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Benefits and Perils of Necroptosis in Influenza Virus Infection
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ABSTRACT Influenza A viruses (IAV) are lytic viruses that have recently been found
to activate necroptosis in many of the cell types they infect. Necroptotic cell death
is potently immunogenic and limits IAV spread by directly eliminating infected cells
and by mobilizing both innate and adaptive immune responses. The benefits of
necroptosis to the host, however, may sometimes be outweighed by the potentially
deleterious hyperinflammatory consequences of activating this death modality in
pulmonary and other tissues.
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iruses, regardless of their genomic organization, reproduction strategy, and cellular

targets, are obligate intracellular parasites. Virus families, although remarkably
diverse, each depend on cellular proteins, metabolites, and other building blocks to
complete the replication process. As the profiles and abundance of these cellular
cofactors may vary among susceptible cell types, virus replication is inextricably linked
to the biology of the cell and often dictates if the infected cell will live or die. Some
viruses are highly lytic and trigger cell destruction in hours, while others establish
persistent infections that do not appreciably affect host cell viability. The same virus,
however, can be lytic in one cell type but not in another. Virus-induced diseases are
equally varied; they may have no overt impact on the infected host, or they can kill the
host in days.

For many years, the ability of a virus to trigger cell death was directly associated with
its pathogenic potential. For example, variola virus, measles virus, and poliovirus are
highly lytic viruses that cause substantial illness in their human hosts. Indeed, poxes
and rashes, common manifestations of viral infections, are due to lysis of infected cells.
Distinct from this long-standing view that infected cell death was harmful for the host,
we now appreciate that the death of an infected cell may be beneficial; viral factories
are eliminated, and viral antigens that spill out of the dying cell trigger an early alert for
the induction of host immunity. Therefore, the study of if and how cells undergo death
upon viral infection is central to our understanding of virus-cell interactions and host
immunity and affords unique insights into potential therapeutic interventions.

In this Gem, we describe emerging results from studies of necroptosis during IAV
infection to illustrate how a cell death modality is beneficial for the host when well
controlled, but also how such cell death can become detrimental if triggered in excess
or in the wrong cell type or tissue.

MECHANISM OF IAV-ACTIVATED NECROPTOSIS AND ITS UPSIDE

Programmed necrosis, now called necroptosis, was first reported over 30 years ago,
when the cytokine tumor necrosis factor-a (TNF-«), considered until that point an
inducer of apoptosis, was found to activate necrotic cell death, not apoptosis, in certain
murine fibroblast-derived cell lines (1). Following exposure to TNF-«, dying cells
manifested such classic features of necrosis as cytoplasmic “boiling,” a swollen balloon-
like appearance, and plasma membrane rupture (1). About 10 years later, several labs
carrying out studies on apoptosis signaling made the somewhat paradoxical observa-
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tion that, in some cell types (such as primary murine embryo fibroblasts), inhibiting
apoptotic caspases did not prevent cell death (2-5). Instead, caspase blockade switched
the fate of the cell from apoptosis to necrosis. Such necrotic death, now recognized as
necroptosis, was seen primarily in response to innate immune stimuli, most notably the
virus mimetic double-stranded RNA (dsRNA) and the cytokines gamma interferon
(IFN-vy) and tumor necrosis factor alpha (TNF-«), foreshadowing a role for necroptosis
in antiviral host defense (2, 4-11). In the last decade, receptor-interacting protein kinase
3 (RIPK3) and its substrate, mixed-lineage kinase-like (MLKL) protein, have emerged as
being central to necroptosis, and we now have a fairly clear picture of the key steps by
which this form of cell death is executed. Multiple innate immune pathways,
including those initiated by retinoic acid-inducible gene | (RIG-I)-like receptors (RLRs),
Toll-like receptors (TLRs), IFNs, and death receptor ligands, trigger the activation of
RIPK3, which then phosphorylates and activates MLKL. Once activated, MLKL traffics to
the plasma membrane, where MLKL multimers insert into the lipid bilayer and form
pores. These pores disrupt membrane integrity and cytosolic osmolarity, causing the
cell to swell and undergo necrotic death (12-14). It is noteworthy that the phosphor-
ylation of MLKL by RIPK3 is not an automatic death sentence; after MLKL becomes
phosphorylated, the prenecroptotic cell becomes permissive to an influx of Ca2* ions
and undergoes additional biochemical changes that result in the exposure of phos-
phatidylserine to the outer leaflet of the plasma membrane, before membrane integrity
is fully compromised (15, 16). If either RIPK3 or MLKL is inactivated at the phos-
phatidylserine exposure step (before membrane rupture), a substantial proportion of
cells can be resuscitated from necroptotic demise. In these cells, endosomal sorting
complexes required for transport-lll (ESCRT-IIl)-driven membrane repair mechanisms
quarantine and “pinch off” damaged areas of the plasma membrane, thereby preserv-
ing plasma membrane integrity (17, 18). Phosphorylated MLKL, moreover, requires
association with higher-order inositol phosphates for oligomerization and subsequent
execution of necroptosis; if the production of these inositol phosphates is prevented,
the cell fails to undergo necroptosis, despite MLKL phosphorylation (19). These, and
likely other, regulatory mechanisms ensure that the execution of necroptosis is tightly
controlled (12, 20).

