hIFi44 TGGTACATGTGGCTTTGCTC CCACCGAGATGTCAGAAAGAG
hSIGLEC1 | ACCTGGAGGAAACTGACAGTGG | CTCAGTGTCACTGCCTGTCCTT
hRSAD2 CCAGTGCAACTACAAATGCGGC CGGTCTTGAAGAAATGGCTCTCC
hCXCL1 TCCTGCATCCCCCATAGTTA CTTCAGGAACAGCCACCAGT
hCXCL8 TCTGGCAACCCTAGTCTGCT AAACCAAGGCACAGTGGAAC
hCXCL10 GTGGATGTTCTGACCCTGCT GAGGATGGCAGTGGAAGTCC
hHPRT AGCCAGACTTTGTTGGATTTG TTTACTGGCGATGTCAATAGG
Primer sequences used for RT-gPCR in tissue samples.
Supplementary Table 6
Antibody Fluorochrome Identifier | Source Dilution
B220 FITC 103205 BioLegend 1:200
B220 AF700 103232 BioLegend 1:200
CD11b BUV661 612977 BD Biosciences 1:250
CD11b FITC 101205 BioLegend 1:200
CD11c BV605 117334 BioLegend 1:200
CD19 BUV395 565965 BD Biosciences 1:100
CD25 BV421 562606 BD Biosciences 1:100
CD3 PE-Cy7 100219 BioLegend 1:200
CD3 FITC 100203 BioLegend 1:200
CD4 BUV496 612952 BD Biosciences 1:200
CD44 BB700 566507 BD Biosciences 1:200
CD45 BUV563 612924 BD Biosciences 1:250
CD5 FITC 553020 BD Biosciences 1:100
CcDe2L AF700 104441 BioLegend 1:100
CD64 PE-Dazzle 139319 BioLegend 1:100
CD69 APC 560689 BD Biosciences 1:100
CDT71 PE 113807 BioLegend 1:100
CD8 BV711 563046 BD Biosciences 1:100
GR-1 FITC 108405 BioLegend 1:200
Ly6C BV785 128041 BioLegend 1:150
Ly6G FITC 551460 BD Biosciences 1:100
MHCII BUV805 748844 BD Biosciences 1:100
NK1.1 BUV737 741715 BD Biosciences 1:100
TCRp PE 553172 BD Biosciences 1:100
Ter119 BVv421 116233 BioLegend 1:200

Antibodies for flow cytometric analysis.
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Supplementary Table 7

Target
gene

Forward primer

Reverse primer

mtDloop

AATCTACCATCCTCCGTGAAACC

TCAGTTTAGCTACCCCCAAGTTTAA

mtCo1

GCAGGAGCATCAGTAGACCTAAC

GGAGTTTGATACTGTGTTATGGCTGG

mtCo3

GACGTAATTCGTGAAGGAACCTACC

GATAGAACGCTCAGAAGAATCCTGC

mtNd2

GCATGAGGAGGACTTAACCAAACAC

GAGGTTGAGTAGAGTGAGGGATGG

mtNd5

GGCCTATTAATCGCAGCTACAGG

GTAGTAGTGCTGAAACTGGTGTAGG

mtAip6

CCTTCCACAAGGAACTCCAATTTCAC

CTAGAGTAGCTCCTCCGATTAGGTG

mtRnr2

GGGATAACAGCGCAATCCTA

GATTGCTCCGGTCTGAACTC

Actb

CATTGCTGACAGGATGCAGAAGG

TGCTGGAAGGTGGACAGTGAGG

Primer sequences targeting mtDNA-encoded genes used for RT—-qPCR.

Supplementary Table 8

Target
gene

Forward primer

Reverse primer

mZbp1

TGTTGACTTGAGCACAGGAG

TTCAGGCGGTAAAGGACTTG

mlsg15

CTAGAGCTAGAGCCTGCAG

AGTTAGTCACGGACACCAG

mUsp18

GAGAGGACCATGAAGAGGA

TAAACCAACCAGACCATGAG

mRsad2

CCCGTGAGTGTCAACTACCAC

GCCCAAGTATTCACCCCTGTC

mfit1

CAAGGCAGGTTTCTGAGGAG

GACCTGGTCACCATCAGCAT

mHprt

TCCTCCTCAGACCGCTTTT

CATAACCTGGTTCATCATCGC

Primer sequences used for RT-gPCR in MEFs.

Supplementary Table 9

Vials code | Patient ID ion Status P ing date | Sample collected| PRE/POST TREATMENT | Disease Response (CR/PR/SD) Assessment Notes
-3200P 1 c.[463G>A]; p.[Val155Met] 29/11/2017 Plasma PRE-treatment Active disease First visit
-3239P 1 13/12/2017 Plasma PRE-treatment sD
1-3445P 1 22/02/2018 Plasma PRE-treatment sb
1-3851P 1 06/07/2018 Plasma POST-treatment PR
-4577P 1 04/02/2019 Plasma POST-treatment PR
5022P 1 04/06/2019 Plasma POST-treatment PR
-5945P 1 10/01/2020 Plasma POST-treatment PR
-7874P 1 14/04/2021 Plasma POST-treatment PR
-9675P 1 21/03/2022 Plasma POST-treatment PR

1-3200TT 1 29/11/2017 RNA PRE Active disease First visit
|-3445TT| 1 22/02/2018 RNA PRE-treatment sb
-3851TT| 1 06/07/2018 RNA POST-treatment PR
H4577TT] 1 04/02/2019 RNA POST-treatment PR
-5945TT]| 1 10/01/2020 RNA POST-treatment PR
-2202P 2 c.[461A>G]; p.[Asn154Ser] 27/10/2016 Plasma PRE-treatment Active disease
2406P 2 26/01/2017 Plasma PRE-treatment sD
1-3047P 2 04/10/2017 Plasma POST-treatment PR
13214P 2 05/12/2017 Plasma POST-treatment PR
-4001P 2 30/08/2018 Plasma POST-treatment PR
-4490P 2 15/01/2019 Plasma POST-treatment PR
4631P 2 12/02/2019 Plasma POST-treatment PR
-5934P 2 09/01/2020 Plasma POST-treatment PR
L7616P 2 15/02/2021 Plasma POST-treatment PR
9677P 2 21/03/2022 Plasma POST-treatment PR
-2193Pax| 2 26/10/2016 RNA PRE-treatment Active disease
1-2406Pax| 2 26/01/2017 RNA PRE-treatment sb
-2491Pax 2 01/03/2017 RNA POST-treatment PR
1-3047Pax| 2 04/10/2017 RNA POST-treatment PR
-3214Pax| 2 05/12/2017 RNA POST-treatment PR
-3214TT] 2 05/12/2017 RNA POST-treatment PR
4001TT] 2 30/08/2018 RNA POST-treatment PR
-7953P 3 c.[463G>A]; p.[Val155Met] 27/04/2021 Plasma PRE-treatment Active disease
1-8045P 3 12/05/2021 Plasma POST-treatment SD
-8304P 3 06/07/2021 Plasma POST: PR
1-8913P 3 03/11/2021 Plasma POST-treatment PR
-9288P 3 27/01/2022 Plasma POST-treatment PR
-9810P 3 12/04/2022 Plasma POST-treatment PR
10153P 3 13/06/2022 Plasma POST-treatment PR
-7953TT) 3 27/04/2021 RNA PRE-treatment Active disease
-8045TT 3 12/05/2021 RNA POST-treatment sb
1-8304TT| 3 06/07/2021 RNA POST-treatment PR
1-9288TT| 3 27/01/2022 RNA POST-treatment PR
-10153TT]| 3 13/06/2022 RNA POST-treatment PR

Clinical characterization of patients and patient sample information.
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3. Publication 3

The RIPK1 death domain restrains ZBP1- and TRIF-mediated cell death and
inflammation

https://doi.org/10.1016/j.immuni.2024.04.016

Declaration: This study aimed to investigate how RIPK1, through its dual kinase and
scaffolding functions, can both promote and prevent apoptosis and necroptosis, mechanisms
that have remained incompletely understood. By generating and characterizing a RIPK1
death domain (DD)-disruptive mutant (R588E), the work revealed that DD-dependent RIPK1
signalling is essential for preventing RIPK3-mediated necroptosis, predominantly via ZBP1
and secondarily via TRIF, during development, while postnatal inflammation involved TNFR1-
TRADD-FADD-caspase-8-mediated apoptosis that was partially dependent on RIPKS.
Mechanistically, DD-dependent oligomerisation of RIPK1 and its interaction with FADD
determine how ZBP1 and TRIF activate RIPKS3. In wild-type cells, DD-dependent recruitment
of ZBP1 and RIPK3 to Complex Il occurs in a RIPK1 kinase-dependent manner, whereas in
Ripk 1R588E/RS88E cells, RIPK1 associates with ZBP1 and RIPK3 independently of its kinase
activity to drive RIPK3-MLKL-mediated necroptosis. Similarly, TRIF-mediated activation of
RIPK3 requires RIPK1 kinase activity in wild-type cells but not in Ripk1R588E/R588E ce|ls. These
findings establish DD-dependent RIPK1 oligomerisation as a critical checkpoint linking the
regulation of cell death and inflammation and provide new insight into how RIPK1 integrates
pro-survival and pro-death signals to maintain tissue homeostasis.

Contribution:

e As a contributing author, | included this work as the third publication in my cumulative
thesis. | contributed specifically to the experiment shown in Figure S6C, applying an
endogenous ZBP1 immunoprecipitation method developed by my supervisor, Dr.
Gianmaria Liccardi, to assess ZBP1 interactions. My contribution involved providing this
methodological approach for complex assessment, assisting with key experimental steps
including sample preparation, immunoprecipitation workflow, and troubleshooting,
thereby supporting the mechanistic analysis of ZBP1 interactions with RIPK1 and RIPK3
also presented in Figure 7F.
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SUMMARY

RIPK1 is a multi-functional kinase that regulates cell death and inflammation and has been implicated in the
pathogenesis of inflammatory diseases. RIPK1 acts in a kinase-dependent and kinase-independent manner
to promote or suppress apoptosis and necroptosis, but the underlying mechanisms remain poorly under-
stood. Here, we show that a mutation (R588E) disrupting the RIPK1 death domain (DD) caused perinatal
lethality induced by ZBP1-mediated necroptosis. Additionally, these mice developed postnatal inflammatory
pathology, which was mediated by necroptosis-independent TNFR1, TRADD, and TRIF signaling, partially
requiring RIPK3. Our biochemical mechanistic studies revealed that ZBP1- and TRIF-mediated activation
of RIPK3 required RIPK1 kinase activity in wild-type cells but not in Ripk17%88E/RS88E cq|is, suggesting that
DD-dependent oligomerization of RIPK1 and its interaction with FADD determine the mechanisms of
RIPKS activation by ZBP1 and TRIF. Collectively, these findings revealed a critical physiological role of
DD-dependent RIPK1 signaling that is important for the regulation of tissue homeostasis and inflammation.

INTRODUCTION (clAP1/2) and the linear ubiquitin chain assembly complex

(LUBAC),? which ubiquitinate RIPK1 and other proteins to facil-
Receptor-interacting protein kinase 1 (RIPK1) is a critical requ- itate the activation of IkB kinase (IKK)/nuclear factor «B
lator of cell death and inflammation and is implicated in the (NF-kB)-dependent transcription of inflammatory and pro-
pathogenesis of inflammatory diseases.’™ RIPK1 is a serine/  survival genes. Within complex |, RIPK1 acts in a kinase-inde-
threonine kinase that contains an N-terminal kinase domain, pendent manner to promote inflammatory and pro-survival
an intermediate domain that includes an RIP homotypic inter-  signaling, while its kinase activity is suppressed by multiple
action motif (RHIM), and a C-terminal death domain (DD)." mechanisms, including phosphorylation by canonical and
The role of RIPK1 is most studied in tumor necrosis factor re-  non-canonical IKKs.® De-stabilization of complex | triggers
ceptor 1 (TNFR1) signaling, where it exerts kinase-dependent  RIPK1 autophosphorylation resulting in the DD-dependent
and -independent functions. Ligand-induced trimerization of recruitment of Fas-associated death domain protein (FADD)
TNFR1 induces the DD-dependent recruitment of RIPK1 as and the formation of a cytosolic death-inducing complex (often
well as of the TNFR1-associated DD (TRADD) adapter protein, termed complex Il) that triggers caspase-8 activation and
which interacts with the intracellular DD of the receptor inde- apoptosis.' When caspase-8 is inhibited, RIPK1 activates
pendently of each other.'™® RIPK1 and TRADD nucleate the for-  RIPK3, which phosphorylates mixed lineage kinase-like protein
mation of a signaling complex (often termed complex I) that in-  (MLKL), inducing its oligomerization and translocation to the
cludes the ubiquitin ligases cellular inhibitors of apoptosis plasma membrane, triggering necroptosis.'>°

"Z, Immunity 57, 1497-1513, July 9, 2024 © 2024 The Author(s). Published by Elsevier Inc. 1497
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Figure 1. Mutation of the RIPK1 DD causes perinatal lethality
(A) Table showing the numbers of PO offspring and E18.5 embryos from intercrossing Ripk1"VT/R588E parents.

(B) Representative images from tissue sections from E18.5 embryos stained with TUNEL. Control n = 16 and Ripk
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Genetic studies provided important insights into the role of
RIPK1 in organismal physiology. Ripk1~~ mice die perinatally
and are rescued by combined inhibition of TRADD-FADD-cas-
pase-8-mediated apoptosis and RIPK3-MLKL-dependent nec-
roptosis.”'"" By contrast, mice expressing kinase-inactive
RIPK1 are viable, do not develop spontaneous pathology, and
are protected from inflammation and tissue injury in different dis-
ease models.'?"'* Therefore, RIPK1 acts as a scaffold to inhibit
cell death and safeguard mouse survival and tissue homeosta-
sis, while its kinase activity drives apoptosis and necroptosis
and causes inflammatory pathologies. Mutation of the RIPK1
RHIM causes perinatal lethality that is rescued by genetic
deficiency of RIPK3, MLKL, or Z-DNA-binding protein 1
(ZBP1), revealing a critical role of the RIPK1 RHIM in suppressing
ZBP1-mediated necroptosis.'®~'” Furthermore, mutation of the
caspase-8 cleavage site (D325) of RIPK1 causes embryonic
lethality in mice that is rescued by combined inhibition of cas-
pase-8-mediated apoptosis and RIPK3-MLKL-mediated nec-
roptosis.'®*" In humans, loss-of-function mutations of RIPK1
or hemizygous mutations of its caspase-8 cleavage site cause
autoinflammation and immunodeficiency.'%?%??2% Thus, cas-
pase-8-mediated cleavage as well as RHIM-dependent interac-
tions of RIPK1 are critical to prevent necroptosis and apoptosis
and the development of inflammatory pathologies.

The functional significance of DD-dependent interactions of
RIPK1 with other DD-containing proteins remains incompletely
understood. Mice expressing RIPK1 with mutation of lysine at po-
sition 612 (K612R, equivalent to K627 in the human protein) within
the DD are viable but develop TNFR1-mediated systemic inflam-
mation, which is partially ameliorated by RIPK3 deficiency and
fully rescued by combined loss of RIPK3 and caspase-8.22°
K612R mutation alters the ubiquitination pattern of RIPK1 and
partially prevents its recruitment in TNFR1 signaling complexes |
and 11.°>?® Furthermore, mice expressing RIPK1 with mutation
of lysine 584 (K584R, equivalent to K599 in the human protein)
within the DD are viable and show no pathology while being resis-
tant to TNF-induced lethality.?” The K584R mutation disrupts
RIPK1 dimerization but has no significant effect on its interaction
with TNFR1 or FADD.?” Together, these studies support the
notion that the DD of RIPK1 is primarily involved in the regulation
of TNFR1 signaling. However, a limitation of these experiments is
that the generated mutations only partially affect the DD-depen-
dent interactions of RIPK1, which does not allow drawing definite
conclusions on the physiological role of the RIPK1 DD.

To study the role of DD-dependent RIPK1 interactions, we
generated mice expressing RIPK1 with a mutation of arginine
at position 588 to glutamic acid (R588E), which corresponds to

¢ CellP’ress
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R603 in the human protein that was shown to be essential for
DD-dependent interactions based on structural and functional
studies.?® Our genetic and biochemical studies reported here re-
vealed that the RIPK1 DD regulates TNFR1, ZBP1, and TRIF
signaling and exhibits important physiological functions for tis-
sue homeostasis and inflammation.

RESULTS

Mutation of the RIPK1 DD causes perinatal death and
sensitizes cells to TNF-induced apoptosis

To elucidate the function of the RIPK1 DD, we generated mice
expressing RIPK1 with a mutation substituting arginine at posi-
tion 588 with glutamic acid (RIPK1-R588E) using CRISPR-
Cas9-mediated gene editing in mouse zygotes (Figure S1A).
Genotyping of newborn pups from heterozygous Ripk1"VT/RS88E
parents failed to identify homozygous Ripk1R588E/RS88E nrogeny
(Figure 1A). However, Ripk1R°88E/RS88E ampryos were alive at
embryonic day 18.5 (E18.5) (Figure 1A), although they were
smaller and looked affected (Figure S1B). E18.5 Ripk1R°88E/R588E
embryos showed disorganized tissue structure with increased
numbers of dying cells in the lung, liver, intestine, and skin
compared with littermate controls (Figures 1B and S1C). More-
over, quantitative RT-PCR (RT-gPCR) analysis revealed
increased expression of type | interferons (IFNs) as well as IFN-
stimulated genes (ISGs) and inflammatory cytokines in skin
and liver of Ripk17o88E/RS8EE empbryos at E18.5 (Figure 1C).
Therefore, mutation of the RIPK1 DD caused perinatal lethality
associated with cell death and increased expression of ISGs
and inflammatory genes.

To assess how the R588E mutation affected the recruitment of
RIPK1 to the TNFR1 signaling complex, we immunoprecipitated
complex | from FLAG-TNF-stimulated primary mouse embryonic
fibroblasts (MEFs) with anti-FLAG antibodies followed by immu-
noblotting. These experiments showed that the R588E mutation
nearly completely prevented the recruitment of RIPK1 to TNFR1
(Figure 1D). Increased amounts of TRADD were recruited to
TNFR1 in Ripk1Ro88E/RS88E ca|is  consistent with RIPK1 and
TRADD competing for binding to the TNFR1 DD (Figure 1D).°
Furthermore, TNF-induced activation of NF-kB and mitogen-
activated protein kinase (MAPK) signaling was slightly reduced
in Ripk17O88E/RSEEE sompared with wild-type (WT) MEFs (Fig-
ure S1D), in line with a partial requirement of RIPK1 for TNFR1-
mediated inflammatory signaling.?®"

Ripk1RO88E/RS8EE \IEFS showed increased susceptibility to cell
death upon treatment with TNF alone (T) or in the presence
of cycloheximide (CHX) (TC treatment), which induces

(C) RT-gPCR analysis of mMRNA expression of the indicated genes in skin and liver from E18.5 embryos.

(D) Immunoblot analysis with the indicated antibodies of FLAG-TNF immunoprecipitates and total lysates from primary wild-type (WT) and Ripk1R°88E/RS88E \EFS
treated with FLAG-TNF (1 ng mL~") for the indicated periods of time. Representative data shown from two independent experiments.

(E) Cell death measured by DiYO1 uptake in primary MEFs of the indicated genotypes treated with combinations of TNF (T, 20 ng mL™"), CHX (C, 1 pg mL™"),
Emricasan (E, 5 uM), and the Smac-mimetic compound bininapant (S, 5 pM) for 24 h. Data are representative of three independent experiments.

(F) Immunoblot analysis with the indicated antibodies of WT or Ripk1R°88E/R%88E hrimary MEFs stimulated with T (20 ng mL™"), S (5 uM), and E (5 uM) for the
indicated periods of time. Representative data shown from two independent experiments.

(G) Immunoblot analysis with the indicated antibodies of FADD immunoprecipitates and total lysates from primary WT and Ripk17588/RS88E \EES stimulated with
T (20 ng mL™), C (1 ug mL™"), and zZVAD (20 uM) for the indicated periods of time. Representative data shown from two independent experiments.

Scale bars, 100 um. Each dot represents one mouse. Graphs show mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001 for all figures. For gel source

data, see supplemental information.
See also Figure S1.
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Figure 2. RIPK3 deficiency rescues the perinatal lethality of Ripk17588E/R58E pjce
(A and B) Tables showing the numbers of PO offspring from intercrossing parents with the indicated genotypes.
(C and D) Kaplan-Meier survival graphs of mice with the indicated genotypes.

(E) Hemoglobin (Hb), white blood cells (WBCs), granulocyte, and lymphocyte counts in the blood from mice with the indicated genotypes at 12 weeks of age.
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RIPK1-independent, TRADD-dependent apoptosis®? (Figure 1E).
However, Ripk17°88E/RS88E MEFs were resistant to treatment
with TNF in the presence of the SMAC-mimetic compound birina-
pant (S) (TS treatment), which induces RIPK1-mediated
apoptosis®? (Figure 1E). Moreover, Ripk17588E/RS88E MEES were
also more resistant to necroptosis induced by TC or TS treatment
in the presence of the caspase inhibitor emricasan (E) (TCE or TSE
treatment, respectively) compared with WT MEFs (Figure 1E).
Consistent with the suppression of RIPK1-mediated necroptosis,
Ripk17o88E/RS88E MEES showed impaired phosphorylation of
RIPK1, RIPK3, and MLKL in response to TSE stimulation (Fig-
ure 1F). Moreover, immunoprecipitation with anti-FADD anti-
bodies revealed strongly reduced, but not completely abolished,
interaction with RIPK1, RIPK3, and caspase-8 in Ripk17°88F/R588E
MEFs in response to TC stimulation in the presence of the cas-
pase inhibitor ZVAD (Figure 1G). Taken together, these results
showed that the R588E mutation strongly inhibited the DD-depen-
dent interaction of RIPK1 with TNFR1 and FADD and protected
cells from RIPK1-mediated apoptosis and necroptosis, while it
sensitized cells to RIPK1-independent apoptosis.

RIPK3-dependent signaling causes perinatal lethality in
Ripk1R588E/R588E mice

The increased numbers of CC3* cells in Ripk embryos
together with the finding that the RIPK1-R588E mutation sensi-
tized cells to TNF-induced RIPK1-independent apoptosis, sug-
gested that the perinatal lethality of Rjpk17°88E/RS88E mice could
be caused by excessive FADD-caspase-8-dependent apoptosis.
Because FADD or caspase-8 deficiency causes RIPK3-MLKL-
dependent embryonic lethality,>* > we crossed Rijpk17o88E/R588E
with Fadd™~Ripk3~'~ mice. Ripk1R588E/RS88ERinI3~/~Fadd~/~
mice were born at the Mendelian ratio, demonstrating that com-
bined inhibition of RIPK3-mediated necroptosis and FADD-cas-
pase-8-mediated apoptosis rescued the perinatal lethality of
Ripk1RS88E/RS8EE  mice  (Figure 2A). Ripk17o88E/R88ER L 3—/~
Fadd""~ mice also were viable (Figure 2A), showing that hetero-
zygous knockout of FADD combined with RIPK3 deficiency was
sufficient to rescue the perinatal lethality of Rijpk7Ro88E/R588E
mice. To address whether RIPK3 deficiency alone could also
rescue the perinatally lethal phenotype, we intercrossed
Ripk1VT/RS88ERInK3—/~ mice and found that Ripk7Ro88E/Ro8EE
Ripk3~/~ animals were born at near Mendelian ratio (Fig-
ure 2B). Therefore, RIPK3 deficiency alone or together
with  FADD knockout prevented the perinatal lethality of
Ripk1 R58BE/RS88E nice.

Ripk1RS88E/RS88ERh 13—/~ Fadd™~ mice survived until the
age of 20 weeks when they were sacrificed because of the devel-
opment of lymphoproliferative disease (Figures 2C and S1E),
as shown earlier in Fadd ™~ Ripk3~~ mice.>® By contrast,

1 R588E/R588E
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Ripk1RS88E/RSS8E Rinia—/~Faq T/~ as well as Ripk1RO88E/RG8EE
Ripk3~/~ mice died prematurely, with most animals not surviving
beyond the age of 5 months (Figures 2C and 2D). Early death was
often associated with reduced body weight and diarrhea in
Ripk1RS88E/RSE8E QK 13—/~ mice (Figure S1F and data not shown).
Hematological analysis revealed slightly reduced levels of hemo-
globin, indicating mild anemia, as well as increased numbers of
granulocytes in peripheral blood from Ripk1R°88E/RS88ERH3—/~
mice compared with littermate controls (Figure 2E). Moreover,
Ripk1RS88E/RSEERK 13—/~ mice had enlarged spleens that con-
tained increased numbers of neutrophils and inflammatory
monocytes, reduced numbers of natural killer (NK) cells, but
normal numbers of B and T cells (Figures 2F and S1G). Thymo-
cyte T cell populations were not altered in Ripk1R588E/RS88E
Ripk3~'~ mice (Figure S1H). Histological analyses revealed
inflammation with increased numbers of CC3* epithelial cells in
the colon of Ripk1RS88E/Ro88ERINK3~/~ mice that were sup-
pressed by additional knockout of FADD, although there was a
large variability between individual animals (Figures 2G and
2H). Moreover, RT-gPCR analysis showed increased mRNA
expression of IFNs, ISGs, and inflammatory cytokines in the co-
lon of Ripk1R588E/RSE8ERILK3~/~ mice compared with littermate
controls (Figure 2l). About one-third of the Ripk77o88E/RS8EE
Ripk3~'~ mice also displayed mild immune cell infiltrates in the
liver (data not shown). Collectively, RIPK3 deficiency rescued
the perinatal lethality, but Ripk17°®E/R588ERILK3~/~ animals
died prematurely between 1 and 6 months of age due to
FADD-caspase-8-dependent apoptosis.

TNFR1 causes RIPK3-independent pathology in
Ripk1R588EIR588E mice

The increased expression of TNF in the colon of Ripk1Ro88E/R588E
Ripk3~'~ mice (Figure 21) suggested that TNF might contribute to
the pathology and early lethality of these animals. TNF stimula-
tion induced RIPK1-kinase activity-independent cell death in
Ripk17o88E/RS8EE MEES  which was partially dependent on
RIPK3 (Figures 3A and 3B). Treatment with the caspase-inhibitor
E prevented the TNF-induced death of Ripk1R°888/R588ER h )3/~
MEFs, suggesting that they undergo caspase-8-dependent
apoptosis (Figure 3A). While TNFR1 deficiency alone did not
rescue the perinatal lethality of Ripk7P°88E/RS8EE  mice,
Ripk17o88E/RO8EE Ry 1 3=/~Tnfr1~/~ mice were born at the Mende-
lian ratio and did not show early lethality at least up to 6 months
of age, demonstrating that TNFR1 drives the RIPK3-independent
pathology (Figures 3C, 3D, and S2A). Ripk1R°88E/RS88ER;H3—/~
Tnfr1WT/~ mice showed an intermediate phenotype with about
40% of these animals succumbing by the age of 6 months
compared with about 90% of the Ripk1R°88E/RS88ER H3—/—
mice (Figure 3D). Analysis of mice at the age of 13-20 or

(F) Graphs depicting spleen weight/body weight (BW) ratio and percentage of inflammatory monocytes and neutrophils in splenic leukocytes from mice with the

indicated genotypes at 12 weeks of age.

(G and H) Representative images of small intestine (SI) and colon sections from mice with the indicated genotypes stained with H&E (G) or immunostained with
anti-CC3 (H). Graphs show the histology score of the colon (G) and quantification of CC3* cells (H) in mice with the indicated genotypes. (H&E; control n = 6,
Ripk1R588E/RSBER3—/~ n = 10, Ripk1R588E/RS8E g/~ Rijpk3~/~ n = 7, CC3; control n = 20, Ripk17°88E/RS8EER K3/~ h — 19, Ripk1RO8EE/RS8EEF g~/ Ripk3 '~

n=7).

(I) RT-gPCR analysis of mRNA expression of the indicated genes in the colon from 12-week-old mice.
Scale bars, 100 um. Each dot represents one mouse. Graphs show mean + SEM. *p < 0.05; *p < 0.01; **p < 0.001; ***p < 0.0001 for all figures.

See also Figure S1.
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Figure 3. TNFR1 signaling mediates the late pathology of Ripk17°88/RS88ERinK3~/~ mice

(A and B) Cell death measured by DiYOT uptake in primary MEFs of the indicated genotypes stimulated with T (20 ng mL~") with or without E (5 uM) or the RIPK1
inhibitor Necrostatin-1s (Nec1s) (20 uM) for 48 h. Data are representative of three independent experiments.

(C) Tables showing the numbers of PO offspring from intercrossing parents with the indicated genotypes.

(D) Kaplan-Meier survival graph of mice with the indicated genotypes. p values were calculated by the Log-rank test.

(E and F) Blood Hb, WBC, and granulocyte counts (E) and spleen weight/BW ratio and flow cytometry analysis of splenic leukocytes (F) in 13- to 20-week-old mice
with the indicated genotypes.

(G) Representative images of Sl and colon sections from 13- to 20-week-old control (n = 10), Ripk1ReeEE/RSBEERINKB~/~Tnfr1WT/~ (n = 7), and
Ripk17S88E/RS8EE Qi 3~/~Tnfr1~/~ (n = 8) mice stained with H&E or immunostained for CC3. Graphs show colon histology score and quantification of CC3* cells in
mice with the indicated genotypes.

Scale bars, 100 um. Each dot represents one mouse. Graphs show mean + SEM. *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001 for all figures.

See also Figure S2.
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23-32 weeks revealed that TNFR1 deficiency prevented the
development of anemia, splenomegaly, granulocytosis, and
monocytosis and averted cell death and inflammation in
the colon of Ripk1R8E/RO8EERINK3~/~Tnfr1~/~ mice, whereas
TNFR1 heterozygosity had a partial effect (Figures 3E-3G and
S2B-S2D). Thus, TNFR1 drives the RIPK3-independent post-
natal pathology of Ripk1R588E/RS88ER;HK3—/~ mice.

TRADD mediates the TNFR1-mediated pathology in

adult Ripk1R588E/R588EDiH 3=/~ mice

We hypothesized that TRADD-mediated apoptosis could drive the
TNFR1-mediated pathology of Ripk17o88&/Ro8ERiHK3—/~ mice.
Indeed,  Ripk1RO8ERSBERINK3~"Tradd ™~ as well as
Ripk1R588E/RS88E i 13—/~ Tradd™ ™'~ mice were born at the Mende-
lian ratio and did not show early lethality or signs of pathology at
least until the age of 6 months (Figures 4A, 4B, and S3A). However,
TRADD deficiency alone could not rescue the perinatal lethality of
Ripk1Re88E/RSE8E myice (Figure 4A). Analysis of mice at the age of
13-19 or 23-32 weeks showed that heterozygous or homozygous
TRADD deficiency normalized the levels of hemoglobin and the
numbers of granulocytes and inflammatory monocytes in the pe-
ripheral blood and prevented the development of splenomegaly
and the expansion of neutrophils and inflammatory monocytes
as well as the reduction of NK cells in the spleen (Figures 4C, 4D,
S3B, and S3C). Furthermore, loss of one or two alleles of Tradd
prevented the development of colitis, as shown by histological
analysis as well as the normal colon length in these animals
compared with the shortened colons of Rijpk1R588E/RS88ER K 3—/—
mice (Figures 4E, 4F, and S3D). Immunostaining for CC3 revealed
that homozygous or heterozygous TRADD deficiency prevented
epithelial cell apoptosis in the colon of Ripk1R588E/RS8EER K 3—/—
mice (Figures 4E and S3D). Moreover, TRADD deficiency also
averted the mild immune cell infiltration in the liver of
Ripk17e88E/RS8EQin(3—/— mice (Figure 4E). Taken together, these
results showed that TNFR1 mediates the postnatal RIPK3-inde-
pendent pathology of Ripk17°88E/R588ERIHK3~/~ mice by inducing
TRADD-dependent signaling.

Ripk1R°%8E/RSE8E 11/~ mice are born normally but
exhibit severe inflammation and die before weaning age
RIPK3 induces MLKL-dependent necroptosis but also medi-
ates apoptosis and cell-death-independent inflammatory
signaling.®®® To assess whether RIPK3 induces the pathology
of Ripk17988E/RS88E mice by necroptosis-dependent or -indepen-
dent functions, we crossed them with MIkI~'~  mice.
Ripk1R88E/RSE8E N 11~/~ mice were born at the Mendelian ratio

Immunity

but showed about 50% reduced body weight compared with
their littermate controls and did not survive beyond weaning
age (Figures 5A-5C). Hematological and flow cytometric analysis
revealed strongly reduced numbers of B, T, and NK cells and
elevated numbers of neutrophils in peripheral blood from 2- to
4- day-old Ripk1R588E/RS8EE N p1~/— mice (Figure 5D). Further-
more, Ripk17e88E/RS8EEN 11—/~ mice showed reduced cellularity
in the spleen, with higher ratio of inflammatory monocytes and
neutrophils but reduced numbers of B cells and CD4" T cells
compared with littermate controls (Figure 5E). In addition,
Ripk17S88E/RS8EEN11~/~ mice showed strongly reduced cellu-
larity in the thymus with a dramatic decrease of CD4*CD8* thy-
mocytes, as well as intestinal pathology with increased numbers
of CC3* cells in the small intestine (SI) and colon (Figures 5F-5H).
Therefore, MLKL deficiency rescued the perinatal lethality, but
Ripk1RS88E/RSE8E 11~/~ mice showed a more severe postnatal
phenotype compared with Ripk1°88E/RS88ERInK3—/— mice.
These results showed that RIPK3 causes perinatal lethality by
inducing MLKL-dependent necroptosis but exhibits necropto-
sis-independent functions that promote the postnatal phenotype
of Ripk1R588E/R588E mice.

We hypothesized that the MLKL-independent function of
RIPK3 might be mediated by TNFR1-TRADD-mediated
apoptosis. Indeed, we found that Ripk7Ro88E/RS88E gy —/—
Tradd"'"”~ mice did not show early lethality, had normal body
weight, and appeared healthy at least until the age of 9 months
(Figures 5C and S4A). Hematological and flow cytometry anal-
ysis of blood, spleen, and thymus did not reveal considerable ab-
normalities in Ripk 178/ RS88E N 11k1~/~Tradd™'"'~ mice compared
with their littermate control animals at the age of 9 weeks
(Figures S4B-S4E). Furthermore, Ripk1R588E/RS88Ey gyy~/—
Tradd""~ mice had a normal colon length and showed
only very mild hyperplasia without signs of epithelial cell
apoptosis in the colon (Figures S4F and S4G). Thus, TRADD-
mediated signaling caused the early postnatal pathology in
Ripk1R588E/RSEEE 1111~/— mice as well as the late postnatal pheno-
type of Ripk1R88E/RS8EEQINL3—/~ mice. TNF-induced cell death
in Ripk1R°88E/RS8EE cais fully depended on TRADD and partially
on RIPK3 but not on MLKL (Figure 5I), arguing that RIPK3 acts
in an MLKL-independent fashion to promote TRADD-dependent
apoptosis when the RIPK1 DD is mutated.

ZBP1 and TRIF induce perinatal lethality and early
postnatal pathology in Ripk1R%88E/RS88E nice

Increased expression of ZBP1 and TRIF (also known as
TICAM-1) was detected in the tissues of E18.5 Ripk17o88E/R58EE

Figure 4. TRADD mediates the late pathology of Ripk17%%&/R%8ER;H K3/~ mice
(A) Tables showing the numbers of PO offspring from intercrossing parents with the indicated genotypes.

(B) Kaplan-Meier survival graph of mice with the indicated genotypes.

(C) Graphs depicting Hb, WBC, and granulocyte counts as well as flow cytometry analysis of inflammatory monocyte and neutrophil ratios in the blood from mice

with the indicated genotypes.

(D) Graphs depicting spleen weight/BW ratio and flow cytometry analysis of splenic leukocytes from mice with the indicated genotypes.

(E) Representative images from sections of Sl, colon, and liver of mice with the indicated genotypes stained with H&E or immunostained for CC3. Graphs depict
colon histology score and quantification of CC3* cells in mice with the indicated genotypes. Control (n = 7), Ripk17o88E/RS8ERinka—/= (n = 6),
Ripk17588E/RS8EERinK3~/~Tradd V™'~ (n = 13), and Ripk17°%8E/RS88ERInK3~/~Tradd '~ (n = 6).

(F) Graph depicting colon length in mice with the indicated genotypes.

Scale bars, 100 um. All analyses were performed in 13- to 19- week-old mice. Each dot represents one mouse. Graphs show mean + SEM.*p < 0.05; **p < 0.01;

**p < 0.001; ***p < 0.0001 for all figures.
See also Figure S3.
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Figure 5. Ripk17%8E/RS8Ep 01/~ mice develop early postnatal pathology

(A) Table showing the numbers of PO offspring from Ripk1"VT/Re8EENIkI~/~ parents.

(B) Graphs depicting relative BW at 2-4 days of age.

(C) Kaplan-Meier survival graphs of mice with the indicated genotypes.

(D) WBC and flow cytometry analysis of leucocytes in the blood from mice with the indicated genotypes at 2-4 days of age.

(E and F) Cell numbers and flow cytometry analysis of splenic leukocytes (E) or thymocytes (F) from mice with the indicated genotypes at 2—-4 days of age.
(G) Representative H&E-stained sections from Sl and colon from control (n = 8) and Ripk17°88&/R%88EN11~/~ (n = 6) mice at 4-7 days of age.

(legend continued on next page)
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embryos (Figure 1C), suggesting that ZBP1 or TRIF could be
implicated in triggering necroptosis and perinatal lethality
in  Ripk1R588E/RS8EE  mice We did not observe live
Ripk1R588E/R588ETicam 1=/~ progeny at PO, showing that TRIF
deficiency did not rescue the perinatal lethality (Figure GA).
Ripk17e88E/RS88E 75 1=/~ progeny were born, but at a lower
than expected Mendelian ratio, were smaller than their littermate
controls, and most of them died before weaning (Figures 6A-6C).
2-week-old Ripk1Ro88E/R588E 7151/~ mice showed splenomeg-
aly, elevated numbers of neutrophils and inflammatory mono-
cytes, and reduced numbers of B and T cells in the spleen and
peripheral blood compared with littermate controls (Figures 6D
and 6E). Histological analysis revealed blunted and shortened
villi in the SI, but we did not detect increased numbers of CC3*
cells or signs of inflammation in the Sl or colon of
Ripk1R588E/RS88E 7 5 1=/~ mice (Figure 6F). RT-qPCR analysis re-
vealed increased expression of TLR3, TLR4, and TRIF in the liver
of Ripk1RO88E/RSEEE 7hh1=/— mice (Figure 6G), indicating that
TRIF-mediated signaling might be involved in driving the pathol-
ogy of Ripk1R°88E/R588E 71 1=/~ mice. Indeed, Ripk1F°88E/R588E
Zbp1~'~Ticam1~'~ mice were born at the Mendelian ratio, had
a normal body weight, and did not show the early postnatal
lethality of Ripk17°88E/RS88E 75 1=/~ mice (Figures 6A-6C). Anal-
ysis of mice at the age of 2 weeks revealed that TRIF deficiency
prevented the hematological abnormalities as well as the
intestinal pathology and increased ISG and inflammatory gene
expression of Ripk17P88E/RSEE 71—/~ mice (Figures 6D-6G).
Ripk1R588E/RS88E 71 1=/~ Ticam1~/~ mice reached adulthood
and appeared healthy up to about 6 months of age, showing
normal body weight without detectable hematological or
intestinal abnormalities compared with littermate controls
(Figures S5A-S5D). Ripk1Re8E/RS8EZzhh1~/~Ticam1VT~ ani-
mals also survived to adulthood, showing slightly lower body
weight together with a small increase in spleen size and the
numbers of granulocytes and inflammatory monocytes in periph-
eral blood (Figures S5A-S5D). Histological analysis did not
reveal inflammation with only marginally increased numbers
of CC3* cells in Ripk17o®ERS8EEZzhh 1=/~ Ticam 1V~ mice
(Figure S5E). However, about 50% of the Ripk17o88E/RS8EE
Zbp1~/~Ticam1~~ mice died between 25 and 30 weeks of
age (Figure 6B), showing that in aged animals, ZBP1- and
TRIF-independent mechanisms cause late lethality. We de-
tected increased expression of type | and Il IFNs as well
as TNF and interleukin 1B (IL-1B) in colon tissues from aged
Ripk1R588E/RS88E 715 1=/~ Ticam1~'~ mice compared with litter-
mate controls (Figure S5F). Moreover, Ripk1R588E/R888EZzpn1—/—
Ticam1~'~ MEFs were equally sensitive to TNF-induced death
as Ripk1RS88E/RSEEE cqis (Figure S5G). Together, these findings
indicate that TNF-TNFR1-TRADD-mediated apoptosis could
be implicated in driving the ZBP1- and TRIF-independent pathol-
ogy in older mice.

Immunity

The RIPK1 DD regulates ZBP1- and TRIF-mediated

cell death

Our genetic studies showed that ZBP1 and TRIF induce RIPK3-
mediated pathology in Ripk1R°88E/RS88E mice  suggesting that
RIPK1 suppresses ZBP1- and TRIF-mediated activation of
RIPK3 in a DD-dependent manner. To assess the role of the
RIPK1 DD in ZBP1-mediated cell death, we stimulated MEFs
with interferon-vy (IFNYy) in the presence of E and the TNF inhibitor
etanercept (Et), which we showed previously induces ZBP1-
mediated necroptosis.'®>*° In WT MEFs, stimulation with IFNy
alone did not induce cell death, while IFNy together with E
induced the death of small numbers of cells that were not sup-
pressed by the addition of Et (Figure 7A). By contrast, IFNvy stim-
ulation induced cell death in Ripk1R°88E/RS88E MEFs, which was
not prevented by Et and was not further increased by the addi-
tion of E (Figure 7A). Cell death induced by IFNy, IFNy+E, or
IFNy+E+Et was partially reduced in Ripk1R°88E/R588EZ 1 —/~
and completely prevented in Ripk17%88E/R588E 740 1 ~/~Ticam~,
Ripk1R588E/R588ERipk3—/—’ and Ripk1R588E/R588EMlkI—/— MEFs
(Figure 7A), showing that IFNvy stimulation triggers ZBP1- and
TRIF-dependent necroptosis when DD-dependent RIPK1
signaling is suppressed.

Consistent with the cell death assay results, stimulation with
IFNy, IFNy+E, or IFNy+E+Et induced robust phosphorylation
of RIPK3 and MLKL in Ripk1RS88E/RS88E VEFS  which was
strongly reduced by the absence of ZBP1 and prevented by
combined loss of ZBP1 and TRIF (Figure 7B). Unstimulated
Ripk1RS88E/RSE8E MEFS also showed weak RIPK3 and MLKL
phosphorylation, which was suppressed by combined defi-
ciency of ZBP1 and TRIF (Figure 7B). WT MEFs showed RIPK3
and MLKL phosphorylation upon stimulation with IFNy+E or
IFNy+E+Et, but not IFNy alone (Figure 7B). We also detected
strong RIPK1 phosphorylation in unstimulated Ripk7R°88E/R588E
MEFs that was further enhanced by IFNvy, IFNy+E, or IFNy+E+Et
stimulation (Figure 7B). Weak RIPK1 phosphorylation was de-
tected in WT MEFs stimulated with IFNy+E or IFNy+E+Et but
not IFNy alone (Figure 7B). Both the spontaneous and IFNvy-in-
duced RIPK1 phosphorylation in Ripk17588E/RS88E \MEES was
enhanced in the absence of MLKL but was inhibited in the
absence of RIPK3 or of both ZBP1 and TRIF (Figure 7B), sug-
gesting that interaction with RIPKS triggers the autophosphory-
lation of RIPK1-R588E downstream of ZBP1 and TRIF signaling.
IFNy+E-induced RIPK1 phosphorylation was also suppressed in
Ripk3~/~ cells, while TRIF deficiency did not inhibit phosphoryla-
tion of RIPK1 or RIPKS3 in cells expressing WT or DD mutant
RIPK1 (Figure S6A). These results showed that RIPKS is required
for RIPK1 activation in response to IFNy+E stimulation both in
cells expressing WT or R588E mutant RIPK1.

We then asked whether RIPK1 kinase activity contributes to
IFNy-induced cell death. IFNy-, IFNy+E-, or IFNy+E+Et-induced
death of Ripk17588E/R588E \MEFs was not inhibited by the RIPK1

(H) Representative images and quantification of Sl and colon sections immunostained for CC3 in control (n = 8) and Ripk1R°88E/RSEEEN1K~/= (n = 6) mice at

2-9 days of age.

(I) Cell death measured by DiYO1 uptake in primary MEFs of the indicated genotypes stimulated with T (20 ng mL~") for 48 h. Data are representative of three

independent experiments.

Scale bars, 100 um. Each dot represents one mouse. Graphs show mean + SEM. *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001 for all figures.

See also Figure S4.
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Figure 6. ZBP1 and TRIF cause perinatal lethality and postnatal pathology in Ripk17%%&/RS88E mjice
(A) Tables showing the numbers of PO offspring from intercrossing parents with the indicated genotypes.
(B and C) Graphs depicting Kaplan-Meier survival curve (B) and relative BW (C) of mice with the indicated genotypes.

(legend continued on next page)
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inhibitor Nec1s but was prevented by the RIPK3 inhibitor
GSK'872 (Figure 7C). By contrast, Nec1s, as well as GSK'872,
prevented the death of WT MEFs treated with IFNy+E or IFNy+
E+Et (Figure 7C). Consistent with the cell death assay results,
Nec1s prevented RIPK3 and MLKL phosphorylation in WT but
not in Ripk17o88E/RS8EE MEES treated with IFNy+E+Et (Figure 7D).
Moreover, Nec1s could not inhibit RIPK3 phosphorylation in
Ripk1R88E/RSBEE N 11/~/— MEFs stimulated with IFNy or IFNy+E,
although it fully suppressed IFNy+E-induced RIPK3 phosphory-
lation in MIKI~/~ MEFs (Figure S6B). Furthermore, the RIPK3 ki-
nase inhibitor GSK'872 could not prevent IFNy- or IFNy+E-
induced RIPK1 phosphorylation in Ripk17°8E/RS8EEN 11—/~ cells
(Figure S6B), showing that RIPK3 functions as a scaffold to acti-
vate RIPK1 in Ripk17e88E/RSEEE a5 Collectively, these results
showed that RIPK1 kinase activity is required for ZBP1-mediated
activation of RIPK3 in WT but not in Ripk17°88E/RS88E \EFS,

We then assessed how RIPK1 DD mutation affects its interac-
tion with RIPK3 and ZBP1. First, phosphorylated RIPK1 co-immu-
noprecipitated with phosphorylated RIPK3 in unstimulated
Ripk1RS8BE/RSEEEN 1=/~ but not in MIkI~/~ MEFs, further support-
ing that RIPKS3 interacts with and activates RIPK1-R588E under
steady-state conditions (Figure 7E). This interaction was less
obvious in cells expressing MLKL, most likely because MLKL-
mediated necroptosis prevents the accumulation of complexes
containing phosphorylated RIPK3. We previously showed that
overexpressed ZBP1 co-immunoprecipitated with RIPK3 but
not RIPK1, with the latter detected in the ZBP1-induced signaling
complex only in the presence of caspase inhibitors, suggesting
that RIPK3 is the preferred partner of ZBP1.">'® To assess how
the R588E mutation affected the interaction of RIPK1 with ZBP1,
we immunoprecipitated endogenous ZBP1 from immortalized
WT and Ripk17588E/RS88E \MEFS stimulated with IFNy or IFNy+E
for 24 h. After stimulation with IFNy+E, ZBP1 co-immunoprecipi-
tated with RIPK3 and RIPK1 in both WT and Ripk7R588E/Ro88E
MEFs (Figure S6C). However, upon stimulation with IFNy
alone, ZBP1 co-immunoprecipitated with RIPK1 but not RIPK3
in Ripk1Re88E/RS8EE MEFs while we did not detect RIPK1 or
RIPK3 interacting with ZBP1 in WT MEFs (Figure S6C). This result
suggested that ZBP1 preferentially interacted with RIPK1
in Ripk1RS8BE/RSBEE colls However, considering that phosphory-
lated RIPK3 and MLKL are readily detected in IFNy-treated
Ripk1R588E/RS88E \IEFS e reasoned that MLKL-dependent nec-
roptosis might prevent the accumulation of ZBP1-RIPK1-RIPK3
complexes and repeated the ZBP1 immunoprecipitation in
MIKI™~ and Ripk1R588E/RS88Eypik—/— MEFs. Indeed, we detected
both phosphorylated RIPK1 and RIPK3 in ZBP1 immunoprecipi-
tates from Ripk1R588&/R588EN11~/~ MEFs stimulated with IFNy
alone (Figure 7F), arguing that ZBP1 induces the formation of
a RIPK1-RIPK3 complex that accumulates in the absence of
MLKL. In addition, caspase-8 was detected in the ZBP1 immuno-

Immunity

precipitates in WT MEFs stimulated with IFNy+E but not in
Ripk1Re88E/RS8EE \MEFS (Figure 7F), consistent with a RIPK1 DD-
dependent recruitment of FADD and caspase-8. Moreover, the
presence of phosphorylated RIPK3 in ZBP1 immunoprecipitates
from IFNy+E-stimulated cells was inhibited by Nec1s in MIkl~/~
but not in Ripk17°88E/RSEEEN ~/— MEFs (Figure 7G). To directly
assess how the recruitment of FADD-caspase-8 regulates
the ZBP1-induced signaling complex, we analyzed MIkl~/~
and Fadd™~MIkI”/~ MEFs by immunoblotting. Similarly to
Ripk17e88E/RSBEE 1=/~ cells, Fadd™~Miki~’~ MEFs showed
phosphorylation of RIPK1 and RIPK3 in response to IFNy or
IFNy+E. Importantly, Nec1s did not prevent RIPK3 phosphoryla-
tion in Fadd™'~MIkl~’~ MEFs, suggesting that FADD-mediated
DD-dependent interactions determine whether RIPK1 kinase ac-
tivity is required for ZBP1-mediated RIPK3 activation (Figure S6D).
Together, these results showed that ZBP1 interacts with both
RIPK1 and RIPK3 upon IFNy stimulation and that this interaction
and the signaling outcome are regulated by the RIPK1 DD.

We then assessed the role of the RIPK1 DD in TRIF-mediated
signaling. Poly(l:C) stimulation induced TRIF-dependent RIPK3-
MLKL-mediated necroptosis in Ripk17°88/R588E byt not in WT
MEFs (Figure S6E). Stimulation with poly(l:C) in the presence of
E also induced necroptosis in WT cells; however, this was
weaker compared with Ripk17°88E/RS8EE ce|is (Figure S6E). We
then assessed if RIPK1 kinase activity is required for TLR3-
TRIF-induced necroptosis of Ripk1F°88&/R588E MEFS. Consistent
with previous studies, treatment with Nec1s or GSK'872 pre-
vented poly(l:C)-induced necroptosis in WT MEFs (Figure S6F).
However, poly(l:C)-induced death of Ripk1P°88E/RS88E VEFs
was prevented by GSK'872 but not by Necls (Figure S6F).
Consistent with the cell death assays, poly(l:C) stimulation
induced RIPK3 phosphorylation in Ripk17°88&/R588Ep 11—/~ cells,
which was not prevented by Necls (Figure S6G). Taken
together, these findings revealed a critical role of the RIPK1 DD
in controlling ZBP1- and TRIF-mediated necroptosis.

DISCUSSION

RIPK1 is best known for its function in regulating TNFR1
signaling via DD-dependent interactions with the intracellular
domain of TNFR1 in complex | and FADD in complex II."*®
Hence, we anticipated that abrogation of DD-mediated
RIPK1 interactions would primarily affect TNFR1-mediated re-
sponses. However, our genetic studies showed that mutation
of the RIPK1 DD caused necroptosis-mediated perinatal lethality
that was not induced by TNFR1 but rather by ZBP1 and TRIF
(Figure S7A). Ripk17o88E/RS88ERINK3~/~ mice survived to adult-
hood but developed inflammatory pathology mediated by
TNFR1-TRADD-FADD-dependent signaling and died prema-
turely. Ripk17o88E/RS88EN 14—/~ animals were runted and died

(D) Graphs depicting Hb, WBC, granulocyte, and lymphocyte counts as well as flow cytometry analysis of leucocyte populations in the blood from mice with the

indicated genotypes.

(E) Spleen weight/BW ratio and flow cytometry analysis of splenic leukocytes from mice with the indicated genotypes.

(F) Representative images of sections stained with H&E or immunostained for CC3 and graphs depicting quantification of CC3* cells in Sl and colon from control
(n = 11), Ripk1RS88E/RSBEEZhh 1=/~ (n = 6), and Ripk1R°88E/RSEEZh 1~/ ~Ticam ™~ (n = 4) mice.

(G) RT-gPCR analysis of mRNA expression of the indicated genes in the liver from mice with the indicated genotypes. Scale bars, 100 um. All analyses were
performed in 2-week-old mice. Each dot represents one mouse. Graphs show mean + SEM. *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001 for all figures.

See also Figure S5.
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before weaning as opposed to Ripk1758E/REEERINK3~/~ mice

that could survive for several months, revealing a necroptosis-in-
dependent role of RIPK3. Homozygous or heterozygous TRADD
deficiency fully rescued the postnatally lethal phenotype of
Ripk1R588E/RSEEE N 1141~/~ myjce, showing that TRADD-dependent
signaling drives the necroptosis-independent pathology in these
animals. Moreover, TNF-induced apoptosis in Ripk17o88E/R588E
cells depended on TRADD and partially on RIPK3, suggesting
that RIPK3 promotes the MLKL-independent phenotype by co-
operating with TRADD to induce TNFR1-mediated apoptosis.
Although the detailed molecular mechanism by which TRADD
and RIPK3 cooperate to drive the necroptosis-independent
phenotype remains unclear, these two proteins may directly
interact in TNFR1 signaling, as suggested previously.*°

Our genetic experiments showed that ZBP1 and TRIF induce
necroptosis-dependent perinatal lethality as well as necropto-
sis-independent postnatal pathology in Ripk17588E/RS88E mice
(Figure S7). Although a large fraction of Ripk1R°88E/Ro88E 7 1—/—
mice were born alive, they were runted and succumbed during
the first 2-3 weeks of life. Ripk17°88E/R588Ezp1~/"Ticam '~
mice were born at the Mendelian ratio and survived for up to
6 months of age without exhibiting signs of severe pathology,
showing that TRIF and ZBP1 drive both RIPK3-dependent and
-independent signaling to cause the postnatal inflammatory
pathology. We found increased expression of TNF and other in-
flammatory mediators in 2-week-old Ripk17°8CE/RS8EZp 71—/~
mice that were inhibited by additional TRIF deficiency, suggest-
ing that TRIF likely promotes postnatal inflammatory pathology
by inducing TNF expression causing TNFR1-TRADD-mediated
cell death. About 50% of Ripk1R88E/RS8EZpn1—/~Ticam='~
mice died between 25 and 30 weeks of age, suggesting that
ZBP1- and TRIF-independent signaling drive late lethality in
older mice. The mechanisms causing late lethality in
Ripk1R588E/RS88E 7 5 1=/~ Ticam '~ mice remain unknown at pre-
sent. However, we detected increased expression of TNF in
these animals at the age of 5-6 months, suggesting that
TNFR1-TRADD-dependent signaling might be implicated in
causing this pathology, likely by inducing apoptosis. Together,
these results revealed a critical function of the RIPK1 DD in sup-
pressing aberrant activation of ZBP1- and TRIF-dependent
signaling, which is essential for the survival and maintenance
of tissue homeostasis in the perinatal period and during adult life.

Consistent with the genetic data, Ripk17°88E/RS88E MEFS were
sensitive to ZBP1- and TRIF-mediated necroptosis. In addition,
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we detected constitutive phosphorylation of RIPK1 and RIPK3
in unstimulated Ripk17°88E/RS88E MEFs, which depended on
ZBP1 and TRIF expression and was enhanced by stimulation
with IFN«y or poly(l:C). RIPK1 inhibition with Nec1s could prevent
RIPK3 phosphorylation and necroptosis induced by IFNy or
poly(l:C) treatment in the presence of E in WT cells, demon-
strating that RIPK1 kinase activity is required for ZBP1- and
TRIF-mediated activation of RIPK3 in cells with intact RIPK1
DD-dependent signaling. By contrast, Nec1s could not inhibit
IFN<y- or poly(l:C)-induced RIPK3 phosphorylation and necrop-
tosis in Ripk1R®88E/RS8EE cels suggesting that the presence of
a functional DD dictates the mechanism by which ZBP1 and
TRIF activate RIPK3. To dissect the underlying molecular inter-
actions, we undertook endogenous immunoprecipitation exper-
iments and found that ZBP1 binds phosphorylated RIPK1 and
RIPK3 in unstimulated Ripk1R588&/RS88Ep 1~/~ cells and this
interaction was enhanced by IFNy stimulation. Nec1s prevented
the association of ZBP1 with RIPK3 in MIkI™/~ but not in
Ripk1RS88E/RSE8E N 11~/= cells, further supporting that the RIPK1
DD determines how ZBP1 engages and activates RIPK3. Based
on our results, we propose that the RIPK1 DD serves a dual func-
tion: on the one hand, it recruits caspase-8 via FADD, resulting in
RIPK1 cleavage destabilizing the complex. In addition, DD-
dependent interactions with FADD promote conformational
changes in RIPK1, resulting in its autophosphorylation and the
formation of ordered oligomers that recruit and activate RIPK3.
We envision that these ordered oligomers likely resemble the he-
lical rod aggregates of RIPK1 and RIPK3 reported by Chen et al.
for TNFR1-induced necroptosis.*’ DD mutation prevented
FADD-caspase-8 recruitment and RIPK1 cleavage, but also
the DD-dependent formation of ordered RIPK1 oligomers, likely
resulting in ZBP1-RIPK1 aggregates with a different structure
that does not allow RIPK1 autophosphorylation but permits its
RHIM-dependent interaction with RIPK3. Our results suggest
that RIPK3 is recruited to these ZBP1-RIPK1 aggregates, where
it is activated and phosphorylates MLKL to induce necroptosis.
RIPK1-R588E is activated in a RIPK3 scaffold-dependent
fashion, likely within RIPK1-RIPK3 oligomers; however, its ki-
nase activity is not required for RIPK3 activation and necroptosis
induction.

Mutations affecting the RIPK1 DD were found to cause
early-onset colitis associated with increased apoptosis, auto-
inflammation, and immunodeficiency in human patients.””
Our findings in Ripk17o88E/RS8EE  mice are relevant for

Figure 7. The DD of RIPK1 inhibits ZBP1- and TRIF-mediated necroptosis

(A) Cell death measured by DiYO1 uptake in primary MEFs of the indicated genotypes treated with combinations of IFNy (1,000 U mL™"), etanercept (Et,
50 ug mL~"), and E (5 uM) for 48 h. Data are representative of two independent experiments. Graphs show mean + SEM.

(B) Immunoblot analysis with the indicated antibodies of lysates from primary MEFs from mice with the indicated genotypes stimulated with combinations of IFNy,
Et, and E for 24 h. Representative data shown from two independent experiments.

(C) Cell death measured by DiYO1 uptake in primary WT and Ripk17588E/RS88E \EES treated with combinations of IFNY, Et, and E with or without Nec1s (20 uM) or
GSK’'872 (3 uM) for 48 h. Data are representative of two independent experiments. Graphs show mean + SEM.

(D) Immunoblot analysis with the indicated antibodies of lysates from primary WT and Ripk17588&/R588E \EFs stimulated with combinations of IFNy, Et, and E with
or without Nec1s for 24 h. Representative data shown from two independent experiments.

(E) Immunoblot analysis with the indicated antibodies of RIPK3 immunoprecipitates and total lysates from primary MEFs of the indicated genotypes.

(F) Immunobilot analysis with the indicated antibodies of ZBP1 immunoprecipitates and total lysates from immortalized Mikl ™'~ and Ripk1R°88E/Re88E 11—/~ MEFs
treated with combinations of IFNy and E for 24 h. Representative data shown from two independent experiments.

(G) Immunoblot analysis with the indicated antibodies of ZBP1 immunoprecipitates and total lysates from immortalized MIkI~'~ and Ripk175%8&/RS88Ep 11—/~ MEFs
treated with combinations of IFNy, E, and Nec1s for 24 h. Representative data shown from two independent experiments.

See also Figure S6.
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understanding the mechanisms causing cell death and inflam-
mation in these patients and suggest that TNF-neutralizing an-
tibodies or RIPK1 kinase inhibitors might be ineffective in
treating this condition. Furthermore, R603 in human RIPK1
(which corresponds to R588 in mouse RIPK1) is specifically
targeted by the NleB family of enteropathogenic bacterial
effector proteins that catalyze arginine GlcNAcylation of host
DD proteins also including FADD and TRADD to counteract
host defense responses.*?™* Therefore, our studies on the ef-
fects of the R588E mutation in regulating RIPK1 DD-depen-
dent signaling in mice provide valuable insights for better un-
derstanding the role of DD-dependent RIPK1 interactions in
host defense to enteropathogenic bacteria and in the regula-
tion of tissue homeostasis.

Limitations of the study

Our genetic and biochemical studies provide important mecha-
nistic information on the role of the RIPK1 DD in regulating ZBP1,
TRIF, and TNFR1 signaling and controlling mouse perinatal sur-
vival and adult tissue homeostasis. However, while our genetic
models constitute valuable tools for understanding RIPK1
biology, it remains unclear whether our results might directly
relate to human disease. Moreover, while our genetic and
biochemical studies support a model whereby the RIPK1 DD de-
termines how ZBP1 and TRIF engage and activate RIPKS, this
needs to be validated experimentally by structural studies. Ob-
taining direct insight into the three-dimensional structure of the
ZBP1-RIPK1-RIPK3 complex in WT and Ripk17°88F/R585E celg,
for example, using super-resolution imaging and/or cryoelectron
microscopy (cryo-EM) approaches, will be required to elucidate
the detailed molecular interactions controlling ZBP1- and TRIF-
mediated signaling.
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Antibodies

Anti-rabbit-lgG, HRP conjugated
Anti-mouse-IgG, HRP conjugated
Anti-rat-IgG, HRP conjugated
Anti-goat-1gG, HRP conjugated
TNFR1

TRADD

FADD

RIPK1

RIPK3

ZBP1

MLKL

IkBot

p65

p38

JNK

p44/42 MAPK

Caspase-8

GAPDH

a-tubulin

Phosphorylated RIPK1 (S166)
Phosphorylated RIPK3 (S232)

Phosphorylated MLKL (S345)
Phosphorylated IkBa (Ser32)
Phosphorylated p65 (Ser536)
Phosphorylated p38 (Thr180 / Tyr182)
Phosphorylated JNK (Thr183/Tyr185)
Phosphorylated p44/42 MAPK (Thr202 / Tyr204)
Ly6C, PerCP/Cyanine5.5

NK1.1, Alexa Fluor 647

CD4, Alexa Fluor 700

CD45, Super Bright™ 702

CD3, Birilliant Violet 785

CD11b, Brilliant Violet 421

CD8, Brilliant Violet 510

B220, Super Bright™ 600

CD11c, PE-Cyanine7

Ly6G, PE

Biotinylated anti-rat secondary antibody
Biotinylated anti-rabbit secondary antibody
Cleaved caspase-3

FADD

GE Healthcare

GE Healthcare

Jackson Laboratories
Jackson Laboratories
Cell Signaling Technology
Bio-Rad

Millipore

BD Biosciences, Cell Signaling
Technology, Santa Cruz
Biotechnology

Enzo LifeSciences
Adipogen

Millipore

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Novus Biologicals

Sigma

Cell Signaling Technology
Abcam, Cell Signaling Technology

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Biolegend

Biolegend

Biolegend

Thermo Fisher Scientific
Biolegend

Biolegend

Biolegend

Thermo Fisher Scientific
BD Biosciense

Biolegend

ThermoFisher Scientific
ThermoFisher Scientific
Cell signaling

Santa Cruz Biotechnology

Cat# NA934; RRID:AB_772206

Cat# NA931; RRID:AB_772210

Cat# 112-035-003; RRID:AB_2338128
Cat# 705-035-003; RRID:AB_2340390
Cat# 3736, RRID:AB_2241018

Cat# AHP2533

Cat# 05-486; RRID:AB_2100627

Cat# 610459; RRID:AB_397832,
Cat# 3493, RRID:AB_2305314,
Cat#sc-7881, RRID:AB_2178118

Cat# ADI-905-242-100; RRID:AB_2039527
Cat# AG-20B-0010; RRID:AB_2490191
Cat#MABC604; RRID:AB_2820284
Cat# sc-371, RRID:AB_2235952

Cat# sc-372, RRID:AB_632037

Cat# 9212, RRID:AB_330713

Cat# 9252, RRID:AB_2250373

Cat# 9102, RRID:AB_330744

Cat# 4790, RRID:AB_10545768

Cat# NB300-221; RRID:AB_10077627
Cat# T6074, RRID:AB_477582

Cat# 31122; RRID:AB_2799000

Cat# ab195117, RRID:AB_2768156,
Cat# 91702; RRID:AB_2937060

Cat# 37333; RRID:AB_2799112

Cat# 2859, RRID:AB_561111

Cat# 3033, RRID:AB_331284

Cat# 9211, RRID:AB_331641

Cat# 4668, RRID:AB_823588

Cat# 4370, RRID:AB_2315112

Cat# 128011, RRID:AB_1659242
Cat# 108719, RRID:AB_493186

Cat# 100536, RRID:AB_493701

Cat# 67-0451-82, RRID:AB_2662424
Cat# 100232, RRID:AB_2562554
Cat# 101251, RRID:AB_2562904
Cat# 100752, RRID:AB_2563057
Cat# 63-0452-82, RRID:AB_2637457
Cat# 561022, RRID:AB_2033997
Cat# 127607, RRID:AB_1186104
Cat# D-20697, RRID:AB_2536518
Cat# B-2770, RRID:AB_2536431
Cat# 9661, RRID:AB_2341188

Cat# sc-6036, RRID:AB_2100742
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Chemicals and recombinant proteins
ECL SuperSignal West PicoPlus Thermo Scientific Cat#34578
chemiluminescent substrate
Near-IR Live/Dead Kit Thermo Fisher Scientific Cat#L10119
Cycloheximide Sigma Cat#239763
Z-VAD-FMK Enzo LifeSciences Cat# ALX-260-020-M005
Emricasan Selleckchem Cat#S7775
Birinapant BioVision Cat#2597
Etanercept Amgen, Sandoz Enbrel00E2, ErelziOOE2
Nec-1s Selleckchem S8641
Ripk3 inhibitor, GSK2399872 (GSK’872) Sigma Aldrich Cat# 5303890001
Recombinant mouse TNF VIB Protein Service Facility N/A
FLAG-hTNF VIB Protein Service Facility, Ghent N/A
Recombinant mouse interferon gamma ImmunoTools Cat#12343537
Poly (I:C) EDM Millipore Cat#42424-50-0
DiYO-1 AAT Bioquest Cat# ABD-17580
Anti-FLAG M2 affinity gel Sigma-Aldrich Cat# A2220
Dynabeads Protein G Thermo Fisher Scientific Cat#10003D
Protein G Sepharose Sigma Aldrich Cat# P3296
Critical commercial assays
DeadEnd Fluorometric TUNEL System Promega Cat# G3250
Avidin/Biotin Blocking Kit Biozol Cat#VEC-SP-2001
Vectastain Elite ABC-HRP kit Biozol Cat# VEC-PK-6100
DAB substrate Biozol Cat# VEC-SK-4100
RNAzol RT Sigma Aldrich Cat# R4533
Direct-zol-96 RNA kits Zymo Research Cat# R2054
Tbp ThermoScientific MmO00446973_m1
Zbp1 ThermoScientific MmO00457979_m1
Ifit1 ThermoScientific Mm00515153_m1
Oasl1 ThermoScientific Mm00455081_m1
Ifna4 ThermoScientific Mm00833969_s1
Ifnb ThermoScientific Mm00439546_s1
Ifng ThermoScientific Mm01168134_m1
TIr3 ThermoScientific Mm01207404_m1
Tir4 ThermoScientific MmO00445273_m1
Ticam ThermoScientific Mm00844508_s1
Tnf ThermoScientific Mm00443258_m1
16 ThermoScientific Mm00446190_m1
1I1b ThermoScientific Mm00434228_m1

Experimental models: Organisms/strains

Mouse: Fadd~'~, C57BL/6N
Mouse: Ripk3~/~, C57BL/6N
Mouse: Miki~’~, C57BL/6N

Mouse: Tnfr1~/~, C57BL/6N
Mouse: Tradd~’~, C57BL/6N
Mouse: Zbp1~/~, C57BL/6N
Mouse: Ticam1~/~, C57BL/6N
Mouse: Ripk17588E/RSE8E  C57BI /6N

Bonnet et al.*®

Newton et al.*®

Lin et al.’®
Pfeffer et al.*”
Ermolaeva et al.”
Jiao et al.”®
Dannappel et al.”®

This paper

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
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Software and algorithms

Prism 9.0

IncuCyte S3 live-cell imaging and analysis platform
OMERO

QuPath

Abacus Junior Vet analyser

BD LSRFortessa Cell Analyzer

Graphpad Inc
Essen BioScience
OMERO

QuPath

Diatron

BD Biosciences

RRID: SCR_002798
RRID:SCR_019874
RRID:SCR_002629
RRID:SCR_018257
N/A

RRID:SCR_018655

FlowJo FlowJo RRID:SCR_008520
Other
Nanozoomer S360 Hamamatsu RRID:SCR_022537

Spinning disk confocal microscope
QuantStudio 5 Real-Time PCR System

PerkinElmer UltraView ERS

Applied Biosystems

RRID:SCR_020405
Cat# A28574

RESOURCE AVAILABILITY

Lead contact
Further information and reasonable requests for resources and reagents should be directed to and will be fulfilled by the Lead Con-
tact, Manolis Pasparakis (pasparakis@uni-koeln.de).

Materials availability

Fadd™®, MIkI~=, Zbp1~/~ and Ticam ™~ mice can be obtained from Manolis Pasparakis, Institute for Genetics, Cologne Excellence
Cluster on Cellular Stress Responses in Aging-Associated Diseases (CECAD), University of Cologne, 50931 Cologne, Germany.
Email address: pasparakis@uni-koeln.de.

Data and code availability
o All data reported in this paper will be shared by the lead author upon request.
® This paper does not report original code
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

Ripk3~~,%¢ Fadd™ *> MIkI=’~,"® Tnfr1~/~,*” Tradd~~,* Zbp1~~'° and Ticam™~~2° mice have been described previously. To
generate Ripk1R588E mice, we injected Cas9 protein, a 126 bp ssDNA repair oligo, tracrRNA, and crRNA into the pronucleus of fertil-
ized oocytes obtained from C57BL/6 mice. The ssDNA oligo that introduces the R588E mutation in murine RIPK1 gene, has the
following sequence: 5'-tcagtccatctctttcatagtcatggtcgatttcatcgatctgagactcagtgaagcccagcettctcggeacagtttttccactgecttcccaggttttc
cctgatagggttcaggtgttcatcag-3’. The crRNA oligo contains the sequence 5'-ACTCAGTGAAGCCCAGCTTG-3', targeting the death
domain (DD) of the murine Ripk1 gene. The injected embryos were transferred to foster mothers and allowed to develop to term.
Mutations in the genome of progeny were determined by analysis of genomic DNA by sequencing. Mice used in this study were main-
tained in the animal facility of the CECAD Research Center, University of Cologne, in individually ventilated cages (Tecniplast, Green-
line GM500) at 22 °C (x2 °C) and a relative humidity of 55% (+5%) under a 12-h light/12-h dark cycle on sterilized bedding (Aspen
wood, Abedd) with access to a sterilized commercial pelleted diet (Ssniff Spezialdiaten) and acidified water ad libitum. The micro-
biological status of the mice was examined as recommended by the Federation of European Laboratory Animal Science Associations
(FELASA), and the mice were free of all listed pathogens. All animal procedures were conducted in accordance with European, na-
tional and institutional guidelines, and protocols were approved by local government authorities (Landesamt fir Natur, Umwelt und
Verbraucherschutz Nordrhein-Westfalen).

METHOD DETAILS

Immunoblotting

Cell lysates were prepared by direct cell lysis in NP-40 buffer (1% NP-40, 150 mM NaCl and 50 mM Tris-HCI pH 7.8) or IP buffer
(20 mM Tris pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100), supplemented with protease and phosphatase inhibitors, followed
by denaturation in Laemmli sample buffer (Bio-Rad, 1610737). Lysates were separated by SDS-PAGE, transferred to Immobilon-P
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PVDF membranes (Millipore, 05317) and analysed by immunoblotting with primary antibodies against RIPK1 (BD, 610459 or Cell
Signaling Technology, 3493), TRADD (Bio-Rad, AHP2533), TNFR1 (Cell Signaling Technology, 3736), p-lkBa. (Cell Signaling Technol-
ogy, 2859), IkBa (Santa Cruz Biotechnology, sc-371), p-p65 (Cell Signaling Technology, 3033), p65 (Santa Cruz Biotechnology, sc-
372), p-p38 (Cell Signaling Technology, 9211), p38 (Cell Signaling Technology, 9212), p-JNK (Cell Signaling Technology, 4668), JNK
(Cell Signaling Technology, 9252), p-p44/42 MAPK (ERK1/2) (Cell Signaling Technology, 4370), p44/42 MAPK (ERK1/2) (Cell
Signaling Technology, 9102), RIPK3 (Enzo, ADI-905-242-100 or Cell Signaling Technology, 95702), caspase-8 (Cell Signaling Tech-
nology, 4790), FADD (Santa Cruz Biotechnology, sc-6036), a-tubulin (Sigma, T6074), ZBP1 (Adipogen, AG-20B-0010), p-RIPK3 (Ab-
cam, ab195117 or Cell Signaling Technology, 91702), p-MLKL (Cell Signaling Technology, 37333), MLKL (Millipore, MABC604),
a-tubulin (Sigma, T6074) and GAPDH (Novus Biologicals, NB300-221). Secondary horseradish peroxidase (HRP)-coupled antibodies
against rat (Jackson ImmunoResearch, 112-035-003), rabbit (GE Healthcare, NA934) or mouse (GE Healthcare, NA931) were used to
detect proteins using chemiluminescence with ECL SuperSignal West PicoPlus chemiluminescent substrate (Thermo Scientific,
34578), and signal was measured with a Fusion Solo X system (Vilber).

Cell death assays

Primary MEFs were maintained at 37 °C and 5% CO2 in DMEM (ThermoFisher, 41965-039) supplemented with 10% FCS (Biosell),
1% penicillin-streptomycin (ThermoFisher Scientific15140130), 1% L-glutamine (ThermoFisher Scientific, 25030-123) and 1 mM so-
dium pyruvate (ThermoFisher Scientific, 11360). For cell death assays, cells were seeded in 96-well plates at a density of 1 x 10* cells
per well. The next day, cells were pre-treated with combinations of 20 uM Z-VAD-FMK (Enzo LifeSciences, ALX-260-020-M005),
5 uM Emricasan (Selleckchem, S7775), 1 ng ml~! CHX (Sigma, 239763), or 5 uM Birinapant (BioVision, 2597) in the presence of
the dead cell stain DiYO-1 (AAT Bioquest, ABD-17580) for 30 min, before addition of 20 ng mI~" recombinant mouse TNF (VIB Protein
Service Facility, Ghent). Besides, cells were treated with 1000 U mI~" IFNy (ImmunoTools, 12343537) or 2.5 ug ml~" Poly (I:C) (EDM
Millipore, 42424-50-0) in addition to combination of 5 M Emricasan and 50 pg mi~" Etanercept (Enbrel, Amgen) in the presence of
DiYO-1. Cells were imaged for the indicated duration of time in 2 h intervals using the IncuCyte S3 live-cell imaging and analysis plat-
form (Essen BioScience). DiYO1-positive cells were automatically counted as dead cells in two to four images per well, and counts
were averaged using the IncuCyte software package version 2019B rev2.

Immunohistochemistry and histology

Tissue samples from mice were fixed in 4% paraformaldehyde and embedded in paraffin. Sections of 5 um were subjected to his-
tological analysis by hematoxylin and eosin (H&E) staining. Forimmunohistochemical analysis, slides were rehydrated and incubated
with peroxidase blocking buffer (0.04 M sodium citrate, 0.121 M Na,HPO,, 0.03 M NaNs, 3% H,0,) for 15 min. Slides were washed
and antigen retrieval was performed in citrate Tris buffer (pH 6) in a pressure cooker. Sections were blocked in 4% FCS with Avidin/
Biotin Blocking Kit (Biozol, VEC-SP-2001) for 30 min. For CC3 staining, a primary anti-CC3 antibody (Cell signaling, 9661), a bio-
tinylated anti-rabbit secondary antibody (ThermoFisher Scientific, B-2770), Vectastain Elite ABC-HRP kit (Biozol, VEC-PK-6100),
and DAB substrate (Biozol, VEC-SK-4100) were used. After counterstaining with hematoxylin sections were mounted with Entellon
(MERCK) mounting medium. Histological sections were scanned using a Nanozoomer S360 (Hamamatsu) slide scanner. Images
were analysed and processed using the OMERO software package (https://openmicroscopy.org) and QuPath. Quantification of
CC3" cells was performed on histological sections immunostained with antibodies against CC3. The total number of CC3* cells
in Sl and colon was divided by the number of crypts to show the average number in one crypt. A hundred crypts for Sl and colon
were analysed per mouse. Counting was performed in a blinded fashion. TUNEL assay was performed using DeadEnd Fluorometric
TUNEL System (Promega, G3250) as per the manufacturer’s instructions and imaged using a spinning disk confocal microscope
(Perkin Elmer UltraView ERS UltraView ERS).

Blood cell analysis
Whole blood-cell-count analysis was performed in peripheral blood using an Abacus Junior Vet analyser (Diatron) according to the
manufacturer’s instructions.

Flow Cytometry

Whole blood samples, splenocytes and thymocytes were stained with Near-IR Live/Dead Kit (Thermo Fisher Scientific, L10119)
for dead cell exclusion, followed by surface staining with fluorochrome labeled antibodies; anti-Ly6C (Biolegend, 128011), NK1.1
(Biolegend, 108719), CD4 (Biolegend, 100536), CD45 (Thermo Fisher Scientific, 67-0451-82), CD3 (Biolegend, 100232), CD11b (Bio-
legend, 101251), CD8 (Biolegend, 100752), B220 (Thermo Fisher Scientific, 63-0452-82) CD11c (BD Biosciense, 561022), Ly6G
(Biolegend, 127607). Cells were analyzed using BD LSRFortessa Cell Analyzer (BD Biosciences) and FlowJo (FlowJo).

Generation of immortalized mouse embryonic fibroblasts

Immortalized mouse embryonic fibroblasts (iIMEFs) were generated using lentiviral gene transfer. 24 h prior to transduction, 100,000 cells/
well were seeded in a 12-well plate. Cells were incubated with 1.5 ml fresh medium + 1 ml SV40-containing supernatant + 8 ug ml~" poly-
brene (Sigma Aldrich, H9268) for 24h. On the next day, virus containing medium was removed and replaced with fresh medium and cell
pools were used for experiments.
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Immunoprecipitation Assays

For TNFR1 complex | IPs, 4 x10° MEF were seeded on a 10 cm tissue culture plate. The next day, cells were treated with 1 ug ml~’
FLAG-hTNF (VIB Protein Service Facility, Ghent). The cells were washed two times in ice-cold PBS, followed by lysis in NP-40 lysis
buffer supplemented with protease and phosphatase inhibitors. The cell lysates were cleared by centrifugation for 15 min at 4 °C and
the supernatants were then incubated overnight with anti-FLAG M2 affinity gel (Sigma-Aldrich, A2220). The next day, the beads were
washed three times in NP-40 lysis buffer and the TNFR1 signaling complex was eluted from the beads using 2x NUPAGE LDS sample
buffer (Thermo Fisher Scientific, NP0O007). For FADD-IPs, the cell lysates were incubated overnight with anti-FADD antibody (Santa
Cruz Biotechnology, sc-6036) and Dynabeads Protein G (Thermo Fisher Scientific, 10003D) were added and incubated for 3 h. The
beads were washed three times and the bound protein was eluted with 2x NUPAGE LDS sample buffer. For ZBP1- or RIPK3-IPs, cells
were lysed in DISC lysis buffer (20 mM Tris-HCL pH 7.5, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 10% glycerol) supplemented
with protease and phosphatases inhibitors. Cell lysates were left in the —80 °C to aid cell lysis for 20 min, then rotated at 4 °C until
thawed. Cell lysates were collected by centrifugation at 4 °C at 14000 rpm for 15 min. 2 mg of protein lysates were incubated with 2ug
(Tug/mg) of ZBP1 antibody (Adipogen, AG-20B-0010-C100) or RIPK3 (Enzo LifeSciences, ADI-905- 242-100) and left rotating for
4 hours at 4 °C. Samples containing antibody were then incubated with 25 pl of Protein G Sepharose (Sigma Aldrich,P3296) and
left rotating overnight at 4 °C. Beads bound immunocomplexes were then washed five times in wash buffer (1x PBS, 1% Triton
X-100, 1 mM EDTA, 5% glycerol) and drained via fine needle aspiration following the final wash. Samples were eluted by boiling
for 10 min in 60 ul of 2x Laemmli sample buffer and resolved by western blotting.

Gene expression analysis by RT-qPCR

Total RNA was extracted with RNAzol (Sigma Aldrich, R4533) and Direct-zol-96 RNA kit (Zymo Research, R2054), according to the
manufacturer’s instructions, followed by cDNA synthesis using the LunaScript RT SuperMix kit (New England Biolabs, E3010L). RT—
gPCR was performed using TagMan probes and Luna Universal Probe gPCR Master Mix (New England Biolabs, M3004X) in a
QuantStudio 5 Real-Time PCR System (Applied Biosystems). Reactions were run in technical duplicates with Tbp as a reference
gene. Relative expression of gene transcripts is shown using the 272 method and is represented in dot plot graphs as mRNA
expression values relative to the reference gene.

Histopathological analysis

Histopathological evaluation was performed on 5 mm thick H&E-stained sections of paraffin-embedded swiss-rolls of intestinal tis-
sues, using a modified version of the scoring system described in Schwarzer et al.*°. In brief, histopathology scores are composed of
four parameters: epithelial hyperplasia, quantity and localization of tissue inflammation, epithelial cell death and epithelial injury. An
‘““area factor’ for the fraction of affected tissue was assigned and multiplied with the respective parameter score (1 = 0-25%; 2 =
25-50%; 3 = 50-75%, 4 = 75-100%). If different severities for the same parameter were observed in the same sample, each area
was judged individually and multiplied with the correlating area factor. Area factors for a given sample always added up to 4. The
histology score was calculated as the sum of all parameter scores multiplied with their area factors. Maximum score was 64. Scores
are based on one swiss-roll section per mouse and were performed in a blinded fashion.

Histological sub-scores
1. crypt hyperplasia
0 = normal crypt proliferation
1 = signs of increased proliferating — expansion of TA compartment
2 = obvious increase in proliferating cells — reduced numbers of differentiated cells; increased nuclear/cytoplasm ratio; differenti-
ated cells mainly in the upper part of the crypt; shortening of villi
3 = almost complete absence of differentiated cells, severe villus atrophy (small intestine)
2. epithelial injury/erosion
0 = no alterations in epithelial structure, no mucosal damage
1 = discrete focal lympho-epithelial erosions
2 = surface mucosal erosion
3 = extensive epithelial erosions (ulcers, mucosa denudation and damage extending into deeper layers of the bowel wall
3. extend of inflammation in the tissue
0 = absent
1 = increased amounts of immune cells in the lamina propria
2 = inflammation extending into the submucosa
3 = transmural inflammation extending into muscularis and serosa
4. death of epithelial cells
0 = absent (except for physiologically standard cell death)
1 = increase in the occurrence of individual dying IECs or small clusters of dying cells
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2 = clearly visible IEC death with cell shedding, areas with epithelial thinning and early stages of crypt abscess formation
3 = clear presence of erosive lesions (ulcer formation) histology scoring

QUANTIFICATION AND STATISTICAL ANALYSIS
Data shown in graphs are the mean or mean + SEM. A non-parametric Mann-Whitney test or one-way ANOVA with Tukey’s multiple-

comparisons test was performed. Survival curves were compared using the Log-rank test. All statistical analyses were performed
with GraphPad Prism 9. *p < 0.05; *p < 0.01; **p < 0.001; ***p < 0.0001 for all figures.
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Figure S1. Ripk1R588ERSESE knock-in mutation causes perinatal lethality rescued by RIPK3 deficiency
alone or together with FADD. Related to Figures 1 and 2

(A) Schematic depiction of the generation of Ripk1R588E/R588E mice, CRISPR/Cas9 gene targeting in mouse
zygotes was used to introduce a mutation of three nucleotides (CGC to gag) in exon 11 resulting in
substitution of arginine at position 588 with glutamic acid. Sanger sequencing of DNA from the obtained
founder confirmed the correct targeting. (B) Pictures of E18.5 Ripk1R588E/R588E gnd littermate control embryos.
(C) Representative images from tissue sections from E18.5 embryos stained with hematoxylin and eosin
(H&E), immunostained for cleaved caspase 3 (CC3). Control n = 18 for H&E, n = 16 for anti-CC3;
Ripk 1R588E/RS88E n = 8 for H&E and anti-CC3. (D) Immunoblot analysis with the indicated antibodies of lysates
from primary WT or Ripk 1R588E/R588E MEFs stimulated with TNF (20 ng ml~") for the indicated periods of time.
Representative data shown from three independent experiments. (E) Photographs of spleens and lymph
nodes from mice with the indicated genotypes. (F) Graphs depicting body weight curves of control and
Ripk1R588E/RSBBERnk3-- mice. (G, H) Flow cytometry analysis of splenic leukocytes (G) and thymocytes (H)
from mice with the indicated genotypes at 12 weeks of age. AAs, amino acids. Scale bars, 100 ym. Each dot
represents one mouse. Graphs show mean = SEM. *p < 0.05; **p < 0.01; **p < 0.001; **p < 0.0001 for all
figures.
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Figure S2. TNFR1 signaling mediates the postnatal pathology of Ripk1R588ERSSERpk3-~ mice. Related

to Figure 3

(A) Graphs depicting BW curves of mice with the indicated genotypes. (B, C) Graphs depicting Hb, WBC and
granulocyte counts in the blood and flow cytometry analysis of leukocytes in blood (B) and spleen (C) from
mice with the indicated genotypes at 23 to 32 weeks of age. (D) Representative images of Sl and colon
sections stained with H&E or immunostained for CC3 from control (n = 10), Ripk1R588E/RS8EERHK3-Tnfr1WT-
(n = 5) and Ripk1R588E/RS8BERIHK3--Tnfr1-- (n = 6) mice at 23 to 32 weeks of age (left). Graphs show colon
histology score and quantification of CC3* cells in Sl and colon sections of mice with the indicated genotypes
(right). Scale bars, 100 um. Each dot represents one mouse. Graphs show mean = SEM. *p < 0.05; **p <

0.01; **p < 0.001; ***p < 0.0001 for all figures.
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Figure S3. TRADD deficiency fully prevents the postnatal pathology of Ripk1R588ERSSERjnK3-/- mice.
Related to Figure 4

(A) Graphs depicting BW curves of mice with the indicated genotypes. (B, C) Graphs depicting Hb, WBC,
lymphocyte and granulocyte counts in the blood and flow cytometry analysis of blood (B), spleen weight/BW ratio
and flow cytometry analysis of splenic leukocytes (C) from mice with the indicated genotypes at 23 to 32 weeks
of age. (D) Representative images of Sl and colon sections stained with H&E or immunostained for CC3 from
control (n = 8), Ripk1RS88EREEBER|nk3--TradadWT- (n = 5) and Ripk1R588E/RS8EERpk3--Tradd~ (n = 5) mice at 23 to
32 weeks of age (left). Graphs show colon histology score and quantification of CC3* cells in SI and colon
sections of mice with the indicated genotypes (right). Scale bars, 100 um. Each dot represents one mouse.
Graphs show mean £ SEM. *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001 for all figures.
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Figure S4. TRADD deficiency prevents the postnatal pathology of Ripk1R588ERSESE\Jk[-— mice. Related to
Figure 5

(A) Graphs depicting BW curves of mice with the indicated genotypes. Tables showing the numbers of PO
offspring from intercrossing parents with the indicated genotypes. (B-E) Graphs depicting Hb, WBC, lymphocyte
and granulocyte counts in the blood (B) and flow cytometry analysis of blood (C), flow cytometry analysis of
splenic leukocytes (D) and thymocytes (E) from mice with the indicated genotypes. (F) Graph depicting colon
length in mice with the indicated genotypes. (G) Representative images of colon sections stained with H&E from
control (n = 6) and Ripk1R588ERSEEM|k}--TraddWT'- (n = 6) mice. Graphs show colon histology score of mice with
the indicated genotypes. Scale bars, 100 ym. All analyses were performed in 9-week-old mice. Each dot
represents one mouse. Graphs show mean £ SEM. *p < 0.05; **p < 0.01; **»*p < 0.001; ****p < 0.0001 for all
figures.
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Figure S5. ZBP1- and TRIF-dependent signaling mediates the pathology of Ripk1R588E/R588E mice. Related
to Figure 6

(A) Graphs depicting BW curves of mice with the indicated genotypes. (B) Graphs depicting blood Hb, WBC,
lymphocyte and granulocyte counts and flow cytometry analysis of inflammatory monocytes in blood from mice
with the indicated genotypes. (C, D) Graphs depicting spleen weight/BW ratio and flow cytometry analysis of
spleen (C) and thymus (D) from mice with the indicated genotypes. (E) Representative images from Sl and colon
sections stained with H&E or immunostained for CC3 from control (n = 21), Ripk 1R588E/RS88EZhn 1--TicamWT- (n =
6) and Ripk1R588ERS88EZhp1--Ticam~- (n = 6) mice. Graphs show colon histology score and quantification of
CC3* cells in Sl and colon from mice with the indicated genotypes. (F) RT-gPCR analysis of mMRNA expression
of the indicated genes in colon from mice with the indicated genotypes. (G) Cell death measured by DiYO1
uptake in primary MEFs of the indicated genotypes stimulated with TNF (20 ng ml™") for 48 h. Data are
representative of two independent experiments. Scale bars, 100 um. Mice were analyzed at 20 to 30 weeks of
age. Each dot represents one mouse. Graphs show mean = SEM. *p < 0.05; **p < 0.01; **p < 0.001; ***p <
0.0001 for all figures.
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Figure S6. The DD of RIPK1 inhibits ZBP1- and TRIF-mediated necroptosis. Related to Figure 7

(A) Immunoblot analysis with the indicated antibodies of lysates from primary MEFs from mice with the indicated
genotypes stimulated with combinations of IFNy, E and Nec1s for 24 h. Representative data shown from two
independent experiments. (B) Immunoblot analysis with the indicated antibodies of lysates from immortalized
Mikl-- and Ripk1R588E/R588E\j/k/-— MEFs stimulated with combinations of IFNy, E, Nec1s (20 uM) or GSK’872 (3
MM) for 24 h. Representative data shown from two independent experiments. (C) Immunoblot analysis with the
indicated antibodies of ZBP1 immunoprecipitates and total lysates from immortalized WT and Ripk 1R588E/R588E
MEFs treated with combinations of IFNy, E and Et for 24h. Representative data shown from two independent
experiments. (D) Immunoblot analysis with the indicated antibodies of lysates from immortalized Mikl- and
Fadd--Mikl- MEFs stimulated with combinations of IFNy, E, Nec1s or GSK'872 for 24 h. Representative data
shown from two independent experiments. (E, F) Cell death measured by DiYO1 uptake in primary WT and
Ripk 1R588E/RS88E MEFs treated with combinations of poly (I:C) (pIC) (2.5 ug mi™"), Et, E, Nec1s or GSK’872 for 24
h. Data are representative of two independent experiments. (G) Immunoblot analysis with the indicated
antibodies of lysates from immortalized MIkl-~ and Ripk1R588E/RS88E\fkI-~ MEFs stimulated with combinations of
plC, E, Nec1s or GSK'872 for 24 h. Representative data shown from two independent experiments. Graphs
show mean £ SEM.
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Figure S7. Schematic depiction of the role of the RIPK1 DD in regulating ZBP1, TRIF and TNFR1
signaling and its physiological function in regulating survival and inflammation in mice. Related to all
figures

(A) Schematics outlining the key findings from our genetic crosses dissecting the pathways causing perinatal or
postnatal lethality and inflammation in Ripk 1R588E/RS88E mice. (B) (Left panel) In wild type cells, DD-dependent
recruitment of FADD-caspase-8 to the ZBP1- and TRIF-induced signaling complexes results in RIPK1 cleavage
and complex destabilization. Caspase-8 inhibition prevents RIPK1 cleavage but inhibition of RIPK1 kinase
activity prevents the formation of ordered RIPK1 aggregates. Disordered RIPK1 associated with FADD/Casp8
fail to recruit and activate RIPK3. Caspase-8 inhibition prevents RIPK1 cleavage. DD-dependent interactions
impose conformational changes on RIPK1 facilitating the recruitment of RIPK3 and the formation of
ZBP1/RIPK1/RIPK3 aggregates resulting in activation and autophosphorylation of RIPK1 and RIPK3 causing
necroptosis. RIPK1 kinase activity is required for RIPK3 recruitment and activation. RIPK3 scaffold function and
in part its kinase activity are required for full RIPK1 activation and autophosphorylation. (Right panel) Mutation of
the DD prevents the recruitment of FADD/caspase-8 suppressing RIPK1 cleavage. In addition, DD mutation
prevents the DD-dependent conformational changes and oligomerisation of RIPK1. RIPK3 is recruited to the
ZBP1/RIPK1 aggregates and is activated by autophosphorylation forming ordered oligomers resulting in
necroptosis. RIPK1 is activated within the ordered RIPK3 oligomers, but its kinase activity is not required for
RIPK3 activation and necroptosis. RIPK3 scaffold function but not its kinase activity is required for RIPK1
activation and autophosphorylation. Please note that the schematics above are necessarily an over-simplification
that cannot fully capture the three-dimensional arrangements of the protein complexes depicted, which very likely
consist of oligomers of the indicated proteins interacting with each other.
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[1l. Discussion

This work collectively advances our understanding of necroptotic cell death both as a
biological process and as a pathological mechanism in disease. In the first study®'®, we
addressed a major technical limitation in the necroptosis field by developing and validating a
protocol for the specific immunohistochemical and immunofluorescent detection of
phosphorylated murine MLKL at serine 345 (pMLKL-S345), a hallmark of necroptosis
activation. Despite the widespread use of cleaved-caspase-3 as a general cell death marker,
our data show its limitations in the context of necroptosis, as it cannot reliably differentiate
between necroptotic and secondary apoptotic events. Given that necroptosis proceeds
independently of caspase activation, using cleaved-caspase-3 as a proxy can be misleading,
particularly in models lacking caspase-8, FADD or RIPK1154155.1%9.516 |n fact, our comparison
in Casp8FKO mice highlighted distinct staining patterns of pMLKL-S345 and cleaved-
caspase-3, with the former marking dying keratinocytes in the epidermis and the latter
labelling fibroblasts and immune cells in the dermis, likely indicative of secondary apoptotic
events triggered by necroptosis-induced inflammation. These results further highlight the
spatial and functional distinction between necroptotic and apoptotic processes, without the
need for complex genetic knockout models traditionally required to assess the involvement
of necroptosis in vivo.

Moreover, our protocol enabled the spatially resolved detection of necroptosis in the Fadd/E¢-
KO mouse model, revealing distinct regional necroptotic activity along the intestinal tract.
Previous studies have associated both colitis and ileitis resulting from intestinal FADD
deletion with TNFR1- and ZBP1-mediated MLKL-driven necroptosis, while ileitis is further
exacerbated by caspase-8-GSDMD-mediated pyroptosis™®™'. In those studies, intestinal
inflammation and epithelial damage were primarily assessed using CD45 as a general marker
of immune cell infiltration and cleaved-caspase-3 to evaluate residual caspase-8
activity'3139141 - however not specific for necroptosis. Here, we show robust pMLKL-S345
staining in the ileum but not the colon, supporting the idea that necroptosis is more prominent
in the ileum. The absence of signal in the colon may reflect differences arising from
developmental versus adult deletion of FADD or suboptimal timing of tissue collection. These
findings underscore the utility of our protocol in providing a direct, cell-type- and tissue-type-
specific readout of necroptotic activity, enabling more accurate interpretation of disease
mechanisms.

Our data further underscore the utility of pMLKL-S345 detection for studying necroptosis in
infectious disease models, where its role has previously been inferred primarily from MLKL-
or RIPK3-deficient mice or in vitro assays’'%'”. While necroptosis has been implicated in the
pathogenesis of respiratory viral infections such as influenza A virus (IAV)'79.180,194518 gnd
respiratory syncytial virus (RSV)%%%20, its role in SARS-CoV-2 infection remains
controversial. Some studies show involvement of RIPK3 and ZBP1 in cytokine production
and lung injury®?', while others argue necroptosis is dispensable for disease pathogenesis in
studies employing MLKL-deficient mice®??. We show that SARS-CoV infection in mice
induces clear pMLKL-S345 positivity in lung epithelial cells, indicating necroptotic activation,
as previously suggested®?, in both infected and potentially bystander cells. Although MLKL-
deficient mice did not exhibit improved disease outcomes, suggesting that necroptosis may
not be the primary driver of pathogenesis®?, our findings demonstrate that necroptotic
signalling is nonetheless occurring in vivo. This highlights that the presence of necroptosis
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does not necessarily equate to overt pathology but may still contribute to disease-relevant
processes in humans. Moreover, despite potential differences between SARS-CoV-1 and
SARS-CoV-2 infections, these results suggest that necroptosis could play a role in COVID-
19-related complications beyond acute pathogenesis, including acute respiratory distress
syndrome (ARDS) and post-acute sequelae (‘long COVID”), where its contribution still
remains unresolved. Collectively, our findings reinforce the relevance of necroptosis in viral
infection models, highlight the broader applicability of pMLKL-S345 detection as a robust tool
for in vivo studies, and open avenues for evaluating necroptosis-targeted interventions in viral
infection settings.

Importantly, this method also facilitates the dissection of RIPK3’s dual roles in regulating both
apoptosis and necroptosis. Given that RIPK3 not only drives necroptosis through MLKL
activation but can also support caspase-8-mediated apoptosis®4525, RIPK3 knockout models
alone are insufficient to distinguish between these two functions. Disentangling this dual role
typically requires the generation and phenotypic comparison of mice deficient in either RIPK3
or MLKL, which often necessitates complex genetic crossings. Our analysis of Shpn™m and
Shpn™m Ripk3~~ mice revealed tissue-specific distinctions: in the skin, RIPK3 appeared to
facilitate primarily apoptosis, whereas in the spleen, it functioned primarily to drive
necroptosis. These findings corroborate earlier observations showing that RIPK3 deficiency,
like caspase-8 heterozygous deletion, partly ameliorates the inflammatory skin phenotype in
at least 50% of Shpn™™ mice analysed, whereas MLKL deficiency does not, highlighting an
apoptosis-dependent function for RIPK3 in this tissue®'652%6. Conversely, the splenic
inflammation and architectural disruption observed in Shpn™m mice were alleviated by
deletion of either RIPK3 or MLKL, indicating that necroptosis is the dominant mechanism of
cell death in the spleen. Similarly, in the TNF-induced SIRS model, we confirm that apoptosis
is the dominant mode of cell death driving lethality, at least in the examined C57BI/6N
background, with necroptosis contributing secondarily by amplifying inflammatory responses
and tissue injury. The observed protection upon deletion of RIPK3 or MLKL in this setting
may therefore reflect either the inhibition of secondary necroptosis or the suppression of
RIPK3-caspase-8-dependent apoptotic signalling. This interpretation is consistent with prior
findings showing that either RIPK3 deletion or inactivation of RIPK1 kinase activity protects
mice from TNF-induced SIRS in this genetic background form both low and high doses of
TNF®24, Interestingly, although MLKL-deficient mice exhibit greater protection against high-
dose compared to low-dose TNF-induced lethality, at similar levels with Ripk37- mice, the
underlying mechanisms remain unclear®*. Our staining data indicate that increasing TNF
levels do not result in a correspondent increase in pMLKL-S345 positivity, supporting the idea
that necroptosis is not the initiating mode of cell death but may become a critical contributor
to intestinal damage when apoptosis is excessive or prolonged, as suggested by the intensity
and distribution of cleaved-caspase-3 staining. Together, these findings highlight the
importance of spatial and molecular resolution in elucidating the dynamic interplay between
apoptotic and necroptotic pathways in vivo.

Our second study®?’, uncovered a necroptotic axis regulated by STING, revealing a
previously unrecognized role for this innate immune adaptor in directly driving necroptotic cell
death and demonstrating its contribution to the pathogenesis of STING-associated
vasculopathy with onset in infancy (SAVI). While STING is established as a central mediator
of type | interferon responses via TBK1-IRF3, its involvement in necroptosis was largely
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speculative, as discussed in section 5.1. We show that aberrant STING activation, either in
caspase-8 deficiency or STING gain-of-function, licenses necroptosis by initiating a type |
IFN-dependent transcriptional program that upregulates ZBP1 and MLKL. This pathway
operates independently of TNFR1, distinguishing it from canonical TNF-driven necroptosis.
Specifically, STING activation promotes the formation of a ZBP1-RIPK1-RIPK3 complex that
functions independently of the canonical FADD-RIPK1-RIPK3 necrosome, enabling TNF-
TNFR1-independent necroptotic execution. This alternative complex is already assembled
upon caspase-8 deletion, as observed in Casp8” Mlkl’- and Fadd”- MIkl”- MEFs, and is further
reinforced by STING agonism even in MiIkl”- MEFs. Critically, its formation is strictly STING-
dependent, as co-treatment with the STING antagonist C-178 completely abolishes complex
assembly.

Beyond transcriptional licensing, STING also amplifies TNFR1-mediated necroptosis by
promoting autocrine TNF production via NF-kB, establishing a dual-checkpoint model in
caspase-8-deficient tissues. The first checkpoint is TNFR1/FADD-dependent, while the
second is ZBP1-mediated and TNFR1-independent. Genetic evidence supports STING’s
dual role, as in Casp8£X° mice, co-deletion of STING provides a stronger survival advantage
than deletion of either ZBP1 or TNFR1 alone. This indicates that STING both licenses ZBP1
and sustains TNFR1-driven necroptosis. The role of STING in amplifying TNFR1-mediated
necroptosis is further supported by the fact that, in the skin of Casp8F-X° Sting15-K0 mice at
P5, TNF release is normalized to wild-type levels, similarly to Casp8&-XO Tnfr1/-mice. At the
transcriptional level, STING deletion leads to significant downregulation of NF-kB signature
genes in the skin of Casp8EKO Sting15-KO and even more strikingly, in Casp8&KO Sting1--
mice. Similarly, the lethal dermatitis of Casp8F-X° mice bearing one functional Tnfr1 allele was
significantly prolonged only by homozygous deletion of STING, but not ZBP1, highlighting the
contribution of STING-dependent TNF/NF-kB signalling to necroptotic amplification.
Concordantly, pharmacological inhibition of TNF in DMXAA-treated Casp8/ MEFs using
etanercept significantly, though not completely, ameliorates lethality, further underscoring the
role of STING-mediated TNF/NF-kB signalling in amplifying necroptosis.

Thus, STING acts as both initiator and amplifier of necroptotic signalling, coordinating these
parallel pathways and placing itself at the centre of a dual-checkpoint necroptosis
architecture. This model is further supported by genetic data showing that co-deletion of
Sting1 and Tnfr1 in Casp85X0 mice rescues lethal dermatitis to the same extent as co-
deletion of Zbp1 and Tnfr1 by 14 weeks of age, reinforcing the idea that STING is an
upstream regulator of both ZBP1 expression and ZBP1-driven necroptotic complex formation.
We thus establish a model in which: (i) TNF-TNFR1 acts as the initial necroptosis checkpoint
that must be bypassed to trigger ZBP1-mediated necroptosis; (ii)) ZBP1-driven necroptosis
constitutes a second, independent checkpoint; (iii) STING governs both, since Casp8t-KO
Sting17- mice survive longer and more robustly than Casp85X0 Tnfr1-- and Casp8E-KC Zbp1-
~ mice, implying that STING not only licenses ZBP1 but also contributes to TNF-mediated
inflammation, via NF-kB activation.

Importantly, STING’s contribution extends beyond transcriptional licensing and TNF/TNFR1
regulation. In Casp8”- MEFs treated with the STING agonist DMXAA, cell death occurs with
minimal changes in ZBP1 or MLKL protein levels compared to DMXAA-treated wild-type
MEFs. Analyses in caspase-8/MLKL and FADD/MLKL double-knockout MEFs reveal that
STING promotes RIPK1 and RIPK3 phosphorylation within ZBP1 immunoprecipitates,
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suggesting it facilitates kinase activation within the ZBP1-RIPK1-RIPK3 necroptosis-inducing
complex.

It is also plausible that, because STING additionally regulates TNFR1-induced necroptosis,
inefficient RIPK1 processing within Complex Il due to caspase-8 loss provides additional
RIPK1 substrates for the TNFR1/FADD-independent ZBP1-RIPK1-RIPK3 complex, as seen
in the ZBP1 immunoprecipitates from DMXAA-treated MEFs. However, upon loss of
caspase-8, the TNFR1-induced RIPK1-RIPK3-MLKL necrosome is sufficient to drive
necroptotic death. Indeed, to activate the ZBP1-killing platform, the TNFR1 checkpoint must
be bypassed, as sole deletion of ZBP1 in Casp8E-KO or Faddf-K° mice does not provide any
survival advantage, in contrast to the complete rescue of simultaneous ZBP1 and TNFR1 co-
deletion. Interestingly, the stronger survival advantage STING co-deletion alone provides in
Casp8FK0 mice, consistent with its role in regulating both TNFR1-dependent and ZBP1-
dependent checkpoints, suggests that the difference between TNFR1- and ZBP1-mediated
necroptosis is largely temporal rather than purely qualitative. This is reinforced by the fact
that even partial inhibition of TNF-induced necroptosis, as revealed by STING co-deletion,
may allow sufficient time for ZBP1 to engage its killing platform, explaining why delayed or
diminished TNF signalling can shift cell death toward ZBP1-mediated necroptosis. Therefore,
STING’s regulation occurs both by directly mediating ZBP1 necroptosis and via partial
modulation of TNFR1-induced necroptosis. The temporal aspect of STING’s modulation
allows sufficient time for ZBP1-dependent necroptosis to engage, emphasizing the role of
STING in coordinating the timing and magnitude of necroptotic signalling.

Nevertheless, STING is not the only source of TNF as combined deletion of Sting7 and Tnfr1
is required to prevent lethal dermatitis. Notably, in both Casp8E-KO Tnfr1kO Zbp1KO and
Casp8EKO Tnfr1kO Sting1X° mice, despite the presence of intact RIPK1 and RIPKS3,
necrotposis is prevented, highlighting (i) the central role of ZBP1 in mediating the activation
of RIPK3 within the ZBP1-RIPK1-RIPK3 complex when the TNFR1 checkpoint is
compromised and (ii) the upstream regulatory contributions of the STING-ZBP1 axis and
STING-TNFR1 crosstalk in modulating necroptotic output.

Prior studies indicate that the RIPK1 RHIM domain normally restricts ZBP1 interaction with
RIPK3 to prevent MLKL-driven necroptosis, as seen in the perinatal lethality of Ripk1/ or
Ripk1RHIM/RHIM mice 163,164 Yet this couldn’t sufficiently explain why RIPK1 fails to prevent
ZBP1-RIPK3-driven lethal dermatitis in Casp85-KC Tnfr1”/- or FaddEXO Tnfr17-135136 mice,
particularly given our observation that RIPK1 is phosphorylated at S166 and complexes with
both ZBP1 and RIPK3 upon loss of caspase-8 or FADD to drive necroptosis. Interestingly,
recent work we co-authored demonstrated that when RIPK1 lacks its death domain (DD;
R588E disruptive mutation) and can no longer be recruited to Complex Il, it instead
associates with ZBP1 and RIPKS in an active, S166-phosphorylated state, driving RIPK3-
MLKL-dependent necroptosis??’. By contrast, in wild-type MEFs, stimulation with IFNy results
in the recruitment of both ZBP1 and RIPK3 to Complex Il via RIPK1 in a kinase-dependent
manner, leading only to marginal cell death when caspases are inhibited. These observations
suggest that: (i) the DD-dependent recruitment of RIPK1 in Complex Il may restrict ZBP1-
RIPK3 interactions via caspase-8-mediate RIPK1 cleavage and complex destabilisation
therefore preventing cell death?%’, (ii) the inhibitory function of RIPK1 RHIM domain depends
on RIPK1 recruitment in Complex Il, and therefore TNFR1 or FADD loss renders the RIPK1
RHIM checkpoint redundant, and (iii) in the absence of TNFR1-dependent Complex I
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assembly and RIPK1 processing, RIPK1 might instead promote ZBP1-RIPK3-mediated
necroptosis via RHIM-RHIM interactions??’. However, this proposed model highlights a
mechanistic paradox. In both cases, RIPK1 DD-dependent caspase-8-mediated RIPK1
cleavage in Complex [1°1.92207 and RHIM disruption of RIPK1 is preventing RIPK1 from
binding RIPK3 and ZBP 1163164 yet the outcomes are opposite. Caspase-8 cleavage of RIPK1
restricts ZBP1-RIPK3 interaction and prevents necroptosis?®’, whereas RHIM mutation
liberates RIPK3 and ZBP1 to interact and drive robust necroptosis'®3164. Therefore, further
studies are required to delineate how RIPK1 regulates this alternative, TNFR1/FADD-
independent but ZBP1-dependent necroptotic pathway, potentially employing a double DD
and RHIM RIPK1 mutant. Another alternative explanation would be that RIPK1-dependent
recruitment of RIPK3 and caspase-8-mediated cleavage of RIPK3 contributes to these
outcomes. However, RIPK3 cleavage at D333 has been shown to be redundant for canonical
TNF-induced necroptosis®°4 or viral infection with M45mutRHIM MCMV*®3, which sensitizes
cells to ZBP1-RIPK3-driven necroptosis. Nonetheless, this mechanism should be further
investigated in the context of sterile inflammation too.

The dual checkpoint of necroptosis activation downstream of caspase-8-deficiency extends
beyond keratinocytes to immune and stromal compartments, as evidenced by systemic
inflammation in Casp85X° mice and the extended rescue observed in Casp85KC Tnfr1+
Sting17- mice in which STING was deleted systemically. These mice were entirely protected
from all pathological features and remained viable, healthy, and phenotypically
indistinguishable from both control littermates and Casp8&-X0 Tnfr1+- Zbp17/- by the 141" week
of age. This rescue stands in sharp contrast to the partial and transient protection seen in
Casp8EKO Tnfr1/- Sting1E-KOmice, where STING deletion is restricted to keratinocytes, which
developed delayed yet ultimately fatal dermatitis driven by systemic inflammation and
immune cell infiltration. This pronounced phenotypic divergence underscores a key concept:
while STING activation in keratinocytes is required to initiate ZBP1-mediated necroptosis and
early inflammatory responses, STING expression in non-keratinocyte compartments,
particularly in immune and stromal cells, is also critical for sustaining and amplifying systemic
necro-inflammation. These findings reveal that STING not only facilitates cell-intrinsic ZBP1
transcription in keratinocytes but also orchestrates the broader necroptotic environment that
fuels immune-mediated inflammation. Thus, STING functions both as an initiator and an
amplifier of necroptosis, playing a central, non-redundant role in driving TNFR1-independent,
ZBP1-mediated pathology.

While overactive STING in humans has been linked to mutations that stabilizes STING in an
active state or promote its cGAMP-independent oligomerisation, in our system, STING
overactivation following caspase-8 loss is mediated by cGAS. Interestingly, the cytosolic DNA
that triggers type | interferon responses and necroptosis downstream of cGAS-STING
originates from the nucleus. This finding aligns with previous studies that revealed
necroptosis-independent functions of caspase-8 in preventing chromosomal instability??* and
DNA damage 2'9, both of which can result in the leakage of nuclear DNA into the cytosol. In
contrast, other studies have suggested that executioner caspases restrain interferon
signalling by directly cleaving cGAS, IRF3, and MAVS%Y7. However, based on our data,
caspase-8 appears to regulate cGAS-STING activation not by directly cleaving these
effectors, but rather by preventing loss of genome integrity that lead to nuclear DNA leakage
and subsequent cGAS activation. Notably, in our MEFs, whether caspase-8-proficient,
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caspase-8-deficient, or treated with the pan-caspase inhibitor zZVAD to inhibit caspase
enzymatic activity, we did not observe any STING or IRF3 protein cleavage patterns that
would suggest direct caspase-mediated processing. These findings support the view that
caspase-8 functions primarily to restrain RIPK1-driven canonical necroptosis and, by
activating downstream executioner caspases, participates in apoptotic body formation, rather
than directly regulating IFN responses through cleavage of cytosolic DNA/RNA sensors or
downstream effectors. In this context, previously reported cleavage of such proteins may
reflect nonspecific proteolysis during apoptosis rather than a targeted regulatory mechanism.

In addition to the cGAS-STING axis, the MDA5/RIG-I-MAVS pathway represents another
potent mechanism for cytosolic nucleic acid sensing, particularly in mediating type | IFN
responses upon recognition of viral or cytosolic RNA%28, Although this pathway has previously
been implicated in the context of caspase-8 deficiency'34529.530 our data show that full-body
deletion of MAVS did not provide any survival advantage to Casp8F-X° mice. This suggests
that the MAVS axis is not relevant for driving the type | IFN response or initiating necroptosis
in caspase-8-deficient settings. The previously reported susceptibility of caspase-8-deficient
MEFs to cell death following RNA virus infection®® may be an artifact arising from the
compromised viability of primary Casp8~- cells in culture systems. Similarly, conclusions from
studies using synthetic DNA molecules such as poly(dA:dT) in Casp8” cells'* must be
interpreted with caution, as poly(dA:dT) can additionally to cGAS, activate the AIM2
inflammasome®! and the RIG-I/MAVS axis®®, particularly when reverse-transcribed or
insufficiently processed in the cytosol.

Moreover, mitochondrial membrane permeabilisation can lead to the release of both
mitochondrial DNA (mtDNA) and mitochondrial RNA (mtRNA), with the latter capable of
activating the MDAS5/RIG-I-MAVS pathway®33. However, the fact that MAVS deletion
conferred no survival advantage to Casp8FKC mice indirectly rules out mitochondrial
permeabilisation, and thus a mitochondrial origin, for the cytosolic DNA that activates cGAS
in this context. This conclusion is further reinforced by experiments in which caspase-8-
deficient MEFs were treated with ddC (2',3'-dideoxycytidine; inhibitor of mitochondrial DNA
polymerase y, POLG) or IMT1B (inhibitor of mitochondrial RNA polymerase, POLRMT).
Despite effective depletion of mtDNA (and mtRNA in the case of IMT1B), cytosolic DNA foci
and ISG expression persisted independently of cell death. These findings strongly support
the notion that the DNA activating STING upon caspase-8 loss is of nuclear, rather than
mitochondrial, origin. Consequently, this also argues against a role for STING in solely
mediating intrinsic apoptosis, as previously suggested*°7:534.535 and instead positions STING
as a central driver of necroptosis in this context.

