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Abstract The immune system functions to protect the host from pathogens. To
counter host defense mechanisms, pathogens have developed unique strategies to
evade detection or restrict host immune responses. Programmed cell death is a major
contributor to the multiple host responses that help to eliminate infected cells for
obligate intracellular pathogens like viruses. Initiation of programmed cell death
pathways during the early stages of viral infections is critical for organismal survival
as it restricts the virus from replicating and serves to drive antiviral inflammation
immune recruitment through the release of damage-associated molecular patterns
(DAMPs) from the dying cell. Necroptosis has been implicated as a critical
programmed cell death pathway in a diverse set of diseases and pathological
conditions including acute viral infections. This cell death pathway occurs when
certain host sensors are triggered leading to the downstream induction of mixed-
lineage kinase domain-like protein (MLKL). MLKL induction leads to cytoplasmic
membrane disruption and subsequent cellular destruction with the release of
DAMPs. As the role of this cell death pathway in human disease becomes apparent,
methods identifying necroptosis patterns and outcomes will need to be further
developed. Here, we discuss advances in our understanding of how viruses coun-
teract necroptosis, methods to quantify the pathway, its effects on viral pathogenesis,
and its impact on cellular signaling.
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Abbreviations

AIM2 Absent in melanoma 2

ATP Adenosine triphosphate

DAMPs Damage-associated molecular patterns
DNA Deoxy-ribose nucleic acid

dsRNA Double-stranded RNA

hpi Hours post-infection

IFN Type I interferon

ISG IFN-stimulated gene

LPS Lipopolysaccharide

MEF Mouse embryo fibroblasts

MLKL Mixed-lineage kinase-like

PAMPs Pathogen-associated molecular patterns
PKR Double-stranded RNA-dependent protein kinase
PRRs Pattern recognition receptors

RHIM RIP homotypic interaction motif

RIPK Receptor-interacting protein kinase
RNase Ribonuclease

serpins Serine protease inhibitors

ssRNA Single-stranded ribonucleic acid

TNF Tumor necrosis factor

TRIF/TICAM-1

TIR domain-containing adaptor inducing interferon-p/TIR

domain-containing adaptor molecule 1

VACV Vaccinia virus

wt Wild type

Za Z-nucleic acid binding domain
ZBP1 Z-nucleic acid binding protein 1
Z-NA Z-form nucleic acid
Introduction

Viruses are obligate intracellular parasites that depend on host cell machinery for
replication. As viruses evolve and increase pathogenicity, infected hosts counter
these changes by developing immune strategies that protect the host. Mammalian
host immune systems, in particular, have evolved defense mechanisms that increase
resistance to infection as well as strategies to recognize viruses and target infected
cells for elimination. In a perpetual arms race, the viral pathogens respond to these
host defense mechanisms by developing gene products that antagonize or allow the
virus to evade detection via the immune system. While the strategies used to subvert
innate immunity are recognized as crucial to ensuring the propagation and transmis-
sion of infections, our full understanding of their role in disease pathogenesis
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remains limited. Part of what researchers have been able to discover is that many
viruses manage to overcome the full impact of a host antiviral state, involving the
interferon (IFN) family and other inflammatory cytokines, by counteracting patho-
gen pattern recognition receptors (PRRs) and downstream signaling cascades
(Pestka et al. 2004; Amarante-Mendes et al. 2018). Without employing these
pathogenic strategies, elements produced from viral infections typically are recog-
nized by PRRs which trigger an inflammatory response causing the upregulation of
inflammatory cytokines along with programmed cell death pathways. Programmed
cell death of infected cells has long been recognized as a highly effective mechanism
to restrict pathogens by eliminating host machinery needed for viral replication and
subsequent spread. The critical process has been exemplified by the abundance of
virus-encoded inhibitors that have been found to suppress programmed cell death
pathways(Mocarski et al. 2015; Jorgensen et al. 2017; Koehler and Jacobs 2021;
Guo et al. 2022a). Here we discuss a specific type of programmed cell death known
as necroptosis.

Necroptosis is part of a subgroup of programmed cell death known as necrosis.
Necrosis was previously believed to be a dysregulated or accidental type of cell
death that results from a toxic insult or physical stressors. Now it has become
recognized to include a multitude of distinct regulated pathways with similar mor-
phologies including necroptosis, pyroptosis, ferroptosis, pyronecrosis, parthanatos,
oxytosis, and NETosis. Of these morphologies, necroptosis is characterized by a
gain in cell volume, swelling of organelles, plasma membrane rupture, and subse-
quent loss of intracellular contents (Berghe et al. 2014; Green and Llambi 2015;
Cotsmire et al. 2021). Unlike apoptosis and pyroptosis, it is independent of caspases
(Vercammen et al. 1998; Holler et al. 2000) and generated from death receptor
activation (TNF superfamily) due to ligand sensing by PPRs along with innate
sensors. Necroptosis has also been implicated to contribute to numerous
non-infectious pathological medical conditions including Alzheimer’s disease,
Parkinson’s disease, age-related macular degeneration, skin autoimmunity/inflam-
mation, tumor invasion to chemotherapeutics during colorectal cancer treatment, and
many more (Bonnet et al. 2011; Moriwaki et al. 2015; Hanus et al. 2015; Bozec et al.
2016; Zhang et al. 2017). Non-infectious diseases and their relationship to
necroptosis have been reviewed at length previously in “Necroptosis in the Patho-
physiology of Disease” (Khoury et al. 2020). Since the pathway is also so critical for
the early control of both DNA and RNA viruses, this work will focus on necroptosis
as it relates to viral pathogens. We will explore the viruses that induce necroptosis,
the strategies viruses employ to disrupt it, and the ways this death pathway has been
studied.
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Necroptosis Pathway and Players

Programmed cell death is a genetically regulated process leading to the death of cells
that was synonymous with apoptosis for some time. However, over the past several
years, an array of alternative programmed cell death pathways have been identified
and established as important regulators of the innate immune response to viral
infections. Through these discoveries, the field of virus-induced, programmed cel-
lular death rapidly evolved along with apoptosis, necroptosis, and pyroptosis,
representing key pathways involved in the innate response to intracellular pathogens.
Out of these pathways, necroptosis is characterized as an inflammatory form of
programmed cell death believed to function as an alternative to extrinsic apoptosis,
observed when caspases are inhibited (Vercammen et al. 1998; Li and Beg 2000;
Holler et al. 2000; Mocarski et al. 2011). Activation of necroptosis leads to a signal
cascade dependent on the receptor-interacting serine/threonine protein kinase
(RIPK)3 and the downstream pseudokinase executer, MLKL (Sun et al. 2002;
Murphy et al. 2013; Rodriguez et al. 2016) (Fig. 2.1). Because necroptosis is a
caspase-independent programmed cell death, it is thought to play a critical role in the
host defense mechanism against viruses that encode anti-apoptotic genes (Mocarski
et al. 2011, 2015; Koehler and Jacobs 2021).

Much of our current understanding of the necroptosis pathway arises from studies
investigating TNF-a signaling in the presence of a caspase inhibitor (de Almagro
et al. 2017). Through these studies, it is now known that binding of a TNF-a
homotrimer with TNF-R1 promotes the formation of a membrane-associated signal-
ing complex termed complex I through scaffolding of TRADD, RIPK1, TRAF2, and
cIAP1/cIAP2 (Li et al. 2012; Chen et al. 2019). Formation of complex I leads to two
distinct outcomes depending on cosigning and other cellular factors. In cellular
conditions that promote the polyubiquitination of RIPK1 via cIAP1/cIAP2 and
LUBAC, complex I drives pro-survival signaling via NFkB and MAP kinase
(O’Donnell et al. 2007; Declercq et al. 2009; Dikic et al. 2009). In contrast, when
RIPK1 undergoes deubiquitination, complex I dissociates from the membrane and
becomes cytoplasmic in order to recruit FADD to form complex II which favors
death signaling (Li et al. 2012). by inducing the dimerization and activation of
caspase 8 causing apoptosis. This activation of caspase 8 not only initiates extrinsic
apoptosis but also precludes necroptosis since it cleaves essential necroptotic medi-
ators including RIPK1, RIPK3, and CYLD (Oberst et al. 2011). However, in
situations where caspase activity is restricted, necroptosis proteins are not
inactivated by caspase 8, but instead, RIPK1 recruits RIPK3 to complex II, thereby
forming the necrosome. This can occur with viral caspase inhibitors like serpin or
chemical inhibitors such as zVAD-fink. This interaction of RIPK1 with RIPK3
drives large amyloid-like complexes via RIP homotypic interaction motifs
(RHIMs) (Li et al. 2012). The combination of blocking caspase 8 activity and the
formation of the necrosome by RIPK1 recruitment of RIPK3 is the molecular switch
that turns cell death from apoptosis to necroptosis. Necrosome formation then results
in the recruitment of MLKL via its interaction with RIPK3 which causes MLKL to
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Fig. 2.1 Necroptosis pathway and the three adaptors. Necroptosis is a form of programmed cell
death that is initiated in response to various stimuli, such as viral infection. The signaling pathway
of necroptosis involves three major adaptor proteins, namely receptor-interacting protein kinase
1 (RIPK1), TIR domain-containing adapter-inducing interferon-p (TRIF), and Z-DNA binding
protein 1 (ZBP1). RIPKI: Various stimuli such as tumor necrosis factor (TNF) binding to TNF
receptor 1 (TNFR1) activate RIPK1. RIPK1 has a death domain that enables it to interact with other
death domain-containing proteins. When caspase-8 is inhibited, RIPKI1 undergoes
autophosphorylation and recruits other proteins to form a complex called the necrosome. TRIF:
The second adaptor protein involved in the necroptosis pathway is TRIF. TRIF is a signaling protein
that plays a role in the immune response to viral infection through the activation of TLR3. When
TRIF is activated by a viral infection, it recruits RIPK1 to form a complex that leads to necroptosis.
ZBP1: The third adaptor protein involved in the necroptosis pathway is ZBP1. ZBP1 is a cytoplas-
mic Z-RNA sensor. When ZBP1 recognizes Z-RNA, it undergoes a conformational change and
recruits RIPK3 to form a complex that leads to necroptosis. Activation of any of these three adaptors
results in the recruitment and activation of RIPK3. Activated RIPK3 then phosphorylates and
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Fig. 2.1 (continued) activates MLKL, which translocates to the plasma membrane, where it
oligomerizes and forms pores, leading to necroptotic cell death

be phosphorylated to its active state by the kinase activity of RIPK3 (Wang et al.
2014a; Rodriguez et al. 2016). Activation of MLKL leads to its oligomerization and
localization to the plasma membrane causing a disruption of the membrane (Murphy
et al. 2013; Dondelinger et al. 2014; Dovey et al. 2018; Samson et al. 2020). While
the precise mechanism of this disruption is not fully understood, current evidence
suggests that it may involve one of two mechanisms. These mechanisms involve
either the activation of cation channels causing an alteration of cellular osmotic
pressures leading to a membrane disruption or MLKL pore formation causing a
direct breakdown of the membrane. Regardless of the mechanism, subsequent
rupturing of the membrane then results in the release of intracellular DAMPs that
drive local inflammatory processes.

While the cytokine-driven pathway in which RIPK1 activates RIPK3 has been
fundamental to defining the general necroptosis pathway (Sun et al. 2002, 2012;
Polykratis et al. 2014; Moriwaki et al. 2015; de Almagro et al. 2017), two other
proteins are known to activate RIPK3 through RHIM domain interactions to cause
necroptotic cell death. TICAMI1, also known as TRIF, is one of these proteins that
activate RIPK3 after undergoing interactions with TLR3 or TLR4 (Kaiser et al.
2008, 2013; He et al. 2011). These toll-like receptors initiate the process after being
activated through receptor—ligand interactions. TLR3 is activated by dSRNA known
to be present in many viral replication processes, while TLR4 recognizes LPS which
is a common gram-negative bacterial virulence factor. The other RHIM domain-
containing protein that can activate RIPK3 is ZBP1, formerly called DAI and
DLMI. ZBP1 triggers necroptotic cell death after sensing Z-form nucleic acids
(Z-NA) released during viral infections (Zhang et al. 2020; Koehler et al. 2021).

Overall, RIPK3 can be activated to initiate necroptotic cell death through RHIM
domain interactions with RIPK1, TRIF, or ZBP1. Regardless of the trigger, activa-
tion of RIPK3 and subsequent MLKL phosphorylation lead to a rupturing of the
plasma membrane and release of pro-inflammatory DAMPs which drives a local
inflammatory response.

Necroptosis Inhibitors

Many necroptotic inhibitors have been developed over the past several years that
target different components of the cell death pathway including RIPK1, RIPK3, and
MLKL (Fig. 2.2). Notably, RIPKI inhibitors include necrostatin (Nec)-1 and
GSK?2982772. Nec-1 is a tryptophan-based inhibitor that works by stabilizing
RIPK1 into its inactive form (Degterev et al. 2013). RIPK1 inhibitors: the most
studied and well-characterized RIPK1 inhibitors are kinase inhibitors that bind to the
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Fig. 2.2 The chemical inhibitors of necroptosis and their targets. The necroptosis signaling
pathway involves a series of protein—protein interactions and post-translational modifications that
ultimately lead to the activation of the executioner protein, MLKL, and subsequent cell death. The
signaling pathway of necroptosis involves three major adaptor proteins, namely RIPK1, TRIF, and
ZBP1. Chemical inhibitors can target specific upstream adaptors of RIPK3, RIPK3, or the down-
stream executer MLKL. This figure summarizes the chemical inhibitors and their specific targets

ATP-binding pocket of the kinase domain and block its activity. GSK’963, for
example, has been shown to inhibit RIPK1 kinase activity and prevent the formation
of the necrosome complex, which is composed of RIPK1, RIPK3, and MLKL
(Berger et al. 2015). Other RIPKI1 inhibitors, such as Nec-1s and Nec-1h, have
been shown to stabilize RIPK1 in a non-phosphorylated state, thereby preventing its
recruitment to the necrosome (Degterev et al. 2013; Cao and Mu 2021). A derivative
of Nec-1, Nec-1s, has also been developed and shows increased specificity for
RIPK1 binding along with better stabilization of RIPK1 into its inactive conforma-
tion compared to Nec-1. While both of these compounds have been utilized to study
a multitude of disease processes, poor pharmacokinetic properties have made their
potential limited.

RIPK3 inhibitors include dabrafenib and other small-molecule inhibitors
(Martens et al. 2020). Dabrafenib has been traditionally used in the treatment of
melanoma where it acts as a B-RAF inhibitor (Rheault et al. 2013). Recently though,
it has also been found to compete for an ATP-binding site on RIPK3, thereby
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inhibiting RIPK3’s kinase capability (Li et al. 2014). This compound has been
implemented in studies using human hepatocytes where it has shown promise in
reducing acetaminophen-induced necrosis. GSK’840, GSK’843, and GSK’872 are
also effective RIPK3 inhibitors but have been found to cause a dose-dependent
induction of apoptosis when administered alone which has made their use limited
(Mandal et al. 2014). Compounds that inhibit both RIPK1 and RIPK3 have been
studied as well. The FDA-approved chemotherapeutic drugs pazopanib and
ponatinib inhibit both of these components of the necroptotic pathway but are
unlikely to have broad implications due to their associated cardiotoxicity.
GSK’074 is another dual inhibitor recently developed that has shown promise in
inhibiting necroptosis while potentially being less cardiotoxic based on early mouse
models (Zhou et al. 2019; Chen et al. 2022).

MLKL is a critical downstream effector of necroptosis, a programmed form of
cell death that is implicated in various pathological conditions (Murphy 2020).
MLKL oligomerizes and translocates to the plasma membrane, where it forms
pores that disrupt cellular membranes and lead to cell death. Chemical inhibitors
of MLKL have been developed as potential therapies for necroptosis-related dis-
eases. One such inhibitor necrosulfonamide has been shown to bind to a different site
on MLKL and block its translocation to the plasma membrane, preventing the
execution of necroptosis (Dondelinger et al. 2014; Su et al. 2014). These MLKL
inhibitors have demonstrated efficacy in various disease models, including myocar-
dial infarction, ischemic stroke, and acute pancreatitis, suggesting their potential as
novel therapies for necroptosis-related disorders (Dondelinger et al. 2014; Zhang
etal. 2017, 2022). However, further research is needed to optimize their efficacy and
safety in humans. Another MLKL inhibitor that has shown promise as a potential
therapeutic agent is NSA (necrosulfonamide-o), which is a derivative of
necrosulfonamide. NSA binds specifically to the MLKL protein and inhibits its
oligomerization and translocation to the plasma membrane, thereby preventing
necroptosis. In addition to its potent anti-necroptotic activity, NSA has also been
shown to have anti-inflammatory effects in various disease models, including colitis
and sepsis (Jiao et al. 2020). These findings suggest that NSA could be a promising
therapeutic agent for necroptosis-related disorders with an added anti-inflammatory
benefit. Further preclinical studies and clinical trials will be needed to assess the
efficacy and safety of NSA in humans.

In summary, many necroptotic inhibitors have been developed that target a
variety of critical components of the cell death pathway. The complexity of signaling
involved in necroptosis has contributed to the pros and cons associated with each
inhibitor choice currently available. Challenges include unwanted signaling overlap
with the apoptotic death pathway, a lack of target specificity, and unwanted tissue
toxicity. While these challenges do represent hurdles in working to develop
necroptosis-based therapeutics, current progress suggests that continued research
into this intricate cell death pathway could yield significant insights into treating a
multitude of disease processes in the future.
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In Vitro Necroptosis in Cultured Cells

Necroptotic death was very difficult to identify and study for several years since only
a few specific cell lines actually had the necessary machinery to elicit necroptosis as
aresult of epigenetic regulation (Koo et al. 2015). Of these necroptotic-capable cells,
the L.929 and SVEC4-10 lines have been utilized the most due to ease of use and
long-established protocols. HT29 cells are used frequently as well but need to have
ZBP1 artificially expressed due to the limited presence of the protein in the line.
Other necroptotic-capable lines include 3T3-SA, BMDM, HMEC-1, IMR-90, J2,
MDM, MEF, U937, and THP-1 cells. Of these, the THP-1 line has been found to
have variable necroptotic expression, based on differentiation status. Other lines that
do not have the necessary necroptotic machinery have been adapted to have
necroptotic capabilities through either transduction or ectopic expression of missing
components. These lines include NIH3T3, HEK293T, HF, and HT29 cells. A full list
of cell lines utilized to study necroptotic death can be found in Table 2.1. This is not
an exclusive list as not all cells have been evaluated. However, prior to initiating
studies, there should be a careful evaluation of a culture systems ability to undergo
necroptosis and the suitability for the specific virus.

In Vivo Models of Necroptosis

Concerns over the complicated delivery of chemical necroptotic inhibitors with
potential off-target effects have led to the development of a multitude of genetically
modified in vivo models to study the cell death pathway. Many of these genetically
modified models have worked to alter necroptotic steps involved in the RIPK1-
RIPK3-MLKL and ZBP1-RIPK3-MLKL pathways. A list of necroptosis-deficient
mice and the genetic targets utilized to study the role of necroptotic death in viral
pathogenesis can be found in Table 2.2.

The RIPKI™"~ mice generated have not been able to be implemented in studying
necroptosis since they demonstrate perinatal lethality due to apoptosis and RIPK1-
independent necroptosis (Berger et al. 2014; Polykratis et al. 2014). As such, RIPK1
knock-in models have been developed in which the native RIPK1 gene is replaced
with a genetically modified version that alters the kinase capabilities of RIPK1
making it catalytically inactive. Ripk1¥*** and Ripk1P"?*NP13N are two of these
catalytically inactive RIPK1 knock-in models that produce viable mice while
inhibiting RIPK1-dependent necroptosis (Berger et al. 2014; Polykratis et al.
2014). This suggests that the kinase activity of RIPK1 is needed for a necroptotic
response, but not necessary for embryonic development. A RIPK1 scaffold mech-
anism has been proposed which suggests that RIPK1 prevents ZBP1-induced
necroptotic death. It is interesting to also note that RIPK1 knockout mice can be
rescued when crossed with RIPK3/Caspase-8 double knockout mice or ZBPI1™~
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Table 2.1 Genetic summary of mice used in the studies of virus-induced necroptosis

Protein

Function

Mice

Description

Sources

RIPK1

RIPKI recruits and
activates RIPK3
Potential dual role in
apoptosis and
necroptosis

RIPK17~

* Not typically used due to
perinatal lethality

* Lethality can be rescued
when crossed with Caspase-
8 knockout

https://doi.org/
10.1073/pnas.
1401857111
https://doi.org/
10.1016/j.cell.
2020.02.050
(IAV)

RIPK %454
K45A

* Catalytically inactive.
Knock-in inactivates kinase
activity but retains activity
for development

https://doi.org/
10.1073/pnas.
1401857111
https://doi.org/
10.1007/
s00430-015-
0410-5
(HSV1)
https://doi.org/
10.1126/
sciimmunol.
aag2045

(IAV)

RIPKIDISSN/
DI38N

* Catalytically inactive.
Knock-in inactivates kinase
activity but retains activity
for development

https://doi.org/
10.4049/
jimmunol.
1400590

RIPK3

Interacts with
RIPK1 via RHIM
domain
Phosphorylates
MLKL

RIPK3 ™7~

Allows examination of
RIPK3 mediated cell death

https://doi.org/
10.1016/j.cell.
2009.05.037
https://doi.org/
10.4049/
jimmunol.
1400590
(VACV)
https://doi.org/
10.1073/pnas.
1700999114
(VACV)
https://doi.org/
10.1073/pnas.
1412767111
(HSV1)
https://doi.org/
10.1007/
s00430-015-
0410-5
(HSV1)
https://doi.org/
10.1038/
s41419-018-
0868-3
(HSV1)

(continued)


https://doi.org/10.1073/pnas.1401857111
https://doi.org/10.1073/pnas.1401857111
https://doi.org/10.1073/pnas.1401857111
https://doi.org/10.1016/j.cell.2020.02.050
https://doi.org/10.1016/j.cell.2020.02.050
https://doi.org/10.1016/j.cell.2020.02.050
https://doi.org/10.1073/pnas.1401857111
https://doi.org/10.1073/pnas.1401857111
https://doi.org/10.1073/pnas.1401857111
https://doi.org/10.1007/s00430-015-0410-5
https://doi.org/10.1007/s00430-015-0410-5
https://doi.org/10.1007/s00430-015-0410-5
https://doi.org/10.1007/s00430-015-0410-5
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.4049/jimmunol.1400590
https://doi.org/10.4049/jimmunol.1400590
https://doi.org/10.4049/jimmunol.1400590
https://doi.org/10.4049/jimmunol.1400590
https://doi.org/10.1016/j.cell.2009.05.037
https://doi.org/10.1016/j.cell.2009.05.037
https://doi.org/10.1016/j.cell.2009.05.037
https://doi.org/10.4049/jimmunol.1400590
https://doi.org/10.4049/jimmunol.1400590
https://doi.org/10.4049/jimmunol.1400590
https://doi.org/10.4049/jimmunol.1400590
https://doi.org/10.1073/pnas.1700999114
https://doi.org/10.1073/pnas.1700999114
https://doi.org/10.1073/pnas.1700999114
https://doi.org/10.1073/pnas.1412767111
https://doi.org/10.1073/pnas.1412767111
https://doi.org/10.1073/pnas.1412767111
https://doi.org/10.1007/s00430-015-0410-5
https://doi.org/10.1007/s00430-015-0410-5
https://doi.org/10.1007/s00430-015-0410-5
https://doi.org/10.1007/s00430-015-0410-5
https://doi.org/10.1038/s41419-018-0868-3
https://doi.org/10.1038/s41419-018-0868-3
https://doi.org/10.1038/s41419-018-0868-3
https://doi.org/10.1038/s41419-018-0868-3
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Protein

Function

Mice

Description

Sources

RIPK3%14/
K51A

RIPK3AR/AR

https://doi.org/
10.1016/.
chom.2012.
01.016
(MCMV)
https://doi.org/
10.1126/
sciimmunol.
aag2045

(IAV)
https://doi.org/
10.1016/j.cell.
2020.02.050
(IAV)

https://doi.org/

10.1007/
$00430-015-
0410-5
(HSV1)

https://doi.org/

10.1101/gad.
223321.113
https://doi.org/
10.1016/.
immuni.2020.
11.020

ZBP1

Recognizes Z-form
nucleic acid, acti-
vates RIPK3 via
RHIM interaction

ZBP17~

Used to study necroptotic
death triggered by Z-form
nucleic acid

https://doi.org/
10.1073/pnas.
1700999114
(VACV)
https://doi.org/
10.1038/
s41419-018-
0868-3
(HSV1)
https://doi.org/
10.1016/.
chom.2012.
01.016
(MCMV)
https://doi.org/
10.1126/
sciimmunol.
aag2045

(IAV)
https://doi.org/
10.1016/j.cell.
2020.02.050
(IAV)

(continued)


https://doi.org/10.1016/j.chom.2012.01.016
https://doi.org/10.1016/j.chom.2012.01.016
https://doi.org/10.1016/j.chom.2012.01.016
https://doi.org/10.1016/j.chom.2012.01.016
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1016/j.cell.2020.02.050
https://doi.org/10.1016/j.cell.2020.02.050
https://doi.org/10.1016/j.cell.2020.02.050
https://doi.org/10.1007/s00430-015-0410-5
https://doi.org/10.1007/s00430-015-0410-5
https://doi.org/10.1007/s00430-015-0410-5
https://doi.org/10.1007/s00430-015-0410-5
https://doi.org/10.1101/gad.223321.113
https://doi.org/10.1101/gad.223321.113
https://doi.org/10.1101/gad.223321.113
https://doi.org/10.1016/j.immuni.2020.11.020
https://doi.org/10.1016/j.immuni.2020.11.020
https://doi.org/10.1016/j.immuni.2020.11.020
https://doi.org/10.1016/j.immuni.2020.11.020
https://doi.org/10.1073/pnas.1700999114
https://doi.org/10.1073/pnas.1700999114
https://doi.org/10.1073/pnas.1700999114
https://doi.org/10.1038/s41419-018-0868-3
https://doi.org/10.1038/s41419-018-0868-3
https://doi.org/10.1038/s41419-018-0868-3
https://doi.org/10.1038/s41419-018-0868-3
https://doi.org/10.1016/j.chom.2012.01.016
https://doi.org/10.1016/j.chom.2012.01.016
https://doi.org/10.1016/j.chom.2012.01.016
https://doi.org/10.1016/j.chom.2012.01.016
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1016/j.cell.2020.02.050
https://doi.org/10.1016/j.cell.2020.02.050
https://doi.org/10.1016/j.cell.2020.02.050
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Table 2.1 (continued)

Protein Function Mice Description Sources

MLKL Activated by RIPK3 | MLKL™"" Used to study impact of https://doi.org/
Oligomerizes and necroptotic death 10.1016/.
translocates to immuni.2013.
membrane for pore 06.018 (ori-
formation gin)
Executioner of https://doi.org/
necroptosis 10.1038/
s41419-018-
0868-3
(HSV1)
https://doi.org/
10.1084/jem.
20191259
(IAV)
https://doi.org/
10.1126/
sciimmunol.
aag2045

(IAV)
https://doi.org/
10.1016/j.cell.
2020.02.050
(IAV)

Caspase8 | Activates apoptosis, | Casp8P? Knock in point mutant of https://doi.org/
inhibits necroptosis caspase 8 10.1084/jem.
20191259
(IAV)
https://doi.org/
10.1016/j.cell.
2020C.02.050
(TAV)
https://doi.org/
10.1126/
sciimmunol.
aag2045
(IAV)

This table is a summary of small animal models used in the studies of virus-induced necroptosis to
investigate the role necroptosis play in viral pathogenesis. Column one designated the gene/protein
target. The column provides a brief functional role of the protein. Column 3 describes the specific
genetic mutation and designated identification of the mutation. Column 4 describes the specific
function and general rationale for mutation use. The column provided the link to the reference and
viruses used in each study

mice which suggests RIPK1’s dual role in both apoptotic and necroptotic pathways.
Domain-specific ZBP1 mutants have been developed but have not been applied to
viral research, but would likely give significant insights to advance our understand-
ing of virus-induced necroptosis in vivo.


https://doi.org/10.1016/j.immuni.2013.06.018
https://doi.org/10.1016/j.immuni.2013.06.018
https://doi.org/10.1016/j.immuni.2013.06.018
https://doi.org/10.1016/j.immuni.2013.06.018
https://doi.org/10.1038/s41419-018-0868-3
https://doi.org/10.1038/s41419-018-0868-3
https://doi.org/10.1038/s41419-018-0868-3
https://doi.org/10.1038/s41419-018-0868-3
https://doi.org/10.1084/jem.20191259
https://doi.org/10.1084/jem.20191259
https://doi.org/10.1084/jem.20191259
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1016/j.cell.2020.02.050
https://doi.org/10.1016/j.cell.2020.02.050
https://doi.org/10.1016/j.cell.2020.02.050
https://doi.org/10.1084/jem.20191259
https://doi.org/10.1084/jem.20191259
https://doi.org/10.1084/jem.20191259
https://doi.org/10.1016/j.cell.2020C.02.050
https://doi.org/10.1016/j.cell.2020C.02.050
https://doi.org/10.1016/j.cell.2020C.02.050
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1126/sciimmunol.aag2045
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While these animal models are useful in studying RIPK1-induced necroptosis,
they are not able to prevent all forms of necroptosis such as those involved in
RIPK3 activation via TRIP or ZBP1. Consequently, catalytically inactive RIPK3
knock-in mice have also been developed (Newton et al. 2014). While these lines
can prevent necroptotic death, they are subject to death by RIPK3-mediated
apoptosis, evident in influenza A viral and HSV models (Nogusa et al. 2016b;
Kuriakose et al. 2016; Guo et al. 2022b). This suggests that RIPK3 also has a dual
role in both apoptotic and necroptotic pathways. The dual necroptotic and apopto-
tic roles both RIPK1 and RIPK3 play help to represent the complexity of these
regulators involved with multiple immunologic responses. Due to this complexity,
MLKL-knockout mice have also been produced and are currently the best option
for studying the impact of necroptotic cell death in various diseases (Wu et al.
2013; Moerke et al. 2019; Tovey Crutchfield et al. 2021; Cao et al. 2022). This is
evident in studies showing intact pro-inflammatory cytokine, NF-kB, and MAPK
signaling post-LPS or TNF treatment in MLKL '~ mouse models immune to
necroptotic death (Wu et al. 2013).

Other in vivo models have looked at TLR-induced necroptosis through 7LR3
mice or Z-NA-induced necroptosis through ZBPI~~ mice. In TLR3”" mice, TLR3
ligand sensing of dsSRNA cannot occur to activate TRIF (Chen et al. 2021; Kaiser
etal. 2013). Research utilizing this model has shown that TLR3™~ mice infected with
various viruses show greater viral loads and disease progression compared to
controls (Vercammen et al. 2008; Zhang et al. 2013; Perales-Linares and Navas-
Martin 2013). This is interesting since no viral infection has been able to produce
TLR3-dependent necroptosis in vitro with the pathway only being studied with
synthetic RNAs designed to mimic viral nucleic acids (Kaiser et al. 2013). Future
research will need to delve into whether or not certain viruses actually utilize this
pathway to stimulate necroptotic death in vitro. ZBPI™~ mice on the other hand have
been able to produce evidence of necroptotic cell death when infected with various
viruses that correlates with in vitro studies (Thapa et al. 2016; Koehler et al. 2017,
Upton et al. 2019). In these mice, ZBP1 cannot sense Z-NA released during viral
infections to stimulate necroptotic death. Since many viruses have developed inhib-
itors to counteract necroptotic cell death, work utilizing this model will be interesting
to follow as it could lead to the development of novel therapeutics designed to treat a
variety of viral infections.

—/

Cellular Patterns and Methods to Evaluate Necroptosis

Since cell death pathways are complex in nature and share a multitude of compo-
nents with one another, distinctly identifying necroptotic processes from other cell
death pathways has been challenging. Therefore, it comes as no surprise that
necroptosis identification tends to require a multifaceted approach that assesses
many different interactions within the pathway. Additionally, in the setting of viral
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Cells

Use

Origin

Sources

3T3

Used for transduction
studies

Mouse NIH/Swiss
embryo fibroblast.
NIH3T3 ATCC number
CRL-1658

3T3-SA ATCC CCL92

https://doi.org/10.1007/
s00430-015-0410-5
(HSV1)
https://doi.org/10.3390/
v13112134 (HCMV)
https://doi.org/10.1074/
jbc.M115.646042
(HCMYV)
https://doi.org/10.1016/j.
chom.2010.03.006
(MCMV)
https://doi.org/10.1074/
jbc.C800051200
(MCMV)
https://doi.org/10.15252/
embr.201743947
(MCMV)
https://doi.org/10.1016/j.
chom.2012.01.016
(MCMV)

A549

In vitro studies for viruses
that impact lung tissue

Human airway epithe-
lium cell line
ATCC CCL-185

https://doi.org/10.1016/j.
cell.2020.02.050 (IAV)

BMDM

Cell death assessment

Bone marrow-derived
macrophages

https://doi.org/10.1101/
2022.04.20.488871
(IAV) TLR2 ™ and
TLR4™~
https://doi.org/10.1126/
sciimmunol.aag2045
(IAV) (ZBP1 ™)

HEK293T

Used for ectopic or lentivi-

rus transduction to recon-
stitute necroptosis
machinery

ATCC
Invitrogen Cat# R70007

https://doi.org/10.1016/j.
immuni.2020.11.020
(CPXV)
https://doi.org/10.1073/
pnas.1700999114
(VACV)
https://doi.org/10.1074/
jbc.M115.646042
(HCMV)
https://doi.org/10.1016/j.
chom.2010.03.006
(MCMV)
https://doi.org/10.1074/
jbc.C800051200
(MCMV)
https://doi.org/10.1016/j.
chom.2016.09.014 (IAV)

(continued)


https://doi.org/10.1007/s00430-015-0410-5
https://doi.org/10.1007/s00430-015-0410-5
https://doi.org/10.3390/v13112134
https://doi.org/10.3390/v13112134
https://doi.org/10.1074/jbc.M115.646042
https://doi.org/10.1074/jbc.M115.646042
https://doi.org/10.1016/j.chom.2010.03.006
https://doi.org/10.1016/j.chom.2010.03.006
https://doi.org/10.1074/jbc.C800051200
https://doi.org/10.1074/jbc.C800051200
https://doi.org/10.15252/embr.201743947
https://doi.org/10.15252/embr.201743947
https://doi.org/10.1016/j.chom.2012.01.016
https://doi.org/10.1016/j.chom.2012.01.016
https://doi.org/10.1016/j.cell.2020.02.050
https://doi.org/10.1016/j.cell.2020.02.050
https://doi.org/10.1101/2022.04.20.488871
https://doi.org/10.1101/2022.04.20.488871
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1016/j.immuni.2020.11.020
https://doi.org/10.1016/j.immuni.2020.11.020
https://doi.org/10.1073/pnas.1700999114
https://doi.org/10.1073/pnas.1700999114
https://doi.org/10.1074/jbc.M115.646042
https://doi.org/10.1074/jbc.M115.646042
https://doi.org/10.1016/j.chom.2010.03.006
https://doi.org/10.1016/j.chom.2010.03.006
https://doi.org/10.1074/jbc.C800051200
https://doi.org/10.1074/jbc.C800051200
https://doi.org/10.1016/j.chom.2016.09.014
https://doi.org/10.1016/j.chom.2016.09.014
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Cells

Use

Origin

Sources

HFFFs-
TERT

TERT-immortalized pri-
mary human fetal fore-
skin fibroblasts

https://doi.org/10.1073/
pnas.2001887117
(HCMV)

HF and
ihf-eil.3

Lentivirus transduction

Newborn foreskin
fibroblasts

https://doi.org/10.1074/
jbc.M115.646042
(HCMV)

HMEC-1

Cell death signaling
assessment

Human microvascular
endothelial cells

https://doi.org/10.1074/
jbc.M115.646042
(HCMV)

HT29

Necroptosis inducible cells

Epithelial colorectal
adenocarcinoma cell line
ATCC Cat# HTB-38

https://doi.org/10.1016/j.
celrep.2019.08.055 (Pox-
viruses)
https://doi.org/10.1016/j.
chom.2015.01.003
(HSV1) EV, ICP6
https://doi.org/10.1074/
jbc.RA118.004651
(HSV1)
https://doi.org/10.3390/
v13112134 (HCMV)
https://doi.org/10.1074/
jbc.M115.646042
(HCMYV)
https://doi.org/10.15252/
embr.201743947
(MCMV)
https://doi.org/10.1016/j.
cell.2020.02.050 (IAV)

IMR-90

Cell death assessment

Human fetal fibroblasts

https://doi.org/10.1074/
jbc.M115.646042
(HCMV)

12

Cell death signaling
assessment

Murine J2 virus
transformed
macrophages

https://doi.org/10.1016/j.
immuni.2020.11.020
(CPXV)

Jurkat

Used to study cell signaling
events

Human T lymphocyte
cell line

https://doi.org/10.1016/j.
cell.2009.05.037
(VACV)
https://doi.org/10.1074/
jbc.M305633200
(VACV)

L929

Necroptosis inducible cells

Mouse-derived connec-
tive tissue cell line
ATCC Cat# CCL-1

https://doi.org/10.1016/j.
cell.2009.05.037
(VACYV)
https://doi.org/10.1073/
pnas.1700999114
(VACV)
https://doi.org/10.1016/j.
immuni.2020.11.020
(CPXV)

(continued)


https://doi.org/10.1073/pnas.2001887117
https://doi.org/10.1073/pnas.2001887117
https://doi.org/10.1074/jbc.M115.646042
https://doi.org/10.1074/jbc.M115.646042
https://doi.org/10.1074/jbc.M115.646042
https://doi.org/10.1074/jbc.M115.646042
https://doi.org/10.1016/j.celrep.2019.08.055
https://doi.org/10.1016/j.celrep.2019.08.055
https://doi.org/10.1016/j.chom.2015.01.003
https://doi.org/10.1016/j.chom.2015.01.003
https://doi.org/10.1074/jbc.RA118.004651
https://doi.org/10.1074/jbc.RA118.004651
https://doi.org/10.3390/v13112134
https://doi.org/10.3390/v13112134
https://doi.org/10.1074/jbc.M115.646042
https://doi.org/10.1074/jbc.M115.646042
https://doi.org/10.15252/embr.201743947
https://doi.org/10.15252/embr.201743947
https://doi.org/10.1016/j.cell.2020.02.050
https://doi.org/10.1016/j.cell.2020.02.050
https://doi.org/10.1074/jbc.M115.646042
https://doi.org/10.1074/jbc.M115.646042
https://doi.org/10.1016/j.immuni.2020.11.020
https://doi.org/10.1016/j.immuni.2020.11.020
https://doi.org/10.1016/j.cell.2009.05.037
https://doi.org/10.1016/j.cell.2009.05.037
https://doi.org/10.1074/jbc.M305633200
https://doi.org/10.1074/jbc.M305633200
https://doi.org/10.1016/j.cell.2009.05.037
https://doi.org/10.1016/j.cell.2009.05.037
https://doi.org/10.1073/pnas.1700999114
https://doi.org/10.1073/pnas.1700999114
https://doi.org/10.1016/j.immuni.2020.11.020
https://doi.org/10.1016/j.immuni.2020.11.020
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Cells

Use

Origin

Sources

https://doi.org/10.1016/j.
chom.2010.03.006
(MCMV)

LET1
AEC

In vitro studies for viruses
that impact lung tissue

Mouse airway epithelial
cell line

https://doi.org/10.1016/j.
chom.2016.09.014 (IAV)
https://doi.org/10.1016/j.
cell.2020.02.050 (IAV)

MDF

Transduction and cell
death signaling assessment

Mouse dermal
fibroblasts

https://doi.org/10.1016/j.
celrep.2019.08.055
(poxviruses)

MDM

Cell death analysis

Human monocyte-
derived macrophages

https://doi.org/10.1101/
2022.04.20.488871
(IAV)

MEF

Cell death analysis

Mouse embryonic
fibroblasts

https://doi.org/10.1016/j.
immuni.2020.11.020
(CPXV)
https://doi.org/10.1016/j.
chom.2021.05.009
(VACYV) (Pkr deficient)
https://doi.org/10.4049/
jimmunol.1400590
(VACYV)
https://doi.org/10.1038/
s41419-018-0868-3
(HSV1)
https://doi.org/10.1073/
pnas.2001887117
(HCMV)
https://doi.org/10.1016/j.
chom.2010.03.006
(MCMV)
https://doi.org/10.1016/j.
chom.2012.01.016
(MCMV)

ZBP1 "~
https://doi.org/10.1084/
jem.20191259 (JAV)
MLKL™"
https://doi.org/10.1016/j.
chom.2016.09.014 (JAV)
https://doi.org/10.1016/j.
cell.2020.02.050 (IAV)

SVEC4-
10

Necroptosis inducible cells

Mouse endothelial cell
line
ATCC Cat# CRL-2181

https://doi.org/10.1016/j.
chom.2021.05.009
(VACV) (ZBP1 deficient
and WT
https://doi.org/10.1038/
s41419-018-0868-3
(HSV1) (ZBP1 KO)

(continued)


https://doi.org/10.1016/j.chom.2010.03.006
https://doi.org/10.1016/j.chom.2010.03.006
https://doi.org/10.1016/j.chom.2016.09.014
https://doi.org/10.1016/j.chom.2016.09.014
https://doi.org/10.1016/j.cell.2020.02.050
https://doi.org/10.1016/j.cell.2020.02.050
https://doi.org/10.1016/j.celrep.2019.08.055
https://doi.org/10.1016/j.celrep.2019.08.055
https://doi.org/10.1101/2022.04.20.488871
https://doi.org/10.1101/2022.04.20.488871
https://doi.org/10.1016/j.immuni.2020.11.020
https://doi.org/10.1016/j.immuni.2020.11.020
https://doi.org/10.1016/j.chom.2021.05.009
https://doi.org/10.1016/j.chom.2021.05.009
https://doi.org/10.4049/jimmunol.1400590
https://doi.org/10.4049/jimmunol.1400590
https://doi.org/10.1038/s41419-018-0868-3
https://doi.org/10.1038/s41419-018-0868-3
https://doi.org/10.1073/pnas.2001887117
https://doi.org/10.1073/pnas.2001887117
https://doi.org/10.1016/j.chom.2010.03.006
https://doi.org/10.1016/j.chom.2010.03.006
https://doi.org/10.1016/j.chom.2012.01.016
https://doi.org/10.1016/j.chom.2012.01.016
https://doi.org/10.1084/jem.20191259
https://doi.org/10.1084/jem.20191259
https://doi.org/10.1016/j.chom.2016.09.014
https://doi.org/10.1016/j.chom.2016.09.014
https://doi.org/10.1016/j.cell.2020.02.050
https://doi.org/10.1016/j.cell.2020.02.050
https://doi.org/10.1016/j.chom.2021.05.009
https://doi.org/10.1016/j.chom.2021.05.009
https://doi.org/10.1038/s41419-018-0868-3
https://doi.org/10.1038/s41419-018-0868-3
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Cells

Use

Origin

Sources

https://doi.org/10.3390/
v13112134 (HCMV)
https://doi.org/10.1016/j.
chom.2010.03.006
(MCMV) (RIP17~
transformed)
https://doi.org/10.1074/
jbc.C800051200
(MCMV)
https://doi.org/10.15252/
embr.201743947
(MCMV)
https://doi.org/10.1016/j.
chom.2012.01.016
(MCMV)

THP-1

Undifferentiated cells sen-
sitive to necroptosis

Human leukemia mono-
cyte cell line
ATCC Cat# TIB-202

https://doi.org/10.1016/;.
immuni.2020.11.020
(CPXV)

U937

Cell death assays

Human histiocytic lym-
phoma cell line
ATCC Cat#

https://doi.org/10.1016/j.
celrep.2019.08.055
(poxviruses)

CRL-1593.2

Table of common cell types used as tools to study virus-induced necroptosis. Ist column is the
common name of the cell; the column contains a brief categorical description of their use; column
3 is the type of cell and ATCC catalogue number (is listed) and the column is the reference and
viruses used in the studies

infections, it is important to note that viruses have been found to inhibit necroptosis
at different levels which makes it critical to assess which component a particular
virus of interest may be targeted to inhibit the pathway. This is especially important
in the development of therapeutics which require specific targets to be efficacious.

Metabolic Viability Assays

Metabolic viability assays are an important method to evaluate cell death that utilizes
markers of mitochondrial activity to detect changes manifested in viable or
nonviable cells. Here we describe three assays that can be used to measure metabolic
changes in cells exposed to viral infections:

ATP Assay Adenosine triphosphate (ATP) is an organic, energy-carrying molecule
that is essential to fueling many cellular processes. Produced in the mitochondria by
metabolically active cells, ATP can be assayed to determine the changes in cell
viability with nonviable cells showing diminished ATP levels from a lack of


https://doi.org/10.3390/v13112134
https://doi.org/10.3390/v13112134
https://doi.org/10.1016/j.chom.2010.03.006
https://doi.org/10.1016/j.chom.2010.03.006
https://doi.org/10.1074/jbc.C800051200
https://doi.org/10.1074/jbc.C800051200
https://doi.org/10.15252/embr.201743947
https://doi.org/10.15252/embr.201743947
https://doi.org/10.1016/j.chom.2012.01.016
https://doi.org/10.1016/j.chom.2012.01.016
https://doi.org/10.1016/j.immuni.2020.11.020
https://doi.org/10.1016/j.immuni.2020.11.020
https://doi.org/10.1016/j.celrep.2019.08.055
https://doi.org/10.1016/j.celrep.2019.08.055
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production. While not specific to only necroptotic death, diminished ATP levels help
us to broadly determine if some type of cellular demise is taking place for a given
disease process. Most commonly this is done by using a bioluminescent assay that
uses the two-part firefly luciferase reaction. Lysing cells to release intracellular ATP
in the presence of a luciferin enzyme and substrates can effectively measure the
concentrations of cellular ATP. The available ATP in the lysate is used to adenylate
luciferin forming luciferyl-adenylate. In the second step of the reaction, oxidative
decarboxylation of luciferyl-adenylate forms an excited oxyluciferin. When this
oxyluciferin returns to the ground state, light is emitted which can be measured by
a luminometer. The measurement of emitted light from this reaction can be corre-
lated to the amount of ATP in the sample. In utilizing this technique, it is important
to note that in cases of programmed cell death, ATP breakdown is delayed from
death execution steps and may produce a false negative limiting the use as an
immediate indicator of a necroptotic death. This makes using appropriate time points
essential when using the technique to study necroptosis. Additionally, pairing the
assay with small-molecule or genetic modification approaches can verify if the cell
death events observed are in fact a result of necroptosis.

MTT Assay The MTT assay is a very common colorimetric assay to measure cell
viability or cytotoxicity in viral infections. Viable, metabolically active cells produce
mitochondrial dehydrogenases that can reduce MTT, a yellow tetrazolium salt, to
form purple formazan crystals. Cells that are no longer metabolically active or
producing mitochondrial dehydrogenases are dead or dying and these cannot com-
plete the reduction reaction to generate the purple formazan. The purple color
correlates to the number of metabolically active cells and the intensity of the color
can be spectrophotometrically measured: the darker the color, the greater the number
of viable cells.

Resazurin Assay Similar to the MTT assay, the resazurin assay is also an indicator
dye assay that measures cell viability based on the reduction of blue resazurin by
mitochondrial reductases to red fluorescent resorufin. Cells that are dead or dying
will not have the necessary reductases to convert the blue resazurin to red resorufin.
The measurement of the resorufin produced is proportional to the number of viable
cells in the sample, the greater red fluorescence signal corresponds to an increase in
the number of metabolically active cells, and, conversely, more blue fluorescence
indicates more cell death, including cells undergoing necroptosis.

These cell viability assays are not specific indicators of necroptosis, but they are
indicators of cell death that can be paired with other assays to determine if
necroptosis is occurring. Additionally, these assays are not accurate indicators of
the timing of cell death, and they do require careful control of cell number and an
understanding that states or conditions that cause metabolic senescence should be
avoided.
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Membrane Integrity Assays

Cell membrane integrity assays are crucial to assessing virus-induced necroptotic
cell death, the hallmark of which is cell swelling and rupture due to plasma
membrane damage.

LDH Assay The lactate dehydrogenase (LDH) assay uses LDH to measure a loss in
cell membrane integrity. In viable or uninfected cells, the LDH enzyme is present
only inside the cells, but infection or other cytotoxic insults can degrade the plasma
membrane and allow the release of this enzyme into the media. In a damaged cell,
LDH catalyzes the reduction of NAD+ to NADH and the oxidation of lactate to
pyruvate. In the second step, the NADH is used to catalyze the reduction of an
indicator dye, like luciferin or resazurin. The resulting amount of fluorescence or
color measured is an indicator of membrane integrity loss. This assay is not a specific
measure of necroptosis but should be used with other assays such as inhibitors or
genetic knockouts to verify that an increase in LDH levels is the result of
necroptosis.

Membrane Impermeant DNA Dyes A simple method for quantifying cell death is
to use DNA-binding fluorescent dyes that are impermeant to healthy cell mem-
branes. These fluorescent nucleic acid-binding dyes can penetrate the compromised
membranes of dead or dying cells and the fluorescence of the nucleic acid-bound dye
can be measured using live cell imaging. This method gives a real-time measurement
of membrane permeability to help establish the timing of signaling events in cells
that are dying. This is an effective tool to use for cells undergoing necroptosis where
the pathway results in pore formation and the dyes can access the DNA and can be
utilized as a real-time measurement of loss of membrane integrity in live cell
imaging to give kinetic insights into death (Upton et al. 2019). Many dye systems
are available including SYTOX from Invitrogen and Incucyte Cytotox Dyes from
Sartorius.

Necroptosis Morphology

Various imaging techniques have been implemented to assess the morphological
characteristics of cells undergoing necroptosis. These techniques have been used to
show evidence of typical characteristics of cells undergoing necroptotic death,
including a gain in cell volume, swelling of organelles, and a rupturing of the plasma
membrane (Newton et al. 2014; Cotsmire et al. 2021) (Fig. 2.3). Since this process of
cellular swelling with subsequent membrane rupture generates fairly fragile speci-
mens, techniques that rely on fixation like transmission microscopy and confocal
imaging have been unsuccessful. However, techniques that work by freezing the
specimen in place before fixation such as cryo-electron microscopy have shown
moderate success (Daley-Bauer et al. 2017). Additionally, utilizing necroptotic
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Fig. 2.3 Diagram of common morphology of a virus-infected cell undergoing necroptosis. During
necroptosis, cells undergo a series of morphological changes that ultimately lead to cell death. At
the early stage of necroptosis, cells undergo swelling and rounding, followed by the formation of
blebs on the cell surface. The blebs are caused by the disintegration of the plasma membrane and the
release of cytoplasmic contents. The cells also exhibit a loss of plasma membrane integrity, which
leads to the leakage of intracellular contents into the extracellular space. As the process progresses,
the cells become progressively more swollen and eventually burst open, releasing their contents into
the extracellular environment. This final stage of necroptosis is characterized by the formation of
large membrane pores, which allow the influx of water and ions into the cell and lead to osmotic
lysis. Overall, the morphology of cells undergoing necroptosis is characterized by swelling,
membrane blebbing, loss of membrane integrity, and osmotic lysis. These changes are distinct
from other forms of programmed cell death, such as apoptosis, which is characterized by shrinkage,
condensation of chromatin, and fragmentation of the nucleus

inhibitors cells deficient in necroptotic machinery that halt cell death has allowed
more traditional imaging techniques to observe activation of the necroptosis pathway
for unaffected proteins at discrete time points. Ultimately though, given the quick
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onset and fragility of the necroptosis process, live cell imaging has proven to be the
most successful in studying the pathway and provides critical kinetic information
(Koehler et al. 2017, 2021; Upton et al. 2019). This technique allows a researcher to
observe the necroptotic process in real time to differentiate morphological manifes-
tations from those observed in other cellular death pathways.

Immuno-techniques

Immuno-techniques utilized to study necroptosis rely on antibody—antigen interac-
tions to isolate and characterize various components pertinent to the necroptotic
pathway. These techniques include immunohistochemistry, immunoprecipitation,
and western blots.

Immunohistochemistry This technique utilizes chromogen-tagged antibodies that
attach to antigens on critical necroptotic components. After allowing time for these
antibodies to adhere to their respective antigens, a substrate is added that reacts with
the tagged antibody complex to produce a color change. This color change correlates
to the amount of a particular necroptotic component present. While this technique
makes theoretical sense for studying the pathway, antibody cross-reactivity has
made it difficult to assess if the changes observed are accurate. As such, the
technique has not been utilized too much in present studies but has potential for
future research endeavors as more specific antibodies are being developed.

Immunoprecipitation These techniques work by precipitating out necroptotic com-
ponents of interest using immobilized antibodies. Direct immunoprecipitation tech-
niques involve antibodies immobilized on density beads that can directly bind to
antigens of interest. Indirect immunoprecipitation techniques are performed by
exposing a solution containing necroptotic components of interest to antibodies
directed toward specific antigens on these components. After allowing time for
these antibodies to bind to their antigens, beads designed to capture antibodies are
added to the solution and bind to the antibody—antigen complexes. After necroptotic
components of interest have been immobilized by either technique, the remaining
solution is washed away. This allows these components to be isolated for further
analysis with other techniques such as immunoblotting or proteomic analysis. This
approach is useful in determining which necroptotic components are being affected
by various disease processes and protein interactions that propagate necroptosis
signaling. Careful consideration should be taken to minimize off-targeting effects
of non-specific antibody interactions. The use and development of engendered cell
lines that express epitope-tagged necroptotic proteins has drastically mitigated the
off-targeting effects observed and facilitated key advances in our understanding of
necroptosis signaling (Sridharan et al. 2017; Upton et al. 2019).

Western Blots Western blots are common experiments used to study various cell
signaling events including necroptosis protein activation states. These experiments
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work by separating different proteins of interest by size with denaturing gel electro-
phoresis. This allows for the identification and semi-quantification of the levels of
proteins in a given sample. A multitude of antibodies have been developed that
specifically target activated or phosphorylated necroptotic proteins including MLKL
and RIPK3 which have been used to document necroptosis signaling in virus-
infected cells. This helps to garner evidence that a particular component of interest
is present and activated by controlling for both size and phosphorylation state.

The Viruses That Activate or Inhibit Necroptosis

Much like apoptosis, necroptosis plays out as a cell-autonomous innate immune
mechanism to kill virus-infected cells and cut short productive infection. This potent
host defense mechanism limits viral replication and spread by eliminating infected
cells (Koehler et al. 2017; Upton et al. 2019). The significance of necroptosis as a
host defense mechanism has been reinforced by the identification of virus-encoded
inhibitors that block specific steps in the pathway (Fig. 2.4). These viral inhibitors
sustain infection allowing the virus to replicate and spread. A series of reports
demonstrated the significance of necroptosis in restricting viral pathogenesis and
how ZBP1 is a critical mediator of virus-induced necroptosis observed during innate
immune sensing of viruses in both DNA and RNA viruses.

DNA Viruses
Herpesviruses

Herpesviruses are a large family of double-stranded DNA viruses. The
Herpesviridae family consists of more than 100 viruses, nine of which primarily
infect humans where infection and replication take place in the epithelial cells and
some of which can cause lifelong latent infections. Necroptosis studies utilizing
herpes viruses have included investigations with murine cytomegalovirus (MCMYV),
human cytomegalovirus (HCMV), herpes simplex virus 1 (HSV1), and herpes
simplex virus 2 (HSV2).

Murine Cytomegalovirus

MCMV is a species-specific double-stranded DNA virus that is a natural pathogen in
wild mice populations. While MCMV infection triggers necroptotic cell death,
MCMV has also evolved viral inhibitors to counteract the host defense mechanisms
to ensure viral replication. Early evaluation of a mutant MCMYV transposon library
identified M45 as an important gene for endothelial and macrophage cell survival
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Fig. 2.4 Viral inhibitors of necroptosis and their cellular targets. Crm (light purple) proteins are
found in orthopoxviruses but are best described in the cowpox virus. These proteins are competitive
inhibitors of TNF receptor signaling and prevent RIPK1-mediated necroptosis. ICP6(blue) is the
HSV1 and HSV2 RHIM-containing inhibitor that targets host RHIM interactions of adaptors and
RIPK3. M45(Red) are found in MCMV and are an RHIM-containing protein similar to ICP6 in
HSV. M45 blocks necroptosis by preventing RHIM interactions of the adaptor proteins and RIPK3,
thereby blocking all three pathways of necroptosis. VIR (green) is found is poxviruses and functions
to enhance the turnover of RIPK3 preventing it from activating MLKL. vMLKL is a truncated
MLKL homologue and functions to restrict necroptosis by acting as a decoy preventing host MLKL
from getting phosphorylated. E3(dark purple) is a Z-RNA competitive inhibitor found in
orthopoxviruses and prevents the activation of ZBP1. HCMV has an unidentified inhibitor of
MLKL (burgundy)

in vitro and viral replication (Brune et al. 2001; Lembo et al. 2004). Delving further
to elucidate M45-encoded protein function, the sequence was analyzed and found to
contain an N-terminal RHIM domain facilitating binding to RHIM-containing
receptor-interacting kinases, RIPK1 and RIPK3 (Kaiser et al. 2008). To examine
the impact of this protein on necroptosis, cells were infected with recombinant
MCMV engineered to have a nonfunctional M45 RHIM domain by mutations of
four amino acids in the RHIM sequence (Kaiser et al. 2008). Cells infected with the
M45-deficient MCMV (M45MufRHIM) had decreased cell viability compared to
wild-type M45. The M45-encoded viral inhibitor of RIP activation (VIRA) was
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found to impede the RIPK1 and RIPK3 complex from forming via RHIM domains.
To evaluate this disruption, the roles of these receptor interaction kinases were
individually examined. Treatment of cells with RIPKI-specific inhibitor
Necrostatin-1 did not reveal any decrease in cell survival (Upton et al. 2010a),
suggesting a RIPKI-independent mechanism. The independence from RIPKI-
mediated necroptosis was confirmed in MEFs from mice deficient in RIPK1 where
these mice were also insensitive to necroptosis induction (Upton et al. 2010a). vIRA
inhibition of RIPK3-dependent necroptosis was confirmed through various knock-
out studies. M45mutRHIM-infected cells expressing reduced RIPK3 via shRNAs
were not susceptible to necroptosis and had no reduced cell viability. Additionally,
the mutant M45mufRHIM virus did not demonstrate viral replication in the wild-
type animal; however, in the RIPK3 knockout, the wild-type and mutant virus had
comparable levels of replication confirming the importance of RIPK3 for the inhi-
bition of necroptosis via VIRA (Upton et al. 2010a). This was the first time that a
RHIM domain-containing protein other than RIPK1 was found to be capable of
stimulating necroptosis through RIPK3 (Nailwal and Chan 2019).

More recent studies identified that ZBP1 interacts with RIPK3 and that this
complex is the target for the MCMV VvIRA necroptosis inhibitor (Upton et al.
2012). Similar to experiments with RIPK3, M45mutRHIM infection of ZBP1-
deficient cells and mice resulted in viral replication of the mutant virus (Upton
et al. 2012). These data implicate the VIRA in preventing the ZBP1 RHIM from
binding and activating RIP3, halting the ZBP1/RIPK3/MLKL necroptotic pathway
and protecting the infected cell, allowing it to continue replication and
pathogenesis (Upton et al. 2012). Further studies identified viral transport factor
immediate early protein 3 (IE3) as a pivotal player in ZBP1-dependent necroptosis in
MCMV infection. Recombinant viruses for wild-type MCMV and M45mufRHIM
were generated that contained an IE3 protein fused to the C-terminus (Sridharan
et al. 2017). Under normal conditions, the addition of the destabilizing domain
triggers rapid proteosomal degradation. Chemical ligand Shield-1 stabilizes the
destabilization domain and allows the transcriptional functions to persist. Results
from these studies demonstrated that M45mufRHIM-infected cells would undergo
ZBP1-mediated necroptosis in the presence of Shield-1 but would be resistant to
necroptotic death in its absence. This showed that the early transcription of viral
RNA via IE3 is required for necroptosis and is the ligand for ZBP1-mediated
necroptosis. One last interesting MCMV study found that when MCMV’s viral
inhibitor of caspase 8-induced apoptosis (VICA) is altered to be nonfunctional,
cells show evidence of RIPK3, MLKL, and caspase 8 activation. This showed that
apoptotic and necroptotic processes could occur simultaneously.

Human Cytomegalovirus
HCMV studies reveal significant species-specific differences in the human virus

compared to the murine strain. HCMV functions to block necroptosis after the
phosphorylation of RIPK3 and MLKL. This resistance to necroptotic death is
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dependent on viral transcriptional processes regulated by the viral protein IEl;
however, necroptosis-resistant cells still show evidence of MLKL phosphorylation
(Omoto et al. 2015). It has been shown that the HCMV UL36 protein is a key player
in inhibiting necroptosis by interacting with MLKL and inducing its demise
(Fletcher-Etherington et al. 2020). UL36, a dual cell death pathway inhibitor also
able to inhibit apoptosis by binding caspase 8, is capable of inhibiting necroptosis in
a species-specific manner and does not inhibit necroptosis in murine cells.

Herpes Simplex Viruses

Studies investigating herpes simplex viruses (HSV1 and HSV2) have also found that
these viruses are able to inhibit necroptosis in virus-infected human cells (Guo et al.
2015, 2018). This mechanism of cell death inhibition is similar to that of MCMV,
where VIRA blocks the necrosome formation by RHIM interaction of RIPK3 and
prevents further execution of the necroptotic pathway through RIPK3 and MLKL
(Upton et al. 2010a, b, 2012). In HSV1 infection of human cells, ICP6 acts as an
inhibitor that contains an N-terminal RHIM domain allowing it to competitively bind
and sequester RIPK3 from the other interacting proteins, blocking necrosome
formation and inhibiting the activation of RIPK3/MLKL-dependent necroptosis.
Strangely enough, ICP6 has been found to induce necroptotic death in HSV1-
infected murine cells through interactions of the RHIM domains on ICP6 and
RIPK3 (Wang et al. 2014b). Later studies revealed HSV1 infection triggers
necroptosis through the ZBP1/RIPK3-dependent pathway. Evaluation of ZBP1-
deficient MEFs and mouse cell lines found the ZBP1-deficient cells resistant to
necroptosis, confirming the importance of ZBP1 in HSV1 infection in mouse cells
(Guo et al. 2018). Evaluation of MLKL phosphorylation during WT and ICP6
RHIM mutant virus infection revealed that the ICP6 mutant virus promotes the
formation of a necrosome-like complex involving ZBP1/RIPK3/MLKL to promote
MLKL phosphorylation and necroptosis in mouse cells (Guo et al. 2018). To analyze
if ZBP1 also contributes to the initiation of necroptosis in human cells, ZBP1
expressing HT29 and ZBP1 deficient cells were infected with HSV1 ICP6 RHIM
mutant virus. As in the mouse cells, the ZBP1-expressing human cells showed an
induction of cell death, but the ZBP1-deficient cells did not. Using various inhibitors
of necroptosis pathway players, RIPK3 and MLKL and caspase inhibitor zZVAD, it
was determined that the HSV ICP6 RHIM mutant virus-induced cell death through
ZBP1/RIPK3/MLKL-mediated necroptosis. WT HSV1 infection did not induce cell
death in the human cells, showing that the ICP6 RHIM was required for HSV1
necroptosis inhibition in its natural host species. These studies highlight species-
specific differences in how viral inhibitors act on cells, suggesting a viral restriction
in non-natural host infection. In addition to necroptotic inhibition in human cells,
ICP6 has demonstrated an ability to bind to and inhibit caspase 8 (Langelier et al.
2002; Esaki et al. 2010; Dufour et al. 2011). This means that the viral protein ICP6
can inhibit both necroptosis and apoptosis in human cells.
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Poxviruses

Poxviruses are a double-stranded DNA family of viruses. Most notable among these
viruses may be the Orthopoxvirus genus due to the infamy of the variola virus
(smallpox virus). The Orthopoxvirus genus includes vaccinia virus (VACV), cow-
pox virus (CPXV), Mpox (formerly monkeypox), and ectromelia (ECTV). Like
other dsDNA viruses, this family encodes numerous accessory virulence factors that
inhibit cell death.

