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Abstract

Receptor interacting protein kinase 3 (RIPK3) is an essential serine/threonine kinase for
necroptosis, a type of regulated necrosis. A variety of stimuli can cause RIPK3 activation through
phosphorylation. Activated RIPK3 in turn phosphorylates and activates the downstream
necroptosis executioner mixed lineage kinase domain-like (MLKL). Necroptosis is a highly
inflammatory type of cell death because of the release of intracellular immunogenic contents from
disrupted plasma membrane. Indeed, RIPK3-deficient mice exhibited reduced inflammation in
many inflammatory disease models. These results have been interpreted as evidence that
necroptosis is a key driver for RIPK3-induced inflammation. Interestingly, recent studies show that
RIPK3 also regulates NF-xB, inflammasome activation, and kinase-independent apoptosis. These
studies also reveal that these non-necroptotic functions contribute significantly to disease
pathogenesis. In this review, we summarize our current understanding of necroptotic and non-
necroptotic functions of RIPK3 and discuss how these effects contribute to RIPK3-mediated
inflammation.
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Introduction

In pathology, the term necrosis is used to describe gross histological damage caused by cell
death. It is defined at the cellular and morphological level by cell and organelle swelling and
membrane rupture. On the other hand, the term apoptosis describes cell death marked by
cellular shrinkage, chromatin condensation, and cellular fragmentation (Kerr et al., 1972).
Although the different cell death modes were originally defined by morphology, we now
know that they also exhibit distinct biological functions and are regulated by unique
mechanisms. Genetic studies in C. elegans laid the foundation for discovery of numerous
apopotosis genes and the signaling network that regulates it. These discoveries unveiled the
important physiological roles of apoptosis in embryonic development (Ellis and Horvitz,
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1986), immune homeostasis (Burger et al., 2014), and cancer (Hockenbery et al., 1990;
Tsujimoto et al., 1985). In contrast, since necrotic cell death is often observed when cells are
exposed to excessive physical or chemical stresses, it was considered to be an un-
programmed and accidental cell death. However, accumulating evidence shows that necrosis
can in fact be induced by dedicated regulatory signaling pathways and thus the long-
standing dogma that necrosis represents un-regulated cell death is being challenged.

Necroptosis is a type of regulated necrosis which is controlled by receptor interacting
protein kinase 3 (RIPK3) and its downstream effector mixed lineage kinase domain-like
(MLKL) (Chan et al., 2014). Upon ligand binding, a variety of cell surface receptors, such as
tumor necrosis factor (TNF) superfamily death receptors (\Vercammen et al., 1998a;
Vercammen et al., 1998b), toll like receptors (TLRs) (He et al., 2011), interferon receptors
(IFNRs) (Thapa et al., 2011; Thapa et al., 2013), and T cell receptor (Ch'en et al., 2011; Lu
etal., 2011; Osborn et al., 2010; Zhang et al., 2011), induce necroptosis through
phosphorylation-driven activation of the RIPK3-MLKL signaling pathway. Germline Rijpk3-
deficient (Rijpk3'~) mice are widely used to examine the physiological functions of
necroptosis. Many infectious and noninfectious inflammatory disease models were
attenuated in Rjpk3'~ mice (Chan et al., 2014). These observations bolster the premise that
RIPK3 promotes the release of intracellular immunogenic contents through necroptosis to
elicit inflammatory responses (Kaczmarek et al., 2013). However, recent evidence indicates
that RIPK3 also exhibits necroptosis-independent functions and that the amelioration of
inflammatory phenotypes in Rjpk3™'~ mice could at least in part be attributed to these non-
necroptotic signaling functions (Moriwaki and Chan, 2014). In this review, we summarize
our current knowledge of how RIPK3 executes necrotic and non-necrotic functions. We will
also discuss how these distinct functions of RIPK3 cooperate to promote inflammation in

physiology.

RIPK3 functions as an essential adaptor for necroptosis

Phosphorylation-driven activation of RIPK3

RIPK3 is a cytosolic serine/threonine kinase that consists of an active kinase domain at the
amino terminus (Moriwaki and Chan, 2013). Essential amino acids for enzymatic activity of
typical protein kinases are conserved in RIPK3, including the catalytic triad (Lys50, Glu60,
and Asp160 in human RIPK3) and the DFG motif (Asp160, Phel61, and Gly162 in human
RIPK3). RIPK3 also carries a unique homotypic protein-protein interaction domain, called
RIP homotypic interaction motif (RHIM), at the carboxy terminus. The RHIM is
characterized by a hydrophobic B-sheet dominant polypeptide sequence flanking a highly
conserved tetra-peptide core (458-VQVG-461 in human RIPK3) (Sun et al., 2002). Both the
kinase activity and the RHIM are indispensable for necroptosis in response to different
physiological stimuli (Cho et al., 2009; He et al., 2009; Zhang et al., 2009).