While chromosomal instability and/or DNA damage-induced cytosolic DNA explains the
activation of the cGAS-STING pathway upon loss of caspase-8, the mechanism of ZBP1
activation appears more complex. Loss of caspase-8 leads to the upregulation of both Z-DNA
and Z-RNA species, with Z-RNA being the predominant form, and both having the potential
to activate ZBP1. Early structural and biophysical studies demonstrated that ZBP1 Za
domains are capable of binding Z-DNA in vitro, either under conditions of torsional stress or
by using synthetic DNA sequences prone to adopting the Z-conformation'”%-74, However,
subsequent research has revealed that Z-RNA is the physiologically relevant ligand that
activates ZBP1 in vivo. This has been shown in multiple contexts, including influenza A virus
(IAV) infection'8'204splicing perturbation®3®, and studies of ZBP1-driven liquid-liquid phase
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separation®?’. The functional specificity for Z-RNA is further supported by sterile inflammation
models, where ZBP1 deletion rescues the inflammatory phenotype in ADAR1-deficient mice,
a setting in which endogenous Z-RNA accumulates and drives immune activation?'%538, |n
contrast, ZBP1 deletion fails to rescue disease in TREX1-deficient mice, where inflammation
is driven by endogenous retroelement-induced cytosolic DNA, potentially prone to Z-DNA
formation, but solely dependent on cGAS-STING-mediated sensing?'238.379 Similarly, mice
carrying RHIM-domain mutant RIPK1, or mice with keratinocyte-specific deletion of RIPK1
develop spontaneous ZBP1-dependent necroptosis, in which ZBP1 activation relies on
endogenous retroelement-derived Z-RNA?%*. These findings raise the possibility that, in the
caspase-8-deficient context, Z-RNA species may represent the more physiologically relevant
triggers for ZBP1-mediated necroptosis, particularly given their relative abundance.
Nonetheless, Z-NAs in this setting appear to arise from diverse sources. On one hand, STING
agonism induces Z-NA formation in wild-type MEFs, suggesting that interferon responses
can de-repress endogenous retroelements, as previously reported®3®. However, the Z-NA
signal observed in wild-type MEFs treated with DMXAA is consistently weaker than in
caspase-8-deficient cells, indicating the presence of additional signals unique to caspase-8
loss. These may include Z-DNA generated as a consequence of caspase-8 -deficiency-driven
chromosomal instability and DNA damage, complementing Z-RNA sensing from
retroelements and together enhancing ZBP1 activation and necroptosis induction, potentially
by further promoting the formation of ZBP1 liquid-liquid phase separation condensates®.

While caspase-8 deficiency requires cGAS-dependent sensing of cytosolic DNA to activate
the STING pathway, gain-of-function mutations in human STING lead to spontaneous, cGAS-
cGAMP-independent activation of STING-dependent inflammatory signalling, which
underlies the pathology and clinical manifestations of STING-associated vasculopathy with
onset in infancy (SAVI)*2-444 In SAVI patients, a constitutive and chronic STING-mediated
inflammatory response, particularly within immune cells and endothelial populations, has
been implicated as the primary driver of disease pathology. This inflammation manifests in a
wide range of clinical symptoms, including lung inflammation, scarring, and fibrosis,
increased vascular permeability, occlusion, and rupture leading to tissue ischemia, as well as
necrotic skin ulcers and general immune dysregulation.

Although the inflammatory nature of SAVI is well recognized, the precise modes of cell death
responsible for tissue damage remain poorly defined. Evidence from murine models has
highlighted a central role for T cells in driving lung pathology. For instance, Rag 1~ Sting1N53S
mice, which lack both T and mature B cells, show no histological signs of lung disease, and
TcrB” Sting1N33S  mice, lacking mature T cells, develop only mild pulmonary
involvement*92493_ This T-cell dependency is further supported by the observation of T and
NK cell cytopenia, alongside expansion of inflammatory macrophages and monocytes in
these models*424%, Interestingly, bone marrow transplantation from Sting1V’5™ mice into
irradiated wild-type hosts was sufficient to transfer the myeloid abnormalities, confirming that
hematopoietic immune cells are capable of driving the disease phenotype*°2.

Mechanistically, T cell cytopenia has been linked to defective development and activation,
which appears to be IFN-y-dependent, yet independent of type | and Il interferons#®4495,
Additional studies have implicated STING-induced ER stress as a driver of T cell exhaustion
and death*%. Consistent with these findings, spontaneous cell death of T cells, monocytes,
and endothelial cells has been documented in SAVI patients323442. Additionally, in vitro,

167



STING agonists induce apoptosis in isolated T cells, as evidenced by Annexin V staining and
flow cytometry, though this effect is not observed in other primary cell types such as MEFs,
BMDCs, or BMDMs, raising concerns that the T cell phenotype may reflect context-specific
sensitivity rather than a general mechanism?%’.

To gain further mechanistic insight, we performed transcriptomic analysis in whole blood from
SAVI patients, revealing robust activation of apoptotic, pyroptotic, and necroptotic gene
programs. Interestingly, while upstream initiators of apoptosis and pyroptosis were elevated,
effector molecules, were frequently downregulated, suggesting a negative feedback loop or
suppression of execution phases. We specifically excluded transcriptional priming towards
execution of mitochondrial apoptosis, as CASP3/7 were either downregulated or BCL2,
BCLXL, and MCL1 were upregulated in conjunction with XIAP. Pyroptosis appeared to be
predominantly primed to be executed in Patient 2, whereas the other two patients exhibited
either downregulation of GSDMD (Patient 1) or NINJ1 (Patient 3). Importantly, when the
transcriptional levels of CASPS8 were increased, cFLIP was also upregulated or maintained
at similar levels suggesting the counter-balancing activity of the caspase-8-FLIP heterodimer
in activating extrinsic apoptosis. In contrast, the inhibition of caspase activity by the caspase-
8-cFLIP heterodimer correlated with the consistent overexpression of RIPK3, MLKL and
ZBP1 in all patients. This persistent engagement of necroptosis, together with sustained
caspase-8-cFLIP expression, further points to a state in which necroptosis predominates,
fuelling inflammatory responses and potentially secondarily activating intrinsic apoptosis and
pyroptosis. In addition to this intrinsic regulation, which is consistent with the role of STING
in partly inducing also TNFR1-mediated necroptosis, STING overactivation could further
bypass caspase-8-mediated inhibition through the persistent engagement of the novel,
alternative, caspase-8-independent ZBP1-RIPK1-RIPK3 killing platform, providing an
additional mechanism by which necroptosis is sustained and inflammation amplified.

While previous studies have shown that in vifro JAK inhibitor treatment of SAVI PBMCs
reduces ISG expression®°, our analysis of patient samples after clinical JAK inhibition
(ruxolitinib) revealed no significant downregulation of interferon-stimulated genes, suggesting
that STING can maintain inflammatory signalling independently of JAK/STAT-mediated IFN
response amplification routes. This aligns with murine studies showing that STING directly
drives transcriptional responses even in the absence of IFNAR or IFNGR signalling*®3.541,
Accordingly, neither inflammatory cytokine profiling, encompassing persistently elevated
levels of IL-21, CXCL1, IL-1B, IFN-a, and CD40L, nor transcriptional upregulation of
necroptosis mediators, such as RIPK3, ZBP1 and MLKL were affected by ruxolitinib
treatment, further indicating that these inflammatory and cell-death programs persist despite
JAK inhibition.

Importantly, crossing Sting1N53S mice with Ripk37- mice resulted in a significant rescue of T
cell depletion in the lung, spleen, and thymus, as well as a marked reduction in inflammatory
monocyte populations. These findings, in conjunction with our human data, provide strong
evidence that necroptosis is a major effector mechanism in STING-mediated
immunopathology. Both human transcriptional analyses and mouse histology reveal
significant upregulation of ZBP1, consistent with a role for STING in driving ZBP1-RIPK3-
MLKL-mediated necroptosis, as genetically confirmed in Casp85X° mice. While the formal
validation of ZBP1’s contribution in the Sting7N53S model would require Sting1N'53S Zbp1-
mice, which we are currently generating, these data are not available within the timeframe of
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this thesis. Nevertheless, this limitation does not affect the main conclusion, as both STING-
ZBP1- and TNFR1-driven pathways as shown in the Casp8&-XOmodel ultimately converge on
RIPK3-MLKL-mediated necroptosis. Supporting this conclusion, tissue sections from
Sting1N153S mice showed elevated levels of phosphorylated MLKL at serine 345 (pMLKL-
S345) in both lung and thymus, directly indicating in vivo activation of necroptosis.
Collectively, these data highlight STING-driven necroptotic cell death as a central pathogenic
mechanism in SAVI.

Previous studies have shown that disease in Sting7N53S mice proceeds independently of
type | interferons, IRF3, and IRF74924934% Although IRF3 deficiency does not provide a
survival advantage, it leads to a substantial reduction in interferon-stimulated gene (ISG)
expression?92:493.498 indicating that IRF3 remains functionally important for regulating
interferon responses, even if it is not essential for disease progression. On the other hand,
deletion of TNFR1 and TNFR2 has been shown to partially ameliorate T cell loss in the spleen
and thymus, and almost completely prevents lung pathology by 10 weeks of age*®°.

The clinical significance of these findings becomes evident only when compared with
observations in SAVI patients. While IRF3 loss in mice does not improve survival, JAK/STAT
inhibition with ruxolitinib provides transient symptomatic relief in humans. Conversely,
although TNFR1/2 deletion improves pathology in mice by the 10" week of age, the TNF
blocker etanercept shows no therapeutic benefit in patients*®'. At first glance, these
discrepancies might be interpreted as species-specific differences in disease mechanisms,
complicating translation of preclinical findings. Alternatively, the apparent discrepancy may
reflect the time window of analysis, as longer-term survival analyses in the Tnfr1/Tnfr2 double
knockout model would likely reveal only a delayed onset of pathology, ultimately converging
on similar mortality outcomes. However, our data suggest an alternative interpretation.
Rather than reflecting fundamental species divergence, these results indicate a shared
mechanistic basis in both humans and mice: STING drives necroptosis through parallel IFN-
and TNF/TNFR1-dependent pathways. Consequently, targeting a single axis, whether IFN or
TNF signalling, may yield only partial and transient benefits. By contrast, simultaneous
inhibition of both pathways, or targeting a convergent downstream effector such as RIPKS3,
could achieve more complete and durable disease control in SAVI.

Currently, the standard of care for SAVI patients includes the JAK1/2 inhibitor ruxolitinib, often
combined  with  immunosuppressants  (methotrexate, = mycophenolate = mofetil),
immunomodulators (hydroxychloroquine), or corticosteroids (prednisone,
methylprednisolone). Since etanercept has already been tested clinically, we initially propose
a combination therapy with ruxolitinib and etanercept to simultaneously target both arms
downstream of STING signalling. However, type | IFN responses downstream of STING can
also arise independently of JAK/STAT signalling via IRF3, indicating that direct STING
inhibition could, in principle, offer a more precise therapeutic strategy. Unfortunately, current
STING inhibitors exhibit weak potency, poor pharmacokinetics, and have yet to reach clinical
trials, while genetic heterogeneity of human STING and variable SAVI mutations further
complicate their development®#2.

Our study provides a mechanistically grounded strategy to overcome the limitations of current
therapeutic approaches. We identify RIPK3-driven necroptosis as a convergent downstream
effector of both STING- ZBP1- and TNFR1-mediated necroptotic pathways in SAVI
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pathogenesis. Targeting this shared node offers a single intervention point capable of
simultaneously abrogating the pathogenic consequences of STING hyperactivation,
circumventing the incomplete efficacy of JAK/STAT or TNF blockade and the
pharmacological and genetic limitations of direct STING inhibition. Notably, small-molecule
inhibitors of RIPK1, RIPK3, and MLKL are currently under clinical development for other
autoinflammatory disorders (phase I/1l), highlighting their potential applicability as novel
therapeutic strategies in SAVI (Table 3). Thus, our findings not only elucidate the convergent
necroptotic mechanisms downstream of STING but also establish RIPK3-MLKL necroptosis
as a rational, therapeutically relevant target for durable disease control.

In addition to small-molecule inhibitors, PROTAC (Proteolysis Targeting Chimera) degraders
have recently been developed for RIPK1, MLKL and ZBP1. These bifunctional molecules
induce proteasomal degradation of their targets, potentially providing more complete and
sustained pathway inhibition than conventional inhibitors. While RIPK1-targeting PROTACs
may carry risks due to its scaffolding role in preventing inadvertent necroptosis®*3-545, MLKL-
or ZBP1-targeting PROTACs would avoid the risk of such side effects546-549,

Although PROTAC s are still in early development and therefore not yet ready for clinical use,
combinatorial strategies involving ruxolitinib and etanercept, or particularly RIPK3 inhibitors,
could be immediately explored to achieve more effective and durable disease control in SAVI.
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Inhibitor Target | Current Status Selectivity Disease Models Tested

Necrostatin-1 RIPK1 | Preclinical Mouse- Stroke®?,

(Nec-1) specific neurodegeneration®!, SARS-
CoV-2 and inflammatory
diseases
552

GSK'963 RIPK1 | Preclinical Human & TNF-induced SIRS®3

Mouse
GSK2982772 RIPK1 | Clinical Human RA®4, UC®%® (failed), plaque
(Phase Il) psoriasis®®® (minimal efficacy)
Discontinued
DNL788 RIPK1 | Clinical Human ALS, MS® (failed)
(SAR443820) (Phase I1)
Discontinued

DNL758/ RIPK1 | Clinical Human CLE (phase I, completed,

Eclitasertib (Phase II) unpublished), UC (phase I,

(SAR443122) recruiting), COVID-19 (phase
Ib, trend)®.

GDC-8264 RIPK1 | Clinical Human aGVHD (Phase Ib,

(Phase II) completed, unpublished), AKI,
MAKE (phase ll, recruiting)®*®

R552 RIPK1 | Clinical Human RA (recruiting)

(LY3871801) (Phase lla/llb)

SIR2446 RIPK1 | Clinical Human Phase | completed®®

(Phase I)
SIR1-365 RIPK1 | Clinical Human Severe COVID-19%"
(Phase Ib)
GNE684 RIPK1 | Preclinical Human & Cpdm?562
Mouse
GSK’'074 RIPK1/ | Preclinical Human & AAA5S3
RIPK3 Mouse
GSK‘872 RIPK3 | Preclinical Human & TBI%64, PD%°%, CSE®¢
Mouse
GSK‘840 RIPK3 | Preclinical Human & RNI%7
Mouse
UH15-38 RIPK3 | Preclinical Mouse- IAV518
specific
Zharp-99 RIPK3 | Preclinical Human & TNF-induced SIRS®%®
Mouse

NBCs RIPK3 | Preclinical Mouse- TNF-induced SIRS, TBI%®

specific

LK01003 RIPK3 | Preclinical Human & in vitro®”’

Mouse

Necrosulfonamide | MLKL | Preclinical Human & Parkinson’s disease®",

(NSA) Mouse SCI°72, DSS-induced colitis®’,
ICHS™, TBI®®®, I/R injury57557

MBA-m1 MLKL | Preclinical Mouse AAA, Cpdm?®’

MBA-h1 MLKL | Preclinical Human in vitro®”’

Saracatinib MLKL Preclinical Human & Imiquimod (IMQ)-induced

Mouse psoriasis®’®

Table 3: Small-Molecule Inhibitors of RIPK1, RIPK3, and MLKL. This table summarizes
reported small-molecule inhibitors of RIPK1, RIPK3, and MLKL, including preclinical tool
compounds and clinical candidates. For each inhibitor, the target protein, development
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status, species selectivity, and tested disease models or assays are indicated. The table
highlights compounds used to block necroptosis, and subsequent inflammation, providing a
comprehensive reference for mechanistic and translational studies. SIRS: Systemic
Inflammatory Response Syndrome, RA: rheumatoid arthritis, UC: ulcerative colitis, ALS:
Amyotrophic lateral sclerosis, MS: multiple sclerosis, CLE: cutaneous lupus erythematosus,
aGVHD: acute graft-versus-host disease, AKI: Acute Kidney Injury, MAKE: Major Adverse
Kidney Events, Cpdm: chronic proliferative dermatitis, AAA: abdominal aortic aneurysm, TBI:
traumatic brain injury, PD: Parkinson's disease, CSE: cigarette smoking-induced
emphysema, RNI: retinal neuronal injury, IAV: influenza A virus, SCI: spinal cord injury, ICH:
intracerebral hemorrhage, I/R: ischemia/reperfusion.

Together, these findings establish STING as a central regulator of necroptosis, integrating
signals from cytosolic DNA sensing, type | IFN responses, and inflammatory cytokines to
coordinate both the initiation and amplification of necroptotic cell death. In the context of gain-
of-function STING mutations, cGAS-dependent DNA sensing can be bypassed, resulting in
constitutive necroptotic signalling and chronic inflammation. Importantly, we demonstrate that
necroptosis not only functions as an executioner mechanism but also actively drives systemic
inflammation through secondary cell death and cytokine release, thereby amplifying tissue
damage in chronic inflammatory settings. By combining a novel tool for in situ detection of
necroptosis with detailed mechanistic analyses of the STING-ZBP1-RIPK3-MLKL signalling
axis, our study provides a comprehensive framework to dissect necroptosis in vivo, define its
functional consequences, and explore targeted therapeutic modulation. Collectively, these
advances illuminate the pathogenic role of RIPK3—MLKL—mediated necroptosis in STING-
driven diseases and highlight the necroptotic machinery as a promising therapeutic target in
such autoimmune and autoinflammatory disorders, which are characterized by excessive,
necroptotic cell death.
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