Vaccinia virus (VACV) is the prototypic model for orthopoxvirus research and
the poxvirus strain utilized in smallpox vaccinations. Early VACV studies identified
a novel necrotic cell death pathway that eliminated virus infected cells. Researchers
found that VACV encodes a caspase-8 inhibitor known as CrmA-like ortholog
B13R (aka Spi2), which blocks caspase-dependent cell death pathways and sensi-
tizes infected cells for this necrotic death pathway through TNF signaling (Li and
Beg 2000). TNF signaling in VACYV infection was further clarified using VACV-
infected cells that are normally sensitive to necroptosis. RIPK1-deficient cells
showed a reduction in necrosis, confirming RIPK1 as an essential player in the
pathway. Further, TNFR-2 was also shown to be essential for this pathway in an
in vivo infection by creating TNFR-2-deficient mice and observing reduced inflam-
mation in the liver (Chan et al. 2003). RNA interference screens identified RIPK3 as
another pivotal player in the necroptosis pathway. Wild-type and RIP3K-deficient
cells were infected with VACV showing the deficient cells resistant to
TNF-a-induced necroptosis. As with the RIPK1-deficient mice, RIPK3-deficient
mice infected with VACV showed much less necrosis and liver inflammation than
infected wild-type mice (Cho et al. 2009), showing that RIPK3 is part of the host
defense mechanism protecting against VACV. Together, during VACYV infection,
these two protein kinases form a RIPK1-RIPK3 necrosome complex through RHIM
interactions, RIPK1 thereby activating RIPK3 to phosphorylate and subsequently
activate MLKL to execute necroptosis (Sun et al. 2002, 2012; Rodriguez et al. 2016).
Later studies would look at another RHIM-containing stimulator of necroptosis
known as ZBP1. In addition to two RHIM domains (RHIM-A and RHIM-B), this
protein contains two Z-NA (Za) binding domains located at the N-terminus. These
Z-NA binding domains can be triggered by Z-NA released during VACYV infections.
Once triggered, type I IFN-signaling increases along with further ZBP1 expression.
Utilizing RHIM domain interactions, ZBP1 can then instigate necroptotic cell death
via RIPK3/MLKL activation. This necroptotic pathway is not observed in wild-type
VACY infections, however, since the virus also encodes a protein with a Za-binding
domain known as E3 which serves to inhibit necroptosis (Koehler et al. 2017).

Studies examining how VACV utilizes E3 to prevent necroptotic death have
produced some interesting findings. In vivo studies have shown that mice infected
with a mutant VACYV that encodes a truncated E3L lacking a Za-binding domain did
not exhibit severe pathology comparable to mice infected with the wt virus. How-
ever, pathogenicity was restored in both ZBP1™~ and RIPK3™~ mice. Additionally,
follow-up in vitro studies demonstrated that knocking out the Za-binding domains of
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ZBP1 was sufficient for increasing viral pathogenesis. The culmination of these and
other studies provided evidence that VACV’s E3 is a competitive inhibitor of ZBP1/
RIPK3/MLKL-induced necroptosis (Koehler et al. 2021). This provides another
example of how viruses have co-evolved with us to evade our innate immune
system.

Another virus that utilizes necroptotic inhibitors is cowpoxvirus (CPXV). Cow-
pox is known to block caspase activation by CrmA (homologue of VACV B13R)
making the cells susceptible to necroptosis by triggering RIPK1/RIPK3 (Kettle et al.
1997; Li and Beg 2000; Chan et al. 2003). Most poxviruses, like VACV, also encode
various amounts of TNF inhibitors to block signaling to restrict TNF-induced
necroptosis. CPXV has been found to encode many inhibitors: CrmB, CrmC,
CrmD, and CrmE (Cunnion 1999). Additionally, CPXV has been found to produce
a CD30 homologue with exclusive TNFSF8 binding whose role in pathogenesis is
still unknown (Panus et al. 2002). Aside from these TNF inhibitors, a targeted small
interfering RNA (siRNA) screen was able to identify a novel inhibitor of RIPK3
generated by CPXV termed viral inducer of RIPK3 degradation (vVIRD) (Liu et al.
2021). vIRD binds to RIPK3, causing RIPK3 ubiquitination and subsequent
proteasome degradation as detected in western blots. Mice infected with mutant
CPXYV in which vIRD had been deleted showed significant decreases in many
pathogenic processes including mortality. These pathogenic processes were able to
be reversed in mice deficient in RIPK3 and MLKL. This evidence shows vIRD was
able to inhibit all known forms of necroptotic cell death by directly targeting RIPK3
for degradation.

Other poxviruses have been co-opted to study the VIRD inhibitor including
VACYV, ectromelia virus (ECTV), and leporipoxvirus myxoma virus (MYXV).
VACYV encodes a defective VIRD that has been truncated. When a functional version
of VIRD is integrated into VACV, mice infected with the mutant virus show
increased viral titers. MY XYV, which also lacks a functional vIRD, has been shown
to be more pathogenic in RIPK3-deficient hosts, which makes sense since these
hosts would have resistance to necroptotic death. ECTV, which also has an intact
vIRD ortholog, induced RIPK3 degradation and resistance to TNF-induced
necroptosis (Liu et al. 2021). ECTV, however, does not fit the typical necroptosis
story where the crucial players, RIPK3 and MLKL, do not seem to play the same role
in controlling viral infections (Montoya et al. 2023). Studying these inhibitors and
comparing them to other viruses can help us to understand more about how viruses
have continued to evolve survival mechanisms within their hosts.

Another method used in some poxviruses to inhibit necroptotic death is to mimic
viral proteins. BeAn58058 and Cotia poxviruses encode proteins with high enough
homology to competitively bind and sequester RIPK3 and out-compete host MLKL
and disrupt necroptosis (Petrie et al. 2019). These mimic proteins have been iden-
tified in several clades of poxviruses, including avipoxviruses and leporipoxviruses.
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RNA Viruses
Influenza A

Influenza A (IAV) is a negative, enveloped single-stranded RNA virus from the
Orthomyxoviridae family that causes seasonal and sometimes severe respiratory
tract infections in humans worldwide. Current and commonly circulating subtypes
of influenza are A(HIN1) and A(H3N2). IAV infection typically affects human lung
epithelial cells and triggers cell death. IAV was originally thought to mainly activate
the apoptotic cell death pathway. After the discovery of RIPK3 as a crucial factor for
cell death in TAV infections, it was recognized that the cell types most commonly
used in viral and medical research were not appropriate to study cell death pathways
for IAV infection because they did not express RIPK3 (Nogusa et al. 2016a).

Research utilizing the influenza A virus P8 strain model has helped to illuminate
the dual role ZBP1 and RIPK3 play in both apoptosis and necroptosis. Early on, it
was found that a ZBP1/RIPK3-dependent signaling axis induced cell death in human
lung epithelial cells and MEFs following IAV infection. MEFs from RIPK3-
deficient mice were infected with PR8 and found to be resistant to cell death and
cytopathic effects, whereas wild-type mice showed susceptibility to the infection
resulting in cell death (Nogusa et al. 2016a). However, MEFs generated to be
deficient in MLKL, the executioner of necroptotic death, were determined to be
just as susceptible as wild types to cell death (Nogusa et al. 2016b). This suggested
that ZBP1 was capable of stimulating a non-necroptotic form of cell death post-IAV
infection. Further genetic analyses revealed the absence of MLKL-activated ZBP1
and could trigger apoptosis in IAV-infected MEFs. Consequently, it was found that
both the apoptosis regulator Fadd and the necroptosis executor MLKL needed to be
knocked out in order to rescue IAV-infected MEF survival. Looking further into this
ZBP1-stimulated apoptotic pathway demonstrated some interesting findings. After
ZBP1 is activated post-IAV infection, RIPK3 is needed for the early onset of
apoptosis, but not required at later time points. Additionally, the kinase activity of
RIPK3 has been shown to be needed for necroptotic but not apoptotic cell death. As
such, catalytically inactive RIPK3-expressing mice are subject to early caspase-8-
dependent apoptosis, while those deficient in RIPK3 altogether (RIPK3 ™) are
subject to later onset apoptotic cell death.

Additional studies verified that IAV was able to generate Z-RNA and activate
ZBP1 to initiate the activation of RIPK3 and cell death pathways (Zhang et al. 2020).
By transfecting labeled antiserum to Z-NA, it was found that the antiserum
co-localized with Z-RNAs in the nucleus of infected cells. This Z-RNA was then
shown to co-localize with ZBP1 and activate RIPK3 death signaling culminating in
cell death.

While program cell death can be advantageous as a host defense mechanism,
necroptosis, by way of its inflammatory nature, can also have severe pathogenic
disadvantages when triggered by IAV infection. This was evaluated by examining
MLKL-, ZBP1-, and RIPK3-deficient animals after IAV infection. Again, MLKL
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did not show any increased lethality or viral load, while ZPBI~"~ and RIPK3™~ mice
had significantly higher pathogenesis than their wild-type counterparts (Zhang et al.
2020).

Reovirus

Reoviruses are non-enveloped RNA viruses with ten linear double-stranded genomic
segments (Danthi et al. 2013). Four main serotypes of mammalian ReoV have been
identified. These serotypes are represented by prototype strains Type 1 Lang (T1L),
Type 2 Jones (T2J), Type 3 Dearing (T3D), and Type 4 Ndelle (T4N) (Attoui et al.
2001).

It was previously believed that the primary PCD pathway triggered by ReoV
infection was apoptosis. However, recent studies of T3D-infected 1.929 cells dem-
onstrated that necroptosis is an important innate mechanism triggered in response to
infection. 1.929 cells infected with the T3D strain underwent a rapid induction of
death even in the presence of a caspase inhibitor (Berger and Danthi 2013). The cell
death was characterized to be necroptosis as a result of loss of membrane integrity
that was inhibited by necrostatins. A follow-up study then demonstrated that IFN-3
production, cellular incorporation of viral genomic RNA, and de novo synthesis of
viral dsRNA were required to induce necroptosis (Berger et al. 2017). Together,
these results suggest that incoming genomic RNA is detected by RLRs in the
cytoplasm of the infected cell, which then signals via the adaptor protein MAVS
to produce IFN-f followed by the synthesis of viral RNA establishing a pathway to
upregulate and detect the likely ligand of dsRNA. Additionally, it was found that
knockdown of the dsRNA binding protein 63 resulted in enhanced necroptosis
which was attributed to RLR-mediated increase in IFN-f production (Roebke et al.
2020). Further support of multifactorial death requirements is indicated by the
enhanced rate of necroptosis when the ReoV pl protein is knocked down, which
is associated with an increase of accumulated progeny dsRNA and viral protein
synthesis. The specific mechanism of necroptosis induction by ReoV remains
unclear. One proposed mechanism is the downregulation of the cIAP family of E3
ubiquitin ligase ReoV (Kominsky et al. 2002). cIAPs are known to polyubiquinate
RIPK1 and RIPK3 resulting in kinase inhibition and therefore the decreased cIAP
could result in more RIPK1 and RIPK3 and thus more necroptosis (Annibaldi et al.
2018). This model, however, does not address the need for de novo dsRNA synthesis
required for necroptosis activation (Jiffry et al. 2021). It is also unclear if the
induction of necroptosis, as in many other virus models, contributes to viral clear-
ance or pathogenesis. RIPK3 deficiency does result in an increase in ReoV progeny
virions suggesting potential for a protective mechanism indicative of a potentially
protective role for necroptosis in ReoV clearance (Yue and Shatkin 1997; Berger
etal. 2017). Both cultured BMDMs and L.929 fibroblasts undergo necroptosis within
a few days post-infection (DeBiasi et al. 2004; Xing et al. 2016; Gummersheimer
and Danthi 2020). It remains unclear if ReoV-induced necroptosis occurs within
biologically relevant cell types in the gut, CNS, or heart and, furthermore, whether
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Reo-mediated necroptosis is protective or deleterious due to inflammation during
other RNA viral infections like IAV (Balachandran and Rall 2020). More studies are
warranted to further clarify the role of necroptosis in ReoV infections and its role in
enhancing or restricting pathogenesis.

Respiratory Syncytial Virus

Human respiratory syncytial virus (RSV) is a nonsegmented negative-stranded RNA
virus from the Paramyxoviridae family (Collins et al. 2013). This enveloped virus is
a significant cause of acute bronchiolitis in infants, the outcomes and severity of
which are associated with necroptosis. It is hypothesized that infants suffering acute
RSV infection may later be predisposed to respiratory complications, such as asthma
and wheezing, later in life. While much of the data is clinical, reports of
RSV-triggered necroptosis are relevant to the focus of this chapter. Early RSV
necroptosis studies used selective inhibitors of necroptosis pathway players to
determine that RSV infection activated the necroptotic pathway RIPK1/RIPK3/
MLKL (Muraro et al. 2018; Simpson et al. 2020). Further studies demonstrated
that RSV infection may involve TNF-mediated macrophage necroptosis which can
cause increased lung damage during RSV infections. This is supported by findings
showing that Tnfr/”~ mice demonstrate decreased numbers of necrotic macrophages
in lung tissue with less RIPK3 and MLKL expression, while elevated levels of TNF
in RSV-infected infants correlate with increased disease severity (Santos et al. 2021).
RSV-infected mice demonstrate an increased expression of activated RIPK1 and
MLKL with no increase in activated caspase-3 expression which correlates with
neutrophilic inflammation and airway epithelial cell sloughing (Simpson et al.
2020). When MLKL or RIPK1 were taken out of the equation using pharmacolog-
ical inhibitors, inflammation and airway remodeling were prevented and there was a
decreased viral load. Furthermore, limiting necroptosis in RSV infection in neonatal
mice was associated with decreased viral or allergen-triggered asthma later on in life.
These findings argue that necroptotic processes stimulated by RSV infection are
actually harmful by increasing viral pathogenesis and making those who become
infected more susceptible to developing asthma. This is important to note in the
development of future therapeutics as researchers will need to weigh the benefits
versus harms of utilizing an inflammatory form of cell death in necroptosis.

SARS-CoV-2

SARS-CoV-2 is a positive single-stranded RNA virus. SARS-CoV-2 infection has
been shown to induce a strong inflammatory response that results in severe lung
disease in critically ill patients. SARS-CoV-2 infection in lung epithelial cells
revealed activation of NF-kB, upregulation of inflammatory cytokines, upregulation
of ZBP1, and significant cell death. It has been reported that SARS-CoV-2 triggers
the production of viral Z-RNA and initiates the ZBP1-RIPK3-MLKL necroptosis
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pathway. In ZBP1 CRISPR knockout epithelial cells, a reduced MLKL phosphor-
ylation confirmed the role of necroptosis. Additionally, a significant reduction in
inflammatory cytokines released in the ZBP1-deficient cells. This showed that
SARS-CoV-2 infection activates necroptosis and induces pro-inflammatory signal-
ing (Li et al. 2023). It was shown that ZBP1 deficiency in mice also reduced immune
cell infiltration and lung damage, demonstrating that in the mouse model, ZBP1 is
important for SARS-CoV-2 pathogenesis (Li et al. 2023). Further down the pathway,
RIPK3 knockdown cells did not appear to impact viral load, but a significant
reduction of inflammatory cytokines and chemokines was demonstrated. This deple-
tion of MLKL did not reduce the inflammatory response. Inhibition of the RIPK3
kinase activity also did not appear to impact the inflammatory response but only the
necroptosis activation; thus, the scaffolding of RIPK3 was determined to be crucial
for triggering the inflammatory response resulting in severe lung damage.

Flaviviruses

Flaviviruses are a family of positive, single-stranded, enveloped RNA viruses. This
genus of viruses includes mosquito-transmitted viruses such as yellow fever, Japa-
nese encephalitis, Dengue fever, West Nile, and Zika virus (Pierson and Diamond
2020). Ticks are also responsible for some flavivirus transmission, causing enceph-
alitis and hemorrhagic fever viruses. These include Palm Creek virus, Parramatta
River virus, Kyasanur Forest disease, Alkhurma disease, and Omsk hemorrhagic
fever.

Zika virus (ZIKV) is a flavivirus transmitted by mosquitoes that can cause various
neurological outcomes in humans. ZIKV infection in pregnancy can result in the
virus crossing the placenta resulting in severe fetal abnormalities like microcephaly
(Coyne and Lazear 2016; Costa and Ko 2018). Infection in adulthood can also result
in neurological injury but is rare (Mehta et al. 2018). Early studies conducted found
that neurons infected with ZIKV activated a cell-restricting pathway. Using mice
deficient in the crucial necroptotic players, ZBP1, RIPK3, or the RIPK1 kinase
activity, researchers found that the incidence of paresis to be rapidly increased
during CNS infection demonstrating the protective role of necroptosis in neuron
ZIKV infection. After activation of the ZBPI necroptosis pathway, instead of
completing necroptosis, RIPK signaling in ZIKV-infected neurons causes them to
enter a metabolic state that suppresses viral genome replication (Daniels et al. 2019).
This change in metabolic state is evidenced by the identification of IRG1 production
of itaconate that inhibits succinate dehydrogenase activity in the mitochondria,
restricting viral replication (Daniels et al. 2019). Intracranially infected mice defi-
cient in IRG1 had a greater viral burden, but injection of itaconate rescued the IRG1-
deficient mice from this viral burden. Later studies, however, found evidence of
necroptosis occurring in ZIKV-infected human astrocytes and resulted in a protec-
tive effect on glial cells. This is of interest since astrocytes are known to support
neurons in many ways including providing key components to fuel neuronal metab-
olism. It is important to also note that the necroptotic cell death observed was RIPK1
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independent and associated with an upregulation of ZBP1 (Wen et al. 2021). While
these are some fascinating findings, ultimately, studies using ZIKV-infected MLKL-
knockout mice have shown no differences in mortality compared to wild types
infected with the virus which suggests that necroptosis does not play a major role
in pathogenesis (Daniels et al. 2019).

Necroptotic processes in West Nile virus (WNV) models have not been thor-
oughly studied. What has been demonstrated is that microarray analysis of brain
tissues harvested from WNV-infected mice shows an upregulation of necroptotic
genes (Peng and Wang 2019). While these genes are upregulated, other in vivo
studies have shown that RIPK3-deficient mice had increased mortality after WNV
infection; however, in mice deficient in MLKL, the executioner of necroptosis, no
impact on mortality was observed. These data suggest RIPK3 is involved in coor-
dinating other immune responses including chemokine expression and lymphocyte
recruitment (Daniels et al. 2017). This further demonstrates the complexity of key
necroptotic components and the multiple roles RIPK3 plays in the host defense.

Rotavirus

Rotavirus (RV) is a double-stranded RNA virus of the Reoviridae family and a
leading cause of gastroenteritis in young children. Rotavirus infection mainly
impacts enterocyte cells in the small intestine where infection concludes in cell
death. RV induces necroptosis and apoptosis, the latter being well characterized. In
early RV-induced necroptosis studies, RV was demonstrated to trigger MLKL
phosphorylation, oligomerization of MLKL, and translocation to the plasma mem-
brane for pore formation (Mukhopadhyay et al. 2022) and shown to act through
RIPK1-dependent pathway. Interestingly, a cooperative element between apoptosis
and necroptosis appears to be a part of RV infection. When necroptosis is inhibited,
apoptosis is activated and cell viability is also increased, resulting in an antiviral state
where infected cells are phagocytized and RV replication reduces. When apoptosis is
restricted in vivo, necroptosis becomes the death pathway of choice and a proviral
response occurs. As a consequence of necroptosis, infected cells burst and the viral
contents are released to promote infection (Soliman et al. 2022).

Conclusion

Viruses have invested substantial resources in the inhibition of programmed cell
death by the host, highlighting the importance of cell death in the arms race between
hosts and pathogens. While caspase-dependent cell death is traditionally thought of
as the default host cell death pathway, numerous virus-encoded gene products have
been identified that inhibit caspase-dependent cell death. However, inhibition of
caspase-dependent cell death sensitizes cells to MLKL-dependent necroptotic cell
death. Thus, viruses have evolved multiple mechanisms to inhibit necroptotic cell
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death that can be engaged to gain further understanding of the consequences of
unleashing or restricting this death pathway. Viral inhibitors target RIPK3 degrada-
tion or redistribution, ZBP1/DAI antagonist, restriction of RHIM activation, TNFR
activation, and MLKL antagonist. Antagonism of necroptosis is important for
poxviral resistance to interferon, both in cells in culture and in animal models, and
for pathogenesis in animal models. Thus, inhibition of necroptosis appears to be an
important means for viruses to maintain an edge in the arms race between viruses
and their hosts.
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