It is now becoming apparent that RIPK3-activated necroptosis is essential to host
defense against a number of DNA and RNA viruses, including IAV (21, 22). For many
years, IAV was thought to activate mainly apoptosis in cultured cells (23, 24). In 2016,
however, we identified RIPK3 as a host factor essential for IAV-induced cell death in
primary murine cell types, including airway epithelial cells and embryo fibroblasts, and
showed that IAV was also a potent activator of necroptosis (25). Most cell lines
commonly used in biomedical research, as well as in IAV studies (e.g., HeLa and A549),
do not express RIPK3, providing a straightforward explanation for why IAV-activated
necroptosis, and indeed the core necroptosis signaling machinery itself, went undis-
covered for as long as it did (26-29). That same year, we and others identified Z-form
nucleic acid binding protein/DNA activator of interferons (ZBP1/DAl) as the host protein
that senses replicating IAV, activates RIPK3, and initiates cell death signaling (30, 31).
ZBP1 is a nucleic acid sensor that detects IAV genomic and subgenomic RNAs, following
which it interacts with and activates RIPK3. Once activated, RIPK3 triggers two pathways
of cell death, only one of which is necroptosis. The second pathway is mediated by
caspase-8 and results in apoptosis. Curiously, while |AV-activated necroptosis requires
the kinase activity of RIPK3, apoptosis does not; instead, RIPK3 functions as a nonkinase
scaffold protein to stimulate caspase-8 activity (Fig. 1). Thus, ZBP1-RIPK3 signaling can
activate two very different cell fates depending on whether RIPK3 functions as a kinase
(for necroptosis) or as an adaptor (for apoptosis). Preventing necroptosis signaling (for
example, by ablating MLKL or blocking RIPK3 activity) does not significantly affect the
magnitude of IAV-activated cell death. Instead, the mode of cell death simply switches
to exclusively apoptosis. Similarly, blocking apoptosis converts all 1AV-induced cell
death to necroptosis. Only the combined elimination of apoptosis and necroptosis
signaling, such as via ablation of ZBP1 or RIPK3 or by codeletion of MLKL and caspase-8,
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FIG 1 IAV-triggered cell death pathways. The host protein ZBP1 senses genomic and subgenomic RNAs
produced by replicating IAV, following which it activates RIPK3. Once activated, RIPK3 can induce two
modes of cell death, necroptosis (left) and apoptosis (right). Necroptosis is mediated by MLKL and
requires the kinase function of RIPK3, whereas apoptosis is driven by a RIPK1-FADD-caspase-8 axis, and
does not require RIPK3 activity. These pathways are active in renewable lung cell types, such as type |
airway epithelial cells and fibroblasts, but whether they operate analogously in irreplaceable cell types
(such as neurons) is currently unknown. As necroptosis is more inflammatory than is apoptosis, the

degree to which RIPK3 activates necroptosis may dictate if ZBP1-activated cell death produces beneficial
or pathological outcomes during IAV infections.

prevents cell death. The infected cell is then unable to undergo altruistic cell death and
becomes a “factory” for virus reproduction (25).

The importance of ZBP1-RIPK3 cell death signaling to host defense is underscored
by the finding that ZBP1- and RIPK3-deficient mice are highly susceptible to IAV-
induced lethality by the intranasal route (25, 31, 32). Whereas wild-type mice limit IAV
from spreading throughout the infected lung and can ultimately clear the virus from
pulmonary tissue within 10 days of infection, neither Zbp7—/~ nor Ripk3—/~ mice can
curb virus spread. Rather, uncontrolled progeny virus production occurs in the lung
tissues of these mice, long after virus has been eradicated from the respiratory tract in
wild-type mice. In other words, infