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Summary

It has long been known that apoptosis is vital to the generation and maintenance of proper
adaptive immune function. An example of this is the vital requirement for apoptotic signaling
during the generation of self-tolerant lymphocytes: the apoptotic death of B and T cells with overt
autoreactivity is vital to central tolerance. More recently, the contributions of additional processes
including cellular autophagy and programmed necrosis have been implicated in controlling both
innate and adaptive immune functions. Evidence has been provided to demonstrate that the death
of cells following ligation of death receptors (DR), a sub-family of cell surface molecules related
to TNF receptor 1, is not exclusively the domain of caspase-dependent apoptosis. In cells lacking
the capacity to activate caspase-8 following DR ligation, cell death instead occurs via programmed
necrosis, or as it has been recently termed, “necroptosis.” This death process depends on RIP1 and
RIP3, serine/threonine kinases that are recruited by DRs, and likely by other cellular signals
including DNA damage and antigen receptor ligation. The generation of RIP1/RIP3 containing
“necrosomes” activates downstream necroptotic signaling that ultimately targets cellular energetic
metabolism. Also related to cellular metabolic regulation, cellular autophagy has also been found
to play unique and important roles in immunity. In this review, we describe the roles of
necroptosis and autophagy in innate and adaptive immunity, and speculate on the intriguing
interplay between these two cellular processes.
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Introduction

As this volume of reviews focuses on the roles of cellular metabolism in immune function, it
might seem a discussion of autophagy and programmed cell death (PCD) might seem out of
place. Yet, both of these cellular processes may be considered extreme examples of
metabolism. Autophagic signaling is primarily engaged in preventing metabolic catastrophe,
as it is required for the elimination of damaged organelles and macromolecules. In addition,
the products of autophagic breakdown are often shunted toward the maintenance of cellular
energy. In contrast, programmed cell death might be viewed as the terminal state of
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metabolism that cells must ultimate experience. It is not surprising that such cellular survival
and death mechanisms are essential to vertebrate cellular physiology. Indeed, one may view
these pathways as performing important but simple housekeeping functions in all cells,
autophagy as a mechanism to deal with cellular stress and damage, and PCD as a means to
initiate the conclusion of cellular metabolism under specific circumstances. Yet, as detailed
in the following pages, autophagy and PCD are both are also vital to the development and
proper functioning of vertebrate immunity, playing regulatory roles in these processes.

While numerous excellent reviews have addressed the myriad functions of apoptotic
signaling in innate and adaptive immunity, here we focus specifically on programmed
necrosis/necroptosis and autophagy. We start with an introduction regarding death receptor
induced necroptosis, as this is probably the best understood non-apoptotic signaling pathway
that involves the generation of RIP1/RIP3 containing complexes termed necrosomes. We
then describe additional contexts under which necrosomal signaling promotes non-apoptotic
cell death. Autophagy and its involvement in adaptive and innate immune function is
addressed, followed by a treatise on the observed interplay between these two processes. As
we shall describe, both programmed necrosis and autophagy are intricately involved in
modulating immune cell metabolism, the major theme of this collection of essays.

Apoptosis vs. necrosis

For many years, the widely accepted form of cell death known to regulate embryonic
development, immune homeostasis, and disease was apoptosis. Apoptotic death is described
as an orderly, programmed event, characterized by an intact plasma membrane until the late
stages, activation of caspases, DNA fragmentation, and membrane blebbing (1). Necrotic
death is described as swelling of the endoplasmic reticulum, mitochondria, and cytoplasm,
subsequently resulting in rupture of the plasma membrane and lysis of the cell, and is
regarded as an unregulated and uncontrollable process (2). Necrosis has long been viewed as
an accidental form of cell death caused by physical or chemical injury. Due to release of
cellular contents, necrosis is thought to comprise an immunogenic death modality in contrast
with apoptosis, which generally induces a tolerogenic response. While caspase 8-mediated
apoptotic death has been well characterized, recent studies have now revealed that necrosis
can also be regulated through specific intrinsic cellular programs.

Development of functional adaptive and innate immune responses requires strict regulation
of programmed cell death signaling pathways. These signaling pathways are essential for
shaping and maintaining the immune system, and ensuring functional immune responses.
Programmed death is required for clonal deletion of lymphocytes during an infection, and
dysregulation results in defective clearance of autoreactive T cells and autoimmune disease
(3). Recent advancements have provided deeper insight into the molecular mechanisms that
regulate the interplay between apoptosis and necroptosis, and uncovered additional, critical
roles for programmed necrosis in immune function.

Death receptor/TNF receptor signaling

The tumor necrosis factor receptor (TNF) receptor superfamily is composed of a twenty-
three cell surface receptors that potentiate various functions in vivo. Receptors belonging to
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the TNF receptor family play an important role in immune regulation by controlling various
responses in mammalian cells. Of particular interest is a subset called the death receptors
(DR), many of which are essential for immune homeostasis and tolerance and participate in
the clonal deletion of activated lymphocytes (4). Death receptors share the feature of a
“death domain” motif on their cytoplasmic tails, which promotes homotypic oligomerization
and the recruitment of adaptor molecules such as FADD, TRADD, and RIPK1 (5-8) all of
which bear death domains (DD) for interaction with DRs. Thus, the DD serves as the crucial
bridge between adaptor proteins and death receptors to transmit downstream apoptotic
signals.

The CD95/Fas/Apo-1 “DISC”

Ligation of the DR CD95/Fas/Apo-1 triggers formation of a cytosolic complex known as the
“death-inducing signaling complex” (DISC) (9), which includes adaptor molecule FADD
(Fas associated with death domain), RIPK1, caspase-8 (casp8), and a casp8-like molecule
that lacks proteolytic activity called c-FLIP (10). Inactive pro-casp8 exists in a monomeric
form in the cytosol: upon DR engagement, FADD is recruited to the DR via its DD, where it
then recruits and activates monomeric casp8 via its death effector domain (DED)
interactions (11, 12). Pro-casp8 homodimerization is accompanied by auto-cleavage and
induction of catalytic activity (auto-activation) (13), ultimately leading to cleavage-mediated
activation of downstream executioner caspases including casp3, 6 and 7 (14).

In response to various extracellular or intracellular stimuli, initiation of cellular death
pathways is regulated by the activity of caspases. “Intrinsic” apoptosis resulting from
mitochondrial outer membrane permeabilization (MOMP) is regulated by the “apoptosome”
which includes Apaf-1, casp9, and Bcl-2 family members BAX and BAK (15). MOMP
leads to the release of mitochondrial apoptotic-inducing factors cytochrome C and SMAC/
DIABLO, thereby activating casp9 and downstream effector caspases. In contrast,
“extrinsic” apoptosis is mediated by casp8 following DR ligation. Activated casp8 or casp9
induces Casp-3, -6 and -7 activity via cleavage of the short prodomain of these latter
caspases. This cascade of inducer caspases acting on executioner caspases serves to amplify
the apoptotic signal in a manner similar to the blood-clotting cascade. In certain cell types,
active casp8 cleaves the pro-apoptotic Bcl-2 family member Bid. Truncated Bid (tBid) is
then capable of interacting with mitochondrial membrane bound Bax and Bak, ultimately
leading to the release of cytochrome C and the activation of casp9 via the “apoptosome.”
(16-18). In this manner, there is a means for crosstalk between DR-mediated extrinsic cell
death and cytochrome-C mediated intrinsic apoptotic cell death pathways.

TNFR1 promotes assembly of “complexes | and II”

Although analogous to death mediated by CD95/Fas/Apo-1, initiation of TNFR1 signaling
by TNFa is followed by recruitment of a distinct set of adaptors. These include TNFR-
associated death domain protein (TRADD) (19, 20), TRAF2 and ubiquitin ligases, TRAF2
and clAP1 (21), to the membrane. RIPK1 is then recruited to form what is commonly
referred to as “complex I” (22, 23). Following a sequence of ubiquitination events
modulated by clAP1/2 (24-26) and the linear ubiquitin assembly complex (LUBAC) (27—
29), pro-survival complex I, containing ubiquitinated RIPK1 as a scaffolding protein,
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recruits NF-xB essential modulator (NEMO) and 1xB kinase (IKK) complex resulting in
NF-xB activation (30). NF-xB signaling drives cell survival and proliferation by
upregulating synthesis of anti-apoptotic proteins, such as cFLIP and clAP, and aids in the
inflammatory response (25, 31). When NF-xB activation is blocked, and thus protein
synthesis (CFLIP) is inhibited, assembly of complex Il induces apoptosis.

The function of RIPK1 as a pro-survival or pro-death molecule is regulated by its
ubiquitination status. Poly-ubiquitinated RIPK1 prevents the transition of the membrane-
associated complex | to the cytosolic complex 11 (32, 33). Depending on the cellular
conditions and posttranslational regulatory mechanisms, de-ubiquitylation of RIPK1 by
enzyme cylindromatosis (CYLD) permits internalization of complex I (34) and generation of
complex 11, resulting in casp8 activation and triggering of apoptosis (35).

In response to TNFR1 engagement, adaptor protein TRADD recruits FADD to activate
casp8, while following CD95/Fas/Apo-1 ligation, FADD binds directly to CD95 to activate
casp8. Thus, the critical interaction for caspase activation is between FADD and Fas death
domains, whereas the corresponding interaction responsible for TNFa-induced caspase
activation is between FADD and TRADD death domains.

The lack of FADD and casp8 reveals an alternative form of PCD

Many groups have now established that disabling casp8 dependent apoptotic cell death often
leads to a form of cell death that has many hallmarks of cellular necrosis (36). Termed
“programmed necrosis” or “necroptosis”, this form of death is induced by the formation of a
necrosis-inducing complex comprised of receptor-interacting protein kinase 1, RIPK1, and
RIPK3 (32, 33, 37). Recent findings have implicated necroptosis as a major cell death
pathway of equal importance to apoptotic signaling in regulating development and
immunity.

Although initial research supported a relatively straightforward apoptotic signaling cascade
downstream of death receptors (14), it is now evident that casp8 induced apoptosis is not the
sole pathway in DR-induced cell death (38). Perhaps the first evidence of this was provided
by Nagata’s group (39), when an artificially multimerizing mutation of FADD unexpectedly
induced a caspase-independent form of cell death (40). Whereas the apoptotic effect of
TNFa is mediated by caspases, induction of necrotic death by TNFa or other members of
the TNF family is enhanced by caspase inhibitors, as shown by Vandenabeele and
colleagues (40). It was observed that L929 cells incubated with the pan-caspase inhibitor
zZVAD-FMK underwent an alternate form of cell death in response to TNFa. Further
evidence of cells failing to follow this simple DR-signaling model was provided when Jiirg
Tschopp and coworkers revealed that this alternative form of death activated by DR ligation
is dependent on the kinase activity of RIPK1 (41). Taken together, it is now established that
disabling the casp8 apoptotic machinery results in cell death resembling necrosis, termed
“necroptosis” or “programmed necrosis”, which is enhanced by zVAD-FMK.

RIP Kkinases are part of a family of seven serine-threonine kinases that have been shown to
be involved in innate and adaptive immunity (42). RIP kinases are characterized by their
effector or protein interaction domains, which allow them to participate in various signaling
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pathways. RIPK1 contains a C-terminal death domain motif, an intermediate domain known
as a RIP homotypic interaction motif (RHIM) (43), and an N-terminal kinase domain. Using
a small molecule library, Yuan and colleagues (44-46) have implicated the kinase activity of
RIPK1 in elaboration of programmed necrosis by identifying a family of molecules termed
“necrostatins”, specifically Necrostatin-1, that binds to and inhibits the catalytic activity of
RIPK1. Addition of Nec-1 inhibited necroptotic death induced by DR signaling in several
cell types.

In addition to RIPK1, RIPK3 was also found recruited to complex 11 (47) in response to DR-
ligation or TCR stimulation, leading to formation of necroptotic-inducing complexes,
“necrosomes” or “complex 11b” (42). When casp8 activity is compromised, RIPK3 is
recruited to complex Il by RIPK1 to form complex Ilb. Association of RIPK1-RIPK3
complex promotes necroptosis, and necrosome assembly is blocked with RIPK1 inhibitor
Nec-1 (48). Our work and that from others has shown RIPK1 kinase activity is required for
elaboration of necrotic signaling, and casp8 negatively regulates necroptosis (49). Direct
cleavage of RIPK1, and possibly RIPK3, by casp8 is one mechanism through which cells
differentiate between apoptotic and necrotic death following DR ligation (Fig. 1). In
addition, cleavage of CYLD by casp8 has also been shown to impact this decision (50).

RIPK3 is structurally similar to RIPK1; both contain a RHIM domain that facilitates their
interaction, although RIPK3 lacks a DD motif, and thus plays no apparent role in the NF-xB
survival pathway (51). RIPK3 is recruited to RIPK1-containing necrosomes via its RHIM
where a series of phosphorylation events occurs (32). The kinase activity of RIPK1 is
required to stabilize its interaction with RIPK3, and this interaction is blocked by Nec-1 (32,
33). Phosphorylation of RIPK1 and RIPK3 is mutually dependent as Nec-1 also suppresses
RIPK3 phosphorylation.

Necroptosis in T cells

As a germline deficiency in FADD led to an early embryonic lethal phenotype, Winoto and
colleagues made use of Ragl-deficient blastocyst chimerism to develop FADD deficient T
cells (52) to investigate of the role of DR-mediated death in T cells. Other groups (53-55)
used an alternative approach in which a mutant form of FADD (5) lacking a casp8
recruitment domain (FADDdd) was ectopically expressed in T cells. Both models unveiled
the induction of RIPK1-dependent necroptosis in T cells following antigenic receptor
signaling when casp8 activity is compromised. FADDdd and casp8—/— T cells unexpectedly
displayed proliferative defects in vitro following TCR stimulation and in vivo in response to
viral challenge, even though pro-survival NF-xB activation remained intact (56-58).
Extracellular blockade of DR ligation failed to rescue casp8—/— or FADDdd-expressing T
cells, suggesting that the nucleation of RIPK1/RIPK3 containing necrosomes occurs in a
manner independent of DR signaling. Upon activation, FADDdd and Casp8-/- T cells
exhibit excessive autophagy (59) before succumbing to necroptosis, supporting the role of
RIPK1 in regulating both processes. Nec-1 treatment rescued the expansion defect and
blocked the hyperautophagic phenotype in casp8—/- and FADDdd T cells (57, 59).
Interestingly, naive cells lacking functional DISC proteins did not display this
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hyperautophagic phenotype, demonstrating that increased autophagy requires TCR
stimulation.

Similar results observed in mice conditionally lacking FADD, casp8 or c-FLIP in T cells
established that these DISC proteins are also essential for T-cell clonal expansion (60-62).
Research by Lenardo and colleagues (63) led to the observation that loss of casp8 function
in humans leads to striking T cell defects. Taken together, these studies demonstrate that
DISC proteins are required for T cell expansion following antigenic stimulation. Germline
deletion of casp8, RIPK1, cFLIP, or FADD in mice results in embryonic or perinatal
lethality, demonstrating a vital role for DISC proteins in multiple developmental processes.
It is clear that casp8—/— or FADDdd T cells succumb to necroptosis when stimulated with
antigens. The BCL-10-CARMA-1-MALT1 (BCM) complex, which activates NF-xB
following TCR stimulation, has been proposed to also dictate DISC formation (64, 65).
However, it remains to be determined if the BCM complex leads to the generation of
necrosomes in cells lacking FADD, casp8 or cFLIP function.

It is evident now that the death of FADDdd or casp8 deficient T cells is attributed to the loss
of RIPK1-3 necroptotic regulation by casp8. Recent findings show that concurrent ablation
of casp8 (or FADD function) and RIPK3 completely rescues the embryonic lethality
resulting from developmental defects associated with a casp8 functional deficiency (60, 66,
67). As expected, these animals are resistant to the lethal effects of CD95 ligation in vivo.
Importantly, deficiency of RIPK1 or RIPK3 rescues casp8—/-, FADDdd and FADD-/- T
cells from TCR stimulation-induced necroptosis and restores proliferation of T cells lacking
casp8 activity (49, 60, 66—68). Whether the dramatically similar phenotype of cFLIP—/- T
cells (62, 69) may be rescued by a loss of RIPK1 and/or RIPK3, an issue likely complicated
by cFLIP’s important anti-apoptotic properties, is an important question. In contrast, work
by Winoto and colleagues (70) suggests RIPK3 signaling is not involved in the necroptotic
demise of T cells lacking FADD based on the observation that RIPK3 failed to co-
immunoprecipitate with RIPK1. Given the aforementioned genetic evidence provides a solid
backing to support the hypothesis that RIPK3 does indeed facilitate the demise of T cells
bearing defects in FADD and casp8 signaling, we surmise that these negative results are due
to the highly transitory nature of the necrosome in the context of active casp8.

Although the immune defects associated with casp8—/— or FADDdd mice are restored with a
RIPK3 deficiency, older casp8—/- x RIPK3-/- double-knockout animals display a lympho-
accumulative disorder resembling that of Ipr/lpr (Fas—/-) mice (71), characterized by
enlarged lymphoid organs and accumulation of an aberrant population of
B220*CD3*CD4~CD8" lymphoid cells (49, 66-68). Thus, RIPK1/3 mediated necroptosis
appears to serve as a backup death pathway for elimination of excess T cells when casp8
dependent apoptosis is blocked. On the other hand, RIPK3 and casp8 play opposing roles
during viral infection as FADDdd expressing mice failed to adequately respond to viral
infection due to defective T cell proliferation (72). Double mutant mice display normal
lymphoid compartments and restored T cell function and are capable of efficiently clearing
mouse hepatitis virus (MHV) [41] and lymphocytic choriomeningitis (LCMV) (68). Our
work has demonstrated that cleavage of both RIPK1 and RIPK3 by casp8 occurs in
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antigenically stimulated primary T cells and likely orchestrates the switch between apoptotic
and necrotic cell death [41].

Negative regulation of necroptosis by casp8

While casp8 inhibition promotes necroptosis in response to DR engagement and T cell
activation, an important question is how it exerts its pro-survival function without inducing
apoptosis. The key targets of casp8 processing that prevent necroptosis remain a major
subject of intense investigation. Once recruited and activated by FADD, casp8 homodimers
transduce pro-apoptotic signals by cleaving and activating downstream executioner
caspases. However, casp8 remains in an uncleaved, though catalytically active “single-
chain” state during the assembly of necrosomes following TCR stimulation (73). This state
is likely initiated by heterodimerization with the long form of cFLIP (67, 74), and such
heterodimers may be retained proximal to the necrosome by virtue of casp8/cFLIPL pro-
domain interactions with FADD. In such a tethered form, casp8 may be limited in diffusing
to interact with executioner caspases such as casp3, thus preventing the elaboration of an
apoptotic response.

By mutating the casp8 cleavage site within CYLD, Ting and coworkers (50) demonstrate
that CYLD stabilizes and deubiquitinates RIPK1, disrupting its pro-survival interaction with
NEMO, and permitting its relocation from complex | to complex Il to trigger apoptosis.
Neither RIPK1 nor RIPK3 were required for CYLD cleavage, and CYLD inactivation by
casp8 is proposed to occur upstream of RIPK activity. Thus, RIPK1 recruitment to complex
I1b is directly regulated by casp8 processing of CYLD. Several groups report a mechanism
for necrosome inhibition by cFLIP in response to TCR stimulation and TLR signaling,
respectively. cFLIP exists in two isoforms, cFLIP long (cFLIP) and cFLIP short (c-FLIPS),
and both can heterodimerize with caspase8 to negatively regulate its function by preventing
auto-cleavage (74). When cellular RIPK3 expression is high, cFLIPs-casp8 heterodimers
inhibit casp8 activity and RIPK1 necroptosis proceeds (67, 75, 76). When cFLIP|
heterodimerizes with casp8, cFLIP| -caspase8 cannot induce apoptosis, but retains sufficient
proteolytic activity to cleave RIPK1 and RIPK3, as well as CYLD and block necrosome
formation. Thus, cFLIP_ not only limits casp8 activation but also suppresses RIPK1-3
signaling.

Meier and colleagues addressed the role of clAPs during death induced by genotoxic stress,
and found that depletion of these proteins in etoposide treated cells promotes spontaneous
ripoptosome formation (76). The mode of regulation is through clAP-mediated
ubiquitination, which inactivates the ripoptosome by targeting RIPK1 for proteasomal
degradation. Another possible mechanism to account for this holds that ubiquitination of
RIPK1 by clAPs promotes NF-xB activation and prevents RIPK1 association with the
ripoptosome (25). This scenario could serve as a potential overall model where a wide array
of responses converge at regulation of clAP levels to modulate cellular sensitivity to DISC
proteins.

Immunol Rev. Author manuscript; available in PMC 2014 May 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Page 8

The Connection between Cellular Metabolism and Necroptotic signaling

Studies performed by Cho et al. and Zhang et al. (33, 37) in cell lines have implicated
reactive oxygen species (ROS) in the mechanism of RIPK3 induced cell death, possibly
bridging RIPK1-3-dependent necroptosis and autophagy (59, 77). However, ROS
scavengers have been unsuccessful in completely preventing cell death in many cell lines,
including Jurkat T cells lacking FADD expression (46). Several metabolic enzymes
including glycogen phosphorylase (PYGL), glutamate-ammonia ligase (GLUL), glutamate
dehydrogenase 1 (GLUDZ1), fructose-1,6-bisphosphatase 2 (FBP2), fumarate hydratase (FH),
glycosyltransferase 25 domain-containing 1 (GLT25D1), and isocitrate dehydrogenase 1
(IDH1), were identified as RIPK3 substrates by Han and coworkers (37) using a mass
spectrometric approach, but knockdown of many of these enzymes failed to convincingly
block necroptosis. Cyclophilin D (CYPD), a mitochondrial matrix enzyme, was another
potential candidate given its role in regulating mitochondrial permeability transition (78),
but similarly, its inhibition was incapable of blocking RIPK-dependent necroptosis both in
vitro (32) and in vivo (68).

Hitomi et al. (79) carried out an sSiRNA screen for genes required for TNFa-induced
necroptosis and identified deubiquitylase CYLD. This is especially interesting because
CYLD is recruited to TNFR1 to remove K63-ubiquitin chains from RIPK1. Other targets
identified in the screen also include genes involved in ROS generation, glutathione
peroxidase (gpx4), glutathione S-transferases (gsta3 and gsto2), as well as PARP-2 (80),
linking RIPK1 necroptosis to increased ROS production and poly ADP-ribosylation.
Bertrand and colleagues (81) discovered that polyubiquitination of RIPK1 allows it to bind
to the pro-survival kinase Transforming Growth Factor-p-activated kinase 1 (TAK1) to
prevent activation of apoptosis. Treatment with cl AP antagonist BV6 or inhibition of TAK1
sensitized L929 cells to TNFa-induced necroptosis. These authors note that this death is
associated with increased RIPK1 recruitment to complex Ilb, and augmentation of RIPK1-
dependent ROS. Together, these results suggest a possible mechanism where necroptosis is
driven by ROS levels, and clAP1 and TAK1 play pro-survival roles by inhibiting ROS
generation. Given that ROS are not absolutely required, we instead favor the notion that
ROS instead amplify the necroptotic response. This may be due to the ability of ROS to
inhibit the active site cysteine residues in cellular phosphatases (82), potentially leading to
embellished signal transduction by RIPK1, RIPK3 or other kinases that participate in
necroptotic signaling.

The events involved in the execution of necroptosis downstream of RIPK3 are still relatively
unknown. Recent findings by Wang and colleagues (83) utilizing a chemical library
screening approach identified a molecule, necrosulfonamide (NSA), that can block
necroptosis downstream of RIPK3 activity. NSA blocks necrosis by modifying mixed
lineage kinase like protein (MLKLZY), itself identified as a functional substrate of RIPK3.
Interaction of MLKL1 and the necrosome is shown to be necessary for propagating the
necroptotic signal in Jurkats, HT-29, and HeLa cells. Wang et al. (84) simultaneously
identified mitochondrial protein phosphatase, phosphoglycerate mutase 5 (PGAMS5), as a
downstream effector that binds the necrosome on the mitochondrial membrane. This
PGAM5-MLKL1-RIPK1-3 interaction promotes Dynamin-Related Protein-1 (Drpl)
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activation, a GTPase necessary for mitochondrial fission, and Drp1 inhibition blocks
necrosis. These findings suggest that the RIPK1-RIPK3 complex amplifies its necroptotic
signal by recruiting mitochondrial fragmentation processes, and provides a potential
mechanism of RIPK1-3 death regulation in the immune system.

Roles of necroptotic signaling in innate immunity

In addition to modulating T and B cell responses, upstream regulators of DR-induced
apoptosis and necroptosis have been observed to contribute to innate immune responses.
Although RIPK3-/- mice display no overt defects in DR-induced apoptosis, NF-kB
activation, T cell function (53) or viral clearance (49, 68, 85), Francis Chan and colleagues
(33) observed that RIPK3—/- mice fail to develop efficient inflammatory responses to
vaccinia virus infection. These findings suggest that programmed necrosis may serve
beneficial roles in vivo by promoting desirable inflammatory responses during pathogenic
challenges. One hypothesis for the role of RIPK1/3 mediated necroptosis here is that
infected necrotic cells induce a stronger inflammatory response and better antigen
presentation than infected apoptotic cells (86), and is thus immunostimulatory. Upton et al.
(85) demonstrate that RIPK3, but not RIPKZ1, is required for necrosis induced during viral
infections. RIPK3-/- mice succumb to vaccinia virus by expressing a casp8 inhibitor, and
jointly, viral replication is enhanced within infected RIPK3 deficient cells. Similarly, when
mice were infected with cytomegalovirus (85), which expresses inhibitors of casp8 and a
virally encoded inhibitor of RIPK3 m45/vIRA, RIPK3-/- mice were more susceptible to the
M45/vIRA deficient virus. In these settings, necroptosis could function as a back-up
mechanism against viruses encoding apoptotic inhibitors. Although casp8 and RIP kinases
are both involved in Toll-like receptor (TLR3 and TLR4) signaling, described below, these
findings support the hypothesis that both death pathways may act in parallel to coordinate a
proper immune response.

Recent evidence from two groups (75, 76) has identified another cytosolic complex, which
can activate both apoptosis and necroptosis through interactions between TLR domain-
containing adaptor protein inducing interferon-B (TRIF) (87) and the RHIM of RIPK1. This
~2-megadalton signaling platform assembles in response to pattern recognition receptor
(PRR) activation and genotoxic stress, and is comprised of complex Ilb proteins casp8,
FADD, cFLIP, and RIPK1 (Fig. 2a). These observations reveal this complex serves as a
novel signaling platform that regulates casp8-dependent apoptosis or RIPK1-mediated
necroptosis independent of TNFa,, TRAIL, CD95L, and mitochondrial pathways (MOMP)
and requires RIPK1 kinase activity for complex stabilization. Other groups have reported
that casp8 and RIPK1 are recruited to the RNA sensor retinoic acid-inducible gene | (RIG1)
complex (88). Additionally, the cytosolic DNA sensor DNA-dependent activator of
interferon regulatory factors (DAI) (89), can also directly engage RIPK1 and RIPK3 through
its RHIM motif to assemble a necrosome-like complex (Fig. 2b).

Overall, these reports describe additional stimuli where necroptosis is induced, thus
expanding the number of intracellular and extracellular signals that are under caspase 8
regulation. Although various stimuli and different cell surface receptors (TNF, TCR,
TLR3-4, genotoxic stress, RIG-1, DAI) activate death pathways and formation of necrotic
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complexes, the unifying mechanism of necroptosis is the recruitment of RIPK3 to these
complexes. Importantly, ripoptosome assembly can occur independently of TNFR1 and
TRADD/FADD, challenging the idea that DR ligation is necessary for RIPK1-RIPK3-
containing complex formation. As embryonic developmental defects observed in FADD-
and casp8-deficient mice are rescued by breeding onto RIPK1-/- and/or RIPK3-/-
backgrounds, it is likely that additional stimuli that induce the formation of necrosome-like
complexes will be discovered in future work.