RIPK3 is phosphorylated at multiple sites upon necroptosis induction (Chen et al., 2013; He
et al., 2009). Although RIPK3 phosphorylation is key for necroptosis, the upstream events
that trigger RIPK3 activation are not fully understood. In TNF-induced necroptosis, the
upstream adaptor RIPK1, another RHIM-containing RIP kinase family protein, interacts
with RIPK3 through the RHIM. This interaction is essential for TNF-induced necroptosis
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(Cho et al., 2009). Because RIPK1 kinase inhibitors block RIPK3 phosphorylation and
necrotic cell death, RIPK1 is widely considered to be the upstream kinase that
phosphorylates RIPK3 (Degterev et al., 2008; Degterev et al., 2005). However, RIPK1 failed
to phosphorylate RIPK3 in /n vitro kinase assay (Cho et al., 2009), suggesting that RIPK1
may function as an adaptor to provide a scaffold for RIPK3 to be activated by auto-
phosphorylation. In this scenario, RIPK1 kinase activity may mediate its own auto-
phosphorylation, which leads to changes in conformation and interaction with RIPK3. This
alternative viewpoint is supported by the fact that RIPK3 is also activated by other
necroptosis inducers such as the TLR3 ligand polyl:C and murine cytomegalovirus that
signal independently of RIPK1 (Dillon et al., 2014; Upton et al., 2012; Weng et al., 2014). In
these cases, RIPK3 interacts with the RHIM-containing proteins Toll/interleukin-1 (I1L-1)
receptor domain-containing adaptor protein inducing interferon p (TRIF) or DNA-
dependent activator of interferon regulatory factor (DAI), both of which do not possess
kinase activity. Thus, it is likely that RHIM-RHIM interaction provides the scaffold for
RIPK3 activation rather than direct activation of RIPK3 through trans-phosphorylation.

Phospho-proteomic analysis has identified multiple phosphorylation sites on RIPK3 during
TNF-induced necroptosis. Among them, Ser227 in human RIPK3 (Thr231/Ser232 in mouse
RIPK3) has been reported to be crucial for necroptosis induction (Chen et al., 2013).
Alanine substitution of Ser227 did not impair RIPK3 kinase activity, but blocked TNF-
induced RIPK3-MLKL interaction. This is consistent with crystal structure analysis that
phosphorylated Ser227 forms hydrogen bond with Ser404 in the pseudokinase domain of
MLKL at the interface of the RIPK3-MLKL complex (Xie et al., 2013). Since phospho-
mimetic glutamate mutation also blocked this interaction (McQuade et al., 2013), the
negative charge from phosphorylation may not be key for this interaction. Rather, Ser288
phosphorylation may alter the conformation to facilitate binding to MLKL. In contrast to
Ser232, site-directed mutagenesis analysis of conserved serine/threonine residues of RIPK3
identified Ser204 in mouse RIPK3 (Ser199 in human RIPK3) as an important residue for its
kinase activity (McQuade et al., 2013). The phospho-mimetic mutant S204D, but not
S204A, could mediate necroptosis in response to TNF. Interestingly, necroptosis mediated
by RIPK3-5204D is no longer dependent on RIPK1 (McQuade et al., 2013), again
indicating that RIPK3 can be activated downstream of TNF receptor without RIPK1.

RHIM-mediated formation of RIPK3 oligomer during necroptosis

Recent biochemical and structural studies showed that signaling adaptors often organize into
higher-order and repetitive structures and that this organization is essential for full activity of
the signaling complexes (Kagan et al., 2014). Similarly, the RHIM of RIPK3 mediates
amyloid-like filamentous signaling complex formation with RIPK1 during TNF-induced
necroptosis (Li et al., 2012). Single amino acid substitutions in the tetra-peptide core
sequence of the RHIM prevented formation of this filamentous scaffold and TNF-induced
necroptosis. Similar higher order structures also mediate RIPK3-induced necroptosis in
models of chemically enforced dimerization of RIPK3 (Orozco et al., 2014).

How is the assembly of the RHIM-driven amyloid oligomer regulated? Curiously, the kinase
activity of RIPK3 was also attenuated when the RIPK3 RHIM is mutated. On the other
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hand, RIPK3 kinase-dead mutant failed to form the amyloid oligomer (Li et al., 2012).
These results suggest a feed-forward mechanism in which phosphorylation of residues in the
kinase domain relieves the steric hindrance on the RHIM to promote polymerization. RHIM-
mediated polymerization serves to further stimulate maximal kinase activity. Thus, in the
quiescent state, the kinase domain of RIPK3 masks and prevents the RHIM from
polymerization. In addition to phosphorylation, we recently found that RIPK3 undergoes
K48-linked polyubiquitination in the kinase domain during normal turnover of the protein.
Normally, this event does not lead to necroptosis as the unmasked RIPK3 is rapidly
degraded by the proteasome. However, inhibition of the proteasome can trigger receptor-
independent necroptosis (Moriwaki and Chan, 2016). Hence, the requirement for
oligomerization-induced activation may serve to keep RIPK3 in check and to prevent
inadvertent necroptosis during normal protein turnover.

Negative regulatory mechanisms of necroptosis

Endogenous necroptosis inhibitory proteins

Necrotic cell death is a highly inflammatory type of cell death due to the release intracellular
immunogenic contents that stimulates innate immune cells and subsequently inflammation.
As such, there are cellular mechanisms put in place to keep in check the potential deleterious
effects of necroptosis. For instance, the initiator caspase, caspase 8, not only induces
apoptosis, but also has a critical role in necroptosis inhibition by cleavage of the crucial
necroptosis regulators RIPK1, RIPK3, and cylindromatosis (CYLD) (Chan et al., 2003;
Feng et al., 2007; Lin et al., 1999; O'Donnell et al., 2011). In fact, pharmacologic or genetic
inhibition of caspase 8 is a trick that is widely used to induce necroptosis in the laboratory.
In addition, the caspase 8 binding partner Fas-associated via death domain (FADD) is also
required for caspase 8-mediated inhibition of necroptosis. Genetic inactivation of caspase 8
or FADD led to excessive RIPK1 and RIPK3-dependent necroptosis and embryonic lethality
(Kaiser et al., 2011; Oberst et al., 2011; Zhang et al., 2011). Tissue-specific deletion of these
two proteins in the intestine or the skin also caused severe RIPK3-dependent necroptosis and
inflammation (Bonnet et al., 2011; Gunther et al., 2011; Welz et al., 2011). Hence, caspase 8
is a key checkpoint regulator that dictates the cell death mode (Fig. 1).

Nuclear factor-xB (NF-xB) is a family of transcription factors that plays a central role in
expression of inflammatory and pro-survival molecules such as cellular FLICE (caspase 8)-
like IL-1B-converting enzyme-inhibitory protein (cFLIP). cFLIP is an enzymatically inactive
caspase 8 homolog that binds to caspase 8 and inhibits its apoptotic activity (Irmler et al.,
1997). Germline or tissue-specific deletion of cFLIP caused excessive caspase 8-mediated
apoptosis (Dillon et al., 2012; Panayotova-Dimitrova et al., 2013; Piao et al., 2012; Weinlich
etal., 2013; Yeh et al., 2000). Interestingly, the long isoform of cFLIP (cFLIP) forms a
heterodimer with caspase 8 that inhibits caspase-dependent apoptosis, but retains cleavage
activity against RIPK1 and RIPK3 (Oberst et al., 2011) (Fig. 1). In contrast, the short
isoform cFLIPg also inhibits this anti-necroptotic activity and thus functions as a pro-
necroptotic factor (Feoktistova et al., 2011). Hence, necroptosis is tightly controlled by the
balance between the two cFLIP isoforms.
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In addition to cFLIP, the cellular inhibitor of apoptosis proteins (clAPs) are also
transcriptional targets of NF-xB. The clAPs are E3 ubiquitin ligases that mediate RIPK1
ubiquitination upon TNF stimulation. RIPK1, clAP1 and clAP2 are recruited to TNFR1
complex along with TRADD, TNFR-associated factor 2 (TRAF2), and the linear ubiquitin
chain assembly complex (LUBAC). RIPK1 and other polyubiquitinated adaptors within the
TNF receptor 1 complex function as a scaffold to recruit IKKa/B/NEMO and TAK1/TAB1/
TAB2 complexes to induce NF-xB-dependent pro-survival gene expression (Bertrand et al.,
2008; Gerlach et al., 2011; Mahoney et al., 2008; Samuel et al., 2006; Vince et al., 2009).
Although the primary function of IKKa/p is to stimulate NF-xB activation, a recent report
showed that IKKa/B may also directly phosphorylate RIPK1 to block formation of the
death-inducing RIPK1-FADD-caspase 8 complex (complex I1a) and RIPK1-RIPK3 complex
(complex Ilb) (Dondelinger et al., 2015) (Fig. 1). TRAF2 was reported to inhibit necroptosis
by recruiting clAPs to the TNFR1 complex and by direct interaction with MLKL to preclude
it from binding to RIPK3 (Petersen et al., 2015). Another IAP protein, X-linked IAP
(XIAP), also protected RIPK3-dependent cell death through unknown mechanism perhaps
mediated by its E3 ligase function (Yabal et al., 2014) (Fig. 1). A20, a unique ubiquitin
editing protein that carries both deubiquitination and E3 ligase activities, was also reported
to block necroptosis through stabilization of linear ubiquitin chains in TNFR1 complex and
direct deubiquitination of RIPK3 (Draber et al., 2015; Onizawa et al., 2015; Wertz et al.,
2015). However, the precise lysine residue mediating this effect is controversial (Moriwaki
and Chan, 2016). As such, many regulators of the NF-xB pathway negatively control
RIPK3-dependent necroptosis in NF-xB-dependent and independent manners.

Viral necroptosis inhibitory proteins

Many viruses have acquired the ability to inhibit apoptosis during evolution. Specifically,
large DNA viruses are adept at inhibiting caspase 8 to protect the viral factory within
infected host cells from destruction. However, blocking caspase 8 activity sensitizes cells to
necroptosis. Hence, cells infected by the poxvirus vaccinia virus, which encodes the caspase
inhibitor B13R/Spi2, are highly sensitive to TNF- and RIPK3-dependent necroptosis (Cho et
al., 2009). Since viruses have developed strategies to evade apoptosis, it raises the possibility
that viruses may have also acquired anti-necroptotic functions throughout evolution. In
addition to the M36-encoded viral inhibitor of caspase 8 activation (VICA), murine
cytomegalovirus (MCMV) also carries the M45-encoded viral inhibitor of RIP activation
(VIRA). M45/vIRA is homologous to the viral ribonucleotide reductase found in other
herpesviruses, but exhibit no enzymatic activity. Interestingly, vVIRA contains a RHIM at the
N-terminus that interacts with the RHIM of RIPK3 (Upton et al., 2008, 2010). As a result,
VIRA sequesters RIPK3 and prevents it from interacting with its cellular RHIM-containing
partners RIPK1, TRIF and DAI (Fig. 1). Recently, RHIM-containing viral necroptosis
inhibitors have been identified in herpes simplex virus type | (HSV-1) and HSV-2. In
contrast to M45, the HSV inhibitors (ICP6 for HSV-1 and ICP10 for HSV2) are dual
apoptosis and necroptosis inhibitors that bind to caspase 8 at the N-terminus and RIPK3
through the C-terminal RHIM (Dufour et al., 2011; Guo et al., 2015). ICP6 and ICP10 block
necroptosis in human cells, their natural host, but induce necroptosis in mouse cells. This
suggests that viral necroptosis inhibitors may also function as species restriction factors
(Huang et al., 2015; Wang et al., 2014). Although human CMV also inhibits necroptosis, the
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responsible viral inhibitor has not been identified (Fig. 1) (Omoto et al., 2015). Interestingly,
certain viral FLIPs have been shown to also inhibit TNF-induced necroptosis (Chan et al.,
2003; Upton and Chan, 2014). However, the underlying mechanism has not been fully
elucidated (Fig. 1).

How does RIPK3 promote inflammation?

The germline Ripk3”~ mice generated by Newton and Dixit have been instrumental in the
study of physiological functions of RIPK3 and necroptosis over the years (Newton et al.,
2004). Rijpk3™"~ mice exhibited reduced inflammatory phenotypes in viral infection models
as well as sterile inflammatory diseases in the kidney (Linkermann et al., 2013), heart
(Luedde et al., 2014; Zhang et al., 2016), blood vessel (Lin et al., 2013; Meng et al., 2015),
pancreas (He et al., 2009), brain (Vitner et al., 2014), liver (Afonso et al., 2015; Dara et al.,
2015; Deutsch et al., 2015; Gautheron et al., 2014; Kang et al., 2015b; Ramachandran et al.,
2013; Roychowdhury et al., 2013; Vucur et al., 2013; Wang et al., 2016), intestine (Gunther
et al., 2011; Moriwaki et al., 2014; Welz et al., 2011), skin (Bonnet et al., 2011), and retina
(Murakami et al., 2014; Murakami et al., 2012; Trichonas et al., 2010). This has led to the
current dogma that RIPK3 drives inflammation through necroptosis-associated release of
intracellular immunogenic contents. Electron microscopy or standard histology is often used
to detect necrotic cells in tissues. However, these methods are neither quantitative nor
specific for necroptosis. Hence, it is difficult to evaluate whether necroptosis is truly a driver
of these diseases /n vivo. Moreover, it is noteworthy that optimal induction of necroptosis
requires caspase 8 and clAPs inhibition. Because deletion of FADD, caspase 8 or the IAPs
often compromises survival of mice, it is questionable that they represent physiological
disease conditions. As such, while certain virus infections can lead to caspase 8 and clAPs
inhibition, it remains unclear if these cellular necroptosis inhibitors are indeed disabled in
other sterile inflammation models. Recently, RIPK3 was reported to possess multiple
necroptosis-independent functions. Importantly, these novel functions of RIPK3 often do not
require inhibition of FADD, caspase 8 or the IAPs. These observations thus raise the
interesting possibility that RIPK3 may promote inflammation without induction of
necroptosis.

Non-necrotic functions of RIPK3

RIPK3 in NF-xB activation

RIPK3 was originally identified as a RIPK1 binding protein with homology to RIPK1 and
RIPK2, both of which were known NF-xB inducers (Sun et al., 1999; Yu et al., 1999).
Similar to these other RIP kinase family members, early studies showed that over-expression
of RIPK3 also alter NF-xB activation (Kasof et al., 2000; Meylan et al., 2004; Sun et al.,
1999; Yu et al., 1999). However, the results were confusing since different studies have
shown activating as well as inhibitory effects on NF-xB activation. Rjpk3’~ mouse
embryonic fibroblasts and bone marrow derived macrophages (BMDMs) exhibited normal
TNF- and TLR ligand-induced phosphorylation and degradation of inhibitor kB a (IxBa)
(Newton et al., 2004). These results led to the view that RIPK3 is dispensable for NF-xB
activation. However, we recently found that RIPK3 is a cell type-specific NF-xB activator
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(Moriwaki et al., 2014). In GM-CSF and IL-4 derived bone marrow derived dendritic cells
(BMDCs), TLR4-induced NF-xB activation and cytokine production was critically
dependent on RIPK3. Instead of pairing with its more widely known partner p52 as a “non-
canonical” NF-xB, RelB partners with p50 in DCs to regulate TLR-mediated cytokine
expression (Shih et al., 2012). Consistent with previous report (Newton et al., 2004),
phosphorylation and degradation of IxBa was normal in TLR4-stimulated Rjpk37/~
BMDCs. Rather, nuclear translocation of RelB-p50 heterodimer was severely impaired in
Ripk3'= BMDCs. It is noteworthy that cell type-specific control of NF-xB activation and
cytokine expression by RIPK3 has also been reported in aortic smooth muscle cells (Wang et
al., 2015). In both BMDCs and aortic smooth muscle cells, RIPK3 controls NF-xB
activation downstream of IxBa phosphorylation and degradation. The precise mechanism by
which RIPK3 facilitates RelB-p50 heterodimer nuclear translocation in specific cell types is
unknown at present. However, the RHIM, but not the kinase activity of RIPK3, appears to be
crucial for this function ((Moriwaki et al., 2014) and unpublished observation). Nonetheless,
these studies suggest that RIPK3 can drive powerful inflammation directly through cytokine
production in a necroptosis-independent manner.

RIPK3 in inflammasome activation

Inflammasome is a macromolecular cytosolic protein complex in which the effector protease
caspase 1 is activated in response to various stimuli (Latz et al., 2013). Activated caspase 1
cleaves pro-IL-1p and pro-IL-18 to produce the mature cytokines, both of which are key
mediators of inflammatory pathologies. BMDCs are distinct from macrophages in that
TLR4 stimulation alone is sufficient to induce processing and secretion of mature IL-1p,
although an inflammasome-activating signal does result in higher level of IL-1p production
(He et al., 2013). TLR4-induced IL-1p production was strongly suppressed in the absence of
RIPK3 (Moriwaki et al., 2014). Consistent with its role in pro-IL-1p processing, caspase 1
activation was also blunted in /Rjpk3/~ BMDCs. In addition to caspase 1, the initiator
caspase for death receptors, caspase 8, can also mediate pro-1L-1f cleavage in some cases
(Maelfait et al., 2008). Similar to caspase 1, TLR4-induced caspase 8 activation was also
abolished in Rjpk3’~ BMDCs (Moriwaki et al., 2015). RIPK3-dependent cleavage of pro-
IL-1p is negatively controlled by the IAPs and A20, since RIPK3-dependent IL-1f
production was strongly enhanced in the absence of 1APs or A20 (Duong et al., 2015; Vince
etal., 2012). These results suggest a crucial role for ubiquitination in regulating the non-
necroptotic function of RIPKS3.

In contrast to necroptosis, RIPK3 kinase activity is dispensable for pro-1L-1f processing.
This observation further bolsters the argument that RIPK3 promotes pro-IL-1p cleavage
independent of necroptosis. Interestingly, reactive oxygen species (ROS) scavengers strongly
inhibited LPS-induced caspase 1 activation and IL-1p secretion by BMDCs (Moriwaki et al.,
2014). This is similar to RIPK3-induced necroptosis, which is also inhibited by ROS
scavengers (Cho et al., 2009; Zhang et al., 2009). Since mitochondrial ROS has been
implicated in inflammasome activation (Zhou et al., 2010; Zhou et al., 2011), these results
suggest a model in which RIPK3 stimulates mitochondrial ROS production, which in turn
activates the NLRP3 inflammasome and caspase 1 (Fig. 2).
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Although ROS scavengers potently inhibited RIPK3-dependent caspase 1 activity, they had
no effects on RIPK3-dependent caspase 8 activation (Moriwaki et al., 2014), indicating that
RIPK3 regulates caspase 8-mediated pro-1L-1f processing through a distinct mechanism.
Interestingly, Fada™'~, Trif~ and RjpkZ~'~ BMDCs also failed to activate caspase 8 in
response to TLR4 stimulation, suggesting that these adaptors are required for RIPK3-
dependent caspase 8 activation. Indeed, a complex containing RIPK1, RIPK3, FADD and
caspase 8 is formed in BMDCs in response to LPS stimulation. Because TRIF is also a
RHIM-containing adaptor, it is tantalizing to speculate that TRIF recruits and activates
RIPK1 and RIPK3 through RHIM-RHIM interaction. Subsequently, RIPK1 further recruits
FADD and caspase 8 through their respective death domains and death effector domains,
resulting in the assembly of the RIPK3-RIPK1-FADD-caspase 8 complex. Thus, while
caspase 8 cleaves and inactivates RIPK3 to inhibit necroptosis, RIPK3 can in turn act as an
activator of caspase 8 in specific immune effectors such as DCs.

Although caspase 8 promotes IL-1f maturation and secretion in wild type DCs, caspase 87/~
DCs actually produced elevated level of IL-1p in response to TLR4 stimulation. The
increase in IL-1p release is due to increased RIPK3-dependent NLRP3 inflammasome and
caspase 1 activation. Moreover, the necroptosis effector MLKL is also required for elevated
IL-1 release in caspase 8/~ DCs (Kang et al., 2013). As a result of the exaggerated IL-1f
response, DC-specific caspase 8-deficient mice were highly vulnerable to LPS-induced
septic shock (Kang et al., 2013). Similar requirement for RIPK3 kinase activity and MLKL
for NLRP3 inflammasome and caspase 1 activation was observed in BMDMs stimulated
with LPS and IAP antagonist or with poly(1:C) in the presence of pan-caspase inhibitor
(Kang et al., 2015a; Lawlor et al., 2015). How RIPK3 and MLKL activate pro-IL-1p
processing and secretion is unknown at present. One possible mechanism is that activated
MLKL may induce pore formation at the plasma membrane to facilitate potassium efflux,
which in turn activates the NLRP3 inflammasome (Fig. 2). Interestingly, while poly(l:C)
alone induced NLRP3 inflammasome activation in the presence of pan-caspase inhibitor, it
did not do so in caspase 8-deficient BMDMs (Kang et al., 2015a). In addition, caspase 8 has
been implicated to promote priming of the inflammasome (Gurung et al., 2014; Weng et al.,
2014). Based on these results, caspase 8 may function as a scaffold or a NF-xB activator to
promote NLRP3 inflammasome activation. Whether caspase 8 activates or inhibits pro-
IL-1B processing may depend on the cell type and activities of caspase 8 and clAPs. Taken
together, these results highlight the complex and paradoxical relationship between RIPK3
and caspase 8 in cell death and inflammasome activation.

RIPK3 functions in apoptosis

Besides processing of pro-1L-1f and pro-1L-18, the atypical RIPK1-RIPK3-FADD-caspase
8 complex may also play a role in apoptosis. In fact, this complex and similar versions of it,
which were also known as the “ripoptosome”, was originally identified as macro-molecular
complexes that mediate cell death (Feoktistova et al., 2011; Tenev et al., 2011). Recently, we
found that high doses of RIPK3 kinase inhibitors can induce conformational change of
RIPK3 that leads to assembly of the same RIPK3-caspase 8 complex that mediates pro-
IL-1B processing (Mandal et al., 2014; Moriwaki et al., 2015). Formation of this complex
and apoptosis can also be induced by expression of the kinase inactive RIPK3 mutant
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D161N mutation or in knock-in mice that harbor this mutation (Mandal et al., 2014; Newton
et al., 2014). Apoptosis induced by RIPK3 kinase inhibitors or expression of RIPK3-D161N
was rescued by inactivation of caspase 8. However, not all kinase inactive RIPK3 mutants
promote formation of the caspase 8 complex and apoptosis (Mandal et al., 2014). Moreover,
the death-inducing effect of the RIPK3 inhibitors was prominent in mouse cells, but much
more subdued in human cells (unpublished observation). Hence, RIPK3 from different
species exhibits differential sensitivity to conformation-induced caspase 8 and apoptosis
activation. Although the same complex was also formed in LPS-treated BMDCs, they did
not undergo apoptosis due to the more limited extent of caspase 8 activation. However, when
de novo protein synthesis was blocked by cycloheximide, LPS did cause apoptosis of
BMDCs in a RIPK3-dependent manner (Moriwaki et al., 2015). This suggests that LPS
likely induces expression of pro-survival proteins that block caspase 8-mediated apoptosis.
One such pro-survival factor could be the enzyme-inactive caspase 8 homolog cFLIP,
which is a transcriptional target of NF-xB. Caspase 8-cFLIP| heterodimer is known to
exhibit altered substrate specificity compared with caspase 8 homodimer (Pop et al., 2011).
TLR4-induced expression of cFLIP can therefore alter the cleavage specificity of caspase 8
so that it retains cleavage activity on pro-IL-1p while blocking cleavage of apoptosis
substrates.

Necroptosis-independent functions of RIPK3 in inflammatory diseases

As we have discussed already, necroptosis is thought to be a major mechanism by which
RIPK3 mediates inflammation. To date, the majority of studies have used mice with
compromised functions in FADD, caspase 8 or the clAPs. As the biochemical studies
indicate, these genetic manipulations strongly skew the response toward necroptosis.
However, studies in Rjpk3~ mice with intact FADD, caspase 8 and cIAP functions indicate
that RIPK3 can also regulate inflammation without inactivating the function of these
necroptosis inhibitors. Dextran sulfate sodium (DSS) causes intestinal epithelial cell (IEC)
injury and is a popular model for studying the tissue repair mechanism in experimental
colitis. Because RIPK3 deficiency reversed the spontaneous colitis found in IEC-specific
FADD- or caspase 8-deficient mice (Gunther et al., 2011; Welz et al., 2011), it was widely
assumed that RIPK3 promotes colitis through necroptosis. In contrast to this model,
Ripk3™'~ mice developed more severe colitis in response to medium dose of DSS when
compared with their wild type littermates (Moriwaki et al., 2014). Radiation chimera
experiment showed that hematopoietic cell-derived IL-23 and IL-1p production was
responsible for the protective function of RIPK3. As we have already described in previous
sections, RIPK3 is essential for IL-23 and IL-1p production in BMDCs. This suggests that
DCs in the intestinal lamina propria may similarly control I1L-23 and IL-1p production
during DSS-induced IEC injury. Both 1L-23 and IL-1p are potent inducers of I1L-22, a
cytokine produced by type 3 innate lymphoid cells in the lamina propria that stimulates
tissue repair in colonic tissues (Mizoguchi, 2012). Indeed, IL-22 expression and tissue repair
were both retarded in DSS-treated R/jpk3~/~ mice. Importantly, the extent of IEC injury early
during the reaction was similar between Rjpk3'~ mice and their wild type littermates. These
results strongly suggest that necroptosis is not a major driver for the sustained intestinal
injury found in Rjpk3™~ mice.

Int Rev Cell Mol Biol. Author manuscript; available in PMC 2018 January 31.
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Another example of RIPK3 controlling inflammation independent of necroptosis comes
from the K/B x N serum transfer mouse arthritis model. Disease pathology in this model is
highly dependent on IL-1p. Interestingly, Ripk3~~ mice, but not Mikl™'~ or CaspI™'~ mice,
showed reduced IL-1p production and attenuated disease severity (Lawlor et al., 2015).
Disease severity was further attenuated in Rjpk3”~Casp8'~ mice. These results suggest that
IL-1B production might be mediated by the RIPK3-caspase 8 ripoptosome. In addition,
genetic deletion of clAP1, clAP2 and XIAP in the myeloid lineage or administration of IAP
antagonist in mice led to systemic inflammatory cytokine storm and granulocytosis that was
attenuated by RIPK3 deletion (Wong et al., 2014). Again, IAP antagonist-induced TNF
production was reveresed in Rjpk3™/~, but not Mikf'~ BMDMs. These results indicate
RIPK3 can promote inflammation through necroptosis as well as independent of
necroptosis. Cellular context and environmental cues likely determines whether one
response dominates over the other one in any particular inflammatory disease. Moreover,
one cannot rule out the possibility that both responses cooperate with each other to
maximize the impact of RIPK3 signaling on inflammation.

Concluding remarks

Genetic evidence has provided strong rationale that RIPK3 is a therapeutic target in treating
various inflammatory diseases. Indeed, several types of RIPK3 inhibitors targeting its kinase
activity have been reported in recent years (Fauster et al., 2015; Mandal et al., 2014; Najjar
etal., 2015; Rodriguez et al., 2016). However, as we have discussed here, RIPK3 can
promote inflammation independent of its kinase activity and necroptosis. Therefore, it will
be important to determine which RIPK3 function dominantly drives inflammation in each
disease condition. Another hurdle to overcome is the potential difference between human
and mouse RIPK3. For example, human RIPK3 does not interact with mouse MLKL and
vice versa (Chen et al., 2013). There is also evidence to suggest that the molecular chaperon
HSP90 may preferentially bind to human, but not mouse RIPK3 (Jacobsen et al., 2016; Li et
al., 2015). Furthermore, we have found that RIPK3 kinase inhibitors were much more potent
in inducing apoptosis through mouse RIPK3 than human RIPK3 (unpublished observation).
These observations highlight the potential deficiency of mouse models in interrogating the
role of RIPK3 in different human diseases. We therefore argue that a holistic understanding
of RIPK3 biology and therapeutic potential will require detailed studies on the structural
determinants that control human RIPK3 activation. For example, we currently have little
knowledge on how phosphorylation and ubiquitination alter the folding between the kinase
domain and RHIM domain of RIPK3. We also do not know how this conformational change
facilitates recruitment and activation of MLKL. We also do not know whether the same
changes occur when RIPK3 functions in a non-necroptotic manner. These are but some of
the future challenges that await the scientific community to resolve.
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Figure 1. Cellular and viral inhibitors of necroptosis
Multiple inhibitors of adaptors of necroptosis have been identified. These include cellular

inhibitors such as IKKa/p, which directly phosphorylate RIPK1 to prevent it from engaging
downstream cell death effectors, cellular IAPs and XIAP, which poly-ubiquitinate RIPK1
and other unknown substrates to prevent its interaction with RIPK3, cFLIP| /Caspase 8
heterodimer and their adaptor FADD, which cleave and inactivate RIPK1, RIPK3 and
CYLD, and TRAF2, which sequesters MLKL and prevents it from interacting with RIPK3.
Note that the IKKs and the IAPs can also inhibit necroptosis through NF-kB dependent
induction of survival factors. On the right, the known viral and putative viral necroptosis
inhibitors are shown. Both vIRA (M45) and ICP6/10 function to sequester RIPK3 from
binding to other RHIM-containing adaptors.

Int Rev Cell Mol Biol. Author manuscript; available in PMC 2018 January 31.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Moriwaki and Chan

Absence of caspase 8 activity
RIPK3 kinase activity-dependent

Intact caspase 8 activity
RIPK3 kinase activity-independent

Page 19

A

A 4

Ry
D)

IL-1B, IL-18

©)

(s,

- Ry P
Iary'cre

<«

Apoptosis

pro-IL-1B

0

Figure 2. Necroptotic and non-necroptotic functions of RIPK 3
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Stimulation of TNF receptor 1 (TNFR1) and other innate immune receptors such as TLR4 in
the presence of caspase 8 inhibition results in complex formation between RIPK1 and
RIPK3. This complex also contains FADD and caspase 8 and is dependent on intact RIPK1
and RIPK3 kinase activities. Activated RIPK3 in turn phosphorylates MLKL, which leads to
formation of membrane lesion through which intracellular immunogenic contents (alarmins)
are released. Although MLKL may not directly induce membrane lesions, it eventually
triggers pore formation to facilitate potassium efflux, a process that can lead to NLRP3
inflammasome activation. In BMDCs, RIPK3 facilitates NLRP3 inflammasome activation
through ROS production, and caspase 8 activation through assembly of a TRIF-RIPK1-
RIPK3-FADD-caspase 8 complex. These two pathways collectively promote processing of
pro-IL-1p and pro-1L-18. Apoptosis is prevented through concomitant induction of pro-
survival genes such as cFLIP| . In addition to pro-I1L-1p and pro-1L-18 cleavage, TLR4 also
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stimulates RelB-p50 (NF-xB) activation downstream of IxBa phosphorylation and
degradation, which is possibly mediated by ROS. RIPK3 promotes pro-1L-1p processing and
NF-xB activation independent of its kinase activity.
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