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Mapping where and when necroptotic cell death occurs in

disease
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A series of recent studies have established where the necroptosis machinery — RIPK1, RIPK3, MLKL, ZBP1 and Caspase-8 — occur
and are activated in mouse and human tissues, and how ZBP1 splicing might regulate necroptosis. These studies highlight the
importance of mapping necroptosis spatially to understand how pathway dysregulation can lead to disease.
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Necroptosis is a form of programmed cell death characterized by
the overt loss of membrane integrity, the release of cellular
constituents and the paracrine promotion of inflammation.
Necroptosis was first discovered as a caspase-independent
response to tumor necrosis factor. Today, it is known that a wide
variety of immune and inflammatory stimuli can trigger necrop-
totic cell death (Fig. 1A). These pro-necroptotic signals instigate
the oligomerisation of RIP Homotypic Interacting Motif (RHIM)-
containing proteins. Receptor-Interacting serine/threonine Protein
Kinase 1 (RIPK1), RIPK3, Z-nucleic acid binding protein (ZBP1) and
TIR domain-containing adapter-inducing interferon-p (TRIF) are
the most studied RHIM-containing proteins in mammals (Fig. 1A).
These RHIM-containing scaffolds can then trigger RIPK3 oligomer-
isation and auto-phosphorylation under specific cellular contexts,
such as when Caspase activity is low. Phospho-activated RIPK3
then transphosphorylates Mixed Lineage Kinase domain-Like
(MLKL), which in turn promotes a series of conformational
changes in MLKL that culminate in it disrupting membranes to
cause lytic cell death (Fig. 1A).

To uncover these fundamental steps in the necroptotic cascade,
researchers have heavily relied on measuring phenotypic changes
produced by genetic knock-out/-in strategies (e.g., MIkI™~ mice)
or by small molecule inhibitors (e.g., Nec-1s). Often, these
phenotypic changes are correlated with differences in necroptotic
signaling as measured by western blot. While these collective
approaches allow concrete conclusions to be drawn about the
roles of necroptosis, they provide little insight into the sites of
necroptotic signaling in cells and tissues. Indeed, as with the use
of PD-L1 immunohistochemistry to stratify patients for immune-
checkpoint therapy, spatially-resolved techniques will likely be
needed to guide the translation of necroptosis-targeted therapies.
Accordingly, studies are increasingly using spatial approaches to
study necroptotic signaling [1-17]. To promote these efforts,
Fig. 1B provides a list of studies with detailed chromogenic
immunohistochemical methods to detect necroptotic pathway
expression and activation in tissues. The current inability to detect
human ZBP1, TRIF and pRIPK3 using in situ techniques is
highlighted (Fig. 1B).

Three new studies have expanded the field’s spatial capabilities
[18-20]. Kelepouras et al. optimized an immunohistochemical
method to detect MLKL phosphorylated at serine 345 (pMLKL), a
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widely used marker of necroptotic signaling in mice [19].
Importantly, the specificity of this immunoassay was validated
using two negative controls: 1) Ripk3~'~or MikI~’~ mice, and 2) the
dephosphorylation of MLKL in tissue sections using A phospha-
tase. This immunohistochemical method was used to pinpoint
MLKL activation in two established models of necroptosis: 1)
Casp85*° mice which lack expression of Caspase-8 in keratino-
cytes, and 2) Sharpin“®P™<P™ mice with excess inflammation
owing to dysregulated linear polyubiquitination. In Casp8t*°
mice, necroptosis preferentially occurred in epidermal keratino-
cytes, whereas apoptosis arose in the dermis. In Sharpin<@Pm™/cdem
mice, necroptosis was noted in the spleen, whereas apoptosis was
more prevalent in the skin. It is interesting that necroptosis and
apoptosis affected distinct cell populations in these models, as it
suggests that these subroutines of cell death are under strict
spatial control. Kelepouras et al. also showed that intestinal
apoptosis, rather than necroptosis, arises in mice after systemic
TNF administration. Others have performed similar studies using
immunohistochemistry to detect pRIPK3 and pMLKL [3, 6, 21] and
reached different conclusions about the induction of necroptosis
after systemic TNF challenge. These differing conclusions highlight
the need for further standardization of immunohistochemical
procedures to study necroptosis.

To this end, two new papers have provided automated
immunohistochemistry protocols for the necroptotic pathway:
Chiou et al. [18] and Solon et al. [20]. We profiled the expression of
Caspase-8, RIPK1, RIPK3 and MLKL in human and mouse tissues
[18]. We found that the necroptotic pathway is basally expressed
by immune cells and barrier cells, whereas expression of the
pathway was low or absent in many long-lived populations, such
as post-mitotic neurons in the adult mouse. We also showed that
RIPK3 and MLKL are rapidly and locally upregulated during
immune and inflammatory challenge. Together, these findings
support the idea that necroptosis is an innate anti-pathogen
defensive measure and that the necroptotic pathway is tightly
controlled at the spatial level. As an alternative to detecting
PRIPK3 or pMLKL, we proposed that intracellular accumulations of
the necroptotic pathway—which likely represent the RHIM-
mediated oligomeric structure known as the necrosome—can
be used to pinpoint necroptotic signaling in situ. Finally, we used
automated techniques to identify the sites of necroptotic
signaling in patients with inflammatory bowel disease. Reminis-
cent of the observations of Kelepouras et al, a dichotomy
between apoptosis and necroptosis was noted in patients with
inflammatory bowel disease.

SPRINGER
CDDpress


http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-024-01318-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-024-01318-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-024-01318-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-024-01318-1&domain=pdf
https://doi.org/10.1038/s41418-024-01318-1
https://doi.org/10.1038/s41418-024-01318-1
www.nature.com/cdd

Editorial

834

A

DAMPs, PAMPs, cytokines, extreme environment

P> v

RIPK1  RIPK3 TRIF |—Caspase

T activity

®> Y

P
RIPK3 == MLKL —» membrane disruption & cell death

B [

D

Solon etal., 2024 .
RIPK1|  Chiouetal., 2024 Do:q?f']"‘::;it":lozz‘(‘)m
Newton etal., 2014 9 .
Patel etal., 2019
pRIPK1 Tan etal., 2020 Dominguez et al,, 2021
ZBP1 Solon etal., 2024 None
TRIF None None
Solon etal., 2024
RIPK3 Chiou etal., 2024 Chiou etal., 2024
Newton et al., 2014
Webster et al., 2018
PRIPK3 Li etal., 2022 None
MLKL Chiou etal., 2024 Chiou etal., 2024
Kelepouras etal., 2024
Pefanis etal., 2023 .
pMLKL He etal., 2021 Lietal., 2020
Lietal., 2017

Fig. 1 The necroptosis pathway and its immunohistochemical
detection. A Schematic of the stimuli, RHIM-domain containing
mediators, and terminal effectors that comprise the necroptosis
pathway. B Papers that provide detailed chromogenic immunohis-
tochemical methods to detect the stipulated targets.

An independent study by Solon et al. also used automated
immunohistochemistry to provide an atlas of the necroptotic
pathway in mouse tissues. Specifically, they surveyed the expression
patterns of ZBP1, RIPK1, and RIPK3 protein, together with Mik/
transcript levels, across ~27 mouse tissues [20]. This comprehensive
overview underscores the conclusion that the necroptotic pathway
is constitutively expressed by many immune subsets and by barrier-
forming cells such as the endothelium and intestinal epithelia. Solon
and colleagues then showed that ZBP1 expression, or ZBP17 cell
infiltration, increases in tissues prior to the ZBP1-dependent death
of Casp8~/~Tnfr1™~embryonic mice. This finding points to the
existence of a sterile TNF-independent trigger for ZBP1-mediated
signaling, adding weight to the notion that ZBP1 serves roles
beyond the sensing of pathogen-derived nucleic acids.

Adding complexity to necroptotic signaling is the many
isoforms and proteolytic fragments in the necroptotic pathway
(e.g., UniProt lists 7 isoforms of human ZBP1). Except for caspase-
targeted protocols, current immunostainings ignore the likelihood
of functionally important isoforms and cleavage events. The study
by Koerner et al. brings this issue into sharp focus [22]. They
identified a truncated form of mouse ZBP1, which when expressed
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in cells and tissues triggered both necroptosis and Caspase-8-
dependent apoptosis. Where this truncated ZBP1 isoform localizes
in cells is a fascinating question, especially as it lacks two RHIM
domains. Application of suitable immunostaining protocols to
tissues from mice expressing this truncated ZBP1 isoform may
illuminate whether apoptosis and necroptosis are still spatially
segregated despite a common cell death trigger. The precise
functions of the human ZBP1 isoforms, and how they differ from
those expressed by mice, await illumination as suitable reagents
for spatial monitoring emerge.

While enormous progress has been made, in addition to the
distinct roles of effector isoforms highlighted by Koerner et al. [22],
an important challenge remains that the necroptotic pathways in
mice and humans differ markedly (e.g. the average identity for
the proteins in Fig. 1A is only 60%), necessitating that most of the
immunohistochemistry protocols in Fig. 1B are species-restricted.
The recent advances of Kelepouras et al., Chiou et al., and Solon
and colleagues, as well as those cited in Fig. 1B, highlight the
important knowledge that can be gained by spatially mapping
where necroptosis occurs in diseased tissues. The development of
selective and sensitive immunobhistological antibodies has been
instrumental in enabling detection of necroptotic events in
tissues, which we are optimistic will continue as knowledge of
the pathway in disease advances.
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