Autophagy in T cells

Autophagy is a conserved process by which intracellular contents are degraded (90), and in
the immune system, autophagy is important for clearing intracellular pathogens such as
group A Streptococcus and Mycobacterium tuberculosis (91, 92). Interestingly, Li et al. (93)
observed the formation of autophagosomes in activated CD4* T cells indicating that
autophagy does indeed occur in T cells, and can be intrinsically linked to T-cell activation
and proliferation. Under starvation conditions, autophagy was also observed in T cells
following TCR activation, implicating the process as a mode of regulating the metabolic
pathways and energetic requirements associated with T cell activation and expansion.

Work by He and colleagues (94) first established an essential role for autophagy in activated
T cells through the use of fetal liver reconstitution experiments using Atg5—/— T cells. Upon
TCR stimulation, Atg5—/- T cells undergo inefficient clonal expansion accompanied by
profound levels of cell death. Ch’en et al. (68) observed similar findings in T cells
conditionally deficient for the autophagy gene Atg7. Following stimulation in vitro and in
vivo with LCMV infection, Atg7—/— T cells exhibited defective proliferation similar to what
is observed in activated caspa8—/— T cells. However, whereas the necroptosis inhibitor
necrostatin-1 (Nec-1) rescues viability of casp8—/- cells, it had no effect in Atg7—/-T cells.
Interestingly, the pan-caspase inhibitor qVD-FMK, was apparently capable of blocking
Atg7-/- T cell death. Mice lacking either bearing T cell specific deletion of Atg5 or Atg7
displayed decreased thymic cellularity, though the percentages of double negative (DN),
double positive (DP), and single positive (SP) subsets remained constant, suggesting that
autophagy plays similar roles in these thymic subsets. Atg5-deficient and Atg7-deficient T
cell numbers were also greatly reduced in the periphery compared to wildtype T cells,
suggesting a developmental defect or an inability to maintain immune homeostasis.
Together, these findings implicate autophagy as a critical process for T cell survival and
maintenance.

To further investigate the relationship between Casp8-dependent death and autophagy,
Ch’en et al. (68) crossed mice bearing a conditional Atg7 deletion with mice deficient in
caspase 8. Deletion of Atg7 in combination with a caspase 8 deficiency exacerbated the loss
of T cells, indicating the defects observed in T cells of mice lacking the capacity to induce
autophagy are independent of RIPK1 activity. Given that autophagy is linked with RIPK1-
mediated necroptotic death in activated T cells, it is surprising that autophagy plays a
positive, homeostatic role for the catabolic process of rapidly proliferating, highly anabolic
T cells.
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Recent evidence suggests that autophagy may function as a critical process in mediating the
events following TCR activation. Stimulation through the TCR results in an oxidative burst
that may lead to generation of massive levels of toxic ROS. While ROS is beneficial for
lowering T-cell activation thresholds through inhibition of phosphatase activity (82, 95),
excess oxygen radicals can also be potentially toxic to T cells by inducing organelle damage
through lipid peroxidation and other negative effects that promote T-cell death (96). Thus, it
was proposed that selective autophagy of mitochondria, or mitophagy, may be used to
compartmentalize mitochondria producing ROS and protect cells from damaged
mitochondria that would further amplify ROS production.

This hypothesis was tested by Pua et al. (94, 97) using mice conditionally deficient in
autophagy protein, Atg7. T-cell-specific deletion of the Atg7 gene resulted in defective
proliferation, similar to studies involving Atg5-/- fetal liver transplants. Interestingly, high
levels of ROS and increased mitochondrial content were observed in naive Atg7—/- T cells,
presumably due to the failure to eliminate mitochondria as thymocytes develop into mature
T cells. Concurrent studies by Swat and colleagues (98) found that Atg5 deficient T cells
displayed a similar increase in mitochondrial mass and enhanced biosynthesis of
mitochondria-specific genes. These observations are consistent with the idea that mitophagy
plays a crucial role during T cell development and activation. As T cells switch from
oxidative phosphorylation to an aerobic glycolytic metabolism following their activation
through the TCR, they become less reliant on mitochondria for their source of energy (99).
Therefore, the ability of T cells to induce autophagy is necessary for the removal of
nonfunctional or unnecessary mitochondria that may release excess ROS or apoptosis-
inducing mitochondrial proteins (e.g. cytochrome C) that may trigger apoptotic or necrotic
cell death.

Calcium signaling is also a consequence of T cell activation, characterized by the opening of
CRAC channels and subsequent entry of millimolar levels of calcium (100). After TCR
stimulation, ER calcium channels release calcium stores into the cytosol, leading to opening
of CRAC channels and calcium influx from the extracellular environment into intracellular
spaces. Thus, the role of autophagy in ER homeostasis may indirectly impact calcium
mobilization in T lymphocytes (77). Consistent with the increased ER content observed in
Atg5-/- and Atg7—-/- T cells, He and colleagues (101) found that activated Atg7—/- T cells
display impaired calcium influx and increased ER calcium stores. These authors proposed
that this increased ER content leads to excessive calcium uptake, and the inability to deplete
these stores results in impaired calcium influx. These observations suggest the that the
function of autophagy in proliferating T cells is not only to maintain organelle homeostasis,
but also to regulate ER content and ensure calcium homeostasis.

Another explanation for the profound requirement for autophagy in activated T cells is based
on the known function of autophagy in degradation of cytosolic components to ensure
bioenergetic and metabolic output (102). After antigenic stimulation, naive T cells rapidly
transition to an activated state to respond to antigen and proliferate. T cell activation
imposes significant bioenergetic demands required for transcriptional remodeling and
activation of biosynthetic pathways (103). As described, resting T cells switch from
dependence on oxidative phosphorylation to aerobic glycolysis during the activated state as
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a potential method to accommodate their biosynthetic needs (104, 105). Nutrient transporter
proteins are dramatically upregulated in T cells during the first 48 hours of activation, and
autophagy may be required during the early stages when access to extracellular nutrients is
limited but metabolic reprogramming to support proliferation has already begun. Using the
conditional Atg7 KO model, Macian and colleagues (106) noted that blockade of autophagy
inhibits Atg7—/- T cell activation, but in contrast to Pua et al. [82, 86], they did not observe
an increase in cell death. The contents of basal autophagosomes in resting cells is largely
composed of mitochondria, whereas in activated T cells, autophagosomes contain mostly
cytosolic components and less inclusion of mitochondria was observed. It is proposed that in
naive T cells, autophagy functions to renew the cell proteome and organelle composition,
whereas in activated T cells, it plays an energy-supplying role. Activated Atg7-/- T cells
were defective in ATP production, and this defect could be partially rescued with addition of
methyl pyruvate, an end product of glycolysis. Thus, it was proposed that, in response to
antigen, T cells upregulate autophagy for selective breakdown of intracellular
macromolecules and recycling of amino acids, particularly glutamine which plays a critical
role in biosynthetic reactions, to generate sufficient energy to sustain clonal expansion.

In support of the critical role of autophagy in T lymphocytes and to eliminate the possibility
that the results observed were due to autophagy-independent functions of Atg5 and Atg7, He
and colleagues (107) developed Atg3—/— mice. Similar to the in vivo and in vitro phenotypes
observed in Atg5-/- and Atg7-/- mice, Atg3—/— mice displayed a significantly decreased
number of peripheral T cells, and these were incapable of proliferating efficiently upon
stimulation. Additionally, T cells lacking Atg3 contained increased mitochondrial and ER
content. An increased fraction of memory-like T lymphocytes was observed, consistent with
lymphopoenia-driven proliferation in mice lacking T cells.

The impaired survival of T cells lacking autophagy was characterized by the spontaneous
death observed in freshly isolated splenocytes of Atg3—/- mice, corresponding with
increased casp9 activity. It is hypothesized that apoptotic pathways may mediate the death
of Atg3-/- T cells, as incubation with the pan-caspase inhibitor zVAD-FMK lead to partial
rescue in cell viability. Jia et al. suggested increased ROS production is a result of expanded
mitochondrial and ER content, thus autophagy is critical for regulating organelle
homeostasis (107). When Atg3 was acutely deleted, no change in mitochondria and ER
content was observed in vitro until 10 days post deletion, indicating the accumulation of
organelles over time may be responsible for the death of naive T cells incapable of
autophagy.

Lastly, it is possible that autophagy is required for efficient transitions through cell cycle
stages based on the observation of increased LC3-11 levels (authors’ unpublished
observations) when G1/S and G2/M stages of cell cycle are blocked using hydroxyurea and
nocodazole, respectively. This result suggests that autophagic flux may be enhanced as a
means to accomplish cytoplasmic remodeling as a T cell transitions through distinct cell
cycle stages. Autophagy has also been shown to be associated with necroptotic death in T
cells lacking casp8 (59). However, as described above, deletion of autophagy genes
impaired T cell activation and proliferation. Although several potential functions of
autophagy have been put forward, perhaps the most vexing issue is that the loss of this vital
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cellular process leads to lymphopoenia. As a result, immune mechanisms cause the few
remaining T cells to proliferate in an effort to regain T cell homeostasis (108). Given this
caveat, a clearer picture of the function(s) of autophagy in activated T cells awaits more
acute deletion of autophagy genes in T cells following their antigenic stimulation.

Crosstalk between necroptosis and autophagy

While there are likely a number of unique cell death pathways, perhaps dependent both on
the death stimulus as well as the cellular developmental stage and gene expression pattern,
three major forms of cell death have been described based on the cellular morphologies they
induce (109). These include a) type-I, apoptotic cell death, b) type-I1, autophagic cell death,
and type-I11, necrotic cell death. While type-I cell death has long been appreciated to be a
programmed process, type-I11 cell death has, until very recently, been thought to occur
simply by accident. Perhaps the most controversial of these is type-I1 cell death, as
autophagy is primarily thought to be involved in promoting survival under high levels of
cellular stress (110). Nevertheless, many have observed a strong concordance between
necroptosis and autophagy. Lenardo and colleagues observed a significant enhancement in
basal autophagy in cells following casp8 knockdown, and this was associated with
significantly diminished cell survival (111, 112). At the time, it was proposed as a model of
autophagic, type-I1 cell death. Importantly, this death process was highly dependent on
RIPK1, as its knockdown led to diminished autophagic hallmarks (including LC3-11 levels).
Similarly our group (59), and that of Stephen Hedrick (57) observed hyper-autophagic
phenotypes in FADDdd and casp8—/- T cells following antigenic stimulation that was
associated with defective T cell survival and clonal expansion. We also observed high levels
of basal autophagy in FADD-/- murine embryonic fibroblasts that was rescued by
expression of full-length FADD (59). In addition, Yuan and colleagues also described high
levels of basal and induced autophagy in Jurkat T cells lacking FADD (46). Significantly,
knockdown of RIPK1 or treatment with Nec-1 not only prevented necroptotic cell death in
these various cell systems, but also diminished the hyper-autophagic hallmarks. These
results demonstrate that autophagy itself may be induced by death, and suggest that
autophagy itself does not promote cell death (113-115).

How might necroptosis promote autophagy? From a very basic standpoint, one might
assume that the very cellular stresses that autophagosomes mitigate may be heightened
during apoptotic and necrotic cell death. Indeed, cellular ROS have been associated with
both necroptosis and autophagy (38, 116, 117). Thus, the high level of ROS produced during
necroptosis may lead to the induction of autophagy, the latter serving to eliminate radical-
damaged organelles and proteins. Similarly, it is possible that the alteration in cellular
energetics, a significant feature of necroptotic and necrotic cell death (2), may play a role.
For example, the release of AIF from mitochondria, and subsequent translocation to nuclei is
thought to promote the activation of PARPs. As a result, highly activated PARP consumes
cellular NAD+, ultimately leading to diminished pools of ATP, and an increase in AMP
(36). Under such artificial cellular starvation, high levels of AMP would activate AMPK,
itself phosphorylating Ulk1, the mammalian Atgl homolog (118-120). Since AMPK
phosphorylation of Ulk1 would lead to induction of autophagy, the depletion of cellular
energy pools induced by autophagy alone might be sufficient to cause the induction of
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autophagy in necroptotic cells. An alternative is that RIPK1 itself plays a significant and
necroptosis-independent role in modulating autophagic signaling, a result potentially
consistent with the observation of diminished autophagy with RIPK1 knockdown or
inhibition. However, the means by which autophagic and necroptotic signaling pathways
interact mechanistically will require further exploration.

Conclusions

Cellular death pathways are induced in response to various stimuli, both intrinsic and
extrinsic, and as we know now, can also be triggered independent of receptor ligation.
Although a broad range of cellular processes can activate necrosis-inducing signals, many
groups have established RIPK3 as a critical mediator in these pathways. Recent work has
defined necrosome suppression through direct cleavage of RIPK1 and RIPK3 as a hon-
apoptotic role for caspase 8 and FADD. However, the signals that induce RIPK1 and RIPK3
assembly and the execution of necrosis downstream of RIPK3 still remain to be answered.

Identification of CYLD as a caspase 8 target provides insight into the key determinants of
cell survival or death. Further discovery of molecules involved in necroptosis as well as the
physiological contexts that lead to necroptosis will expand our overall view of this alternate
death pathway.

Necroptosis has been regarded possibly as a back-up pathway in the event of caspase 8
inactivation. However, the development of an LPR phenotype in casp8—/— or FADDdd x
RIPK3-/- double mutants indicates both pathways (apoptosis and necrosis) play active,
opposing roles, and stringent regulation is essential for maintaining immune homeostasis.
The recently uncovered mechanism of caspase 8 regulation by clAP and cFLIP provides a
better understanding of how proliferating T cells can possess caspase 8 activity, yet are not
sensitized to apoptosis. A major question that has yet to be resolved is the significance of
necroptosis in immune homeostasis and tolerance. Situations where necroptosis is induced
directly and not as a secondary response have yet to be defined.

Increasing evidence that necroptosis is ROS-mediated requires more work in linking cellular
bioenergetics as a stress signal that promotes necroptotic sensitivity, possibly through
differential regulation of clAP levels. The identification of mitochondrial fission proteins
downstream of RIPK3 targets requires further investigation to elucidate the potential
involvement of metabolism/bioenergetics that links autophagy with necroptosis in
lymphocytes. Autophagy is clearly important in activated T cells; whether for cytoplamic
remodeling, mitophagy, or to supply energy, this process has been shown to be critical for T
cell survival.

As we probe deeper into characterizing the exact paradigms of necroptosis and uncover the
switch between apoptosis and necrosis, we will be able to manipulate death pathways as a
therapeutic approach in modulating desired immune responses to various diseases and
infections.
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Abbreviations

FADD Fas-associated death domain

TRADD TNF receptor associated death domain

Nec-1 necrostatin-1

TCR T cell antigen receptor

TNF tumor necrosis factor

PCD programmed cell death

casp8 caspase-8

RIP receptor interacting protein

cFLIP FLICE-like inhibitory protein

DR death receptor

DD death domain

Ub ubiquitin

clAP cellular inhibitor of apoptosis protein

NEMO NF-xB essential modulator

IKK | kappa B kinase

NF-kB nuclear factor kappa B

CYLD cylindromatosis

RHIM RIP kinase homotypic interaction motif
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Figure 1. Modulation of necroptotic vs. apoptotic cell death and TCR mediated proliferation by
caspase-8
Schematic of A) TNF-induced cell death, B) CD95L/Fas induced cell death, and C) TCR-

induced necroptosis. Following ligation of TNFR1 by TNFa, TRADD recruitment leads to
assembly of a receptor bound complex containing RIP1, RIP3. In the presence of functional
FADD and casp8, TNF or CD95L leads to assembly of complex I, or the DISC (A and B,
respectively). For the TNFR1 complex 1, RIP1 is then deubiquinylated by CYLD, followed
by assembly of complex I1, which includes FADD, casp8 and cFLIPL. Casp8-mediated
cleavage of CYLD and RIP1 prevents recruitment of RIP3 and activation of necroptosis.
Similar signaling occurs following CD95L binding to CD95/Fas, except direct recruitment
of FADD and casp8 to the receptor leads to activation of apoptosis via casp8 activity. For
TCR stimulation (C), a RIP1/RIP3 containing necrosome occurs independent of death
receptor ligation, possibly in the cytosol. In each case, casp8 activity is directed against
RIP1 and CYLD, preventing the assembly of a necrosome containing RIP3.
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Figure 2. Induction of assembly of necrosomes following viral infection
A) Binding of double-stranded RNA (dsRNA) to TLR3 leads to recruitment of TRIF, and

RIPK1 via RHIM motif homotypic interactions. This leads to binding of FADD, casp8,
RIP3 and possibly c-FLIPL. Cleavage of RIP1 (and RIP3?) by casp8 prevents recruitment of
RIP3, and subsequent necroptosis. B) dsDNA viruses activate DAI, a RHIM domain
containing factor that binds to RIP1 and RIP3, leading to the generation of necrosomes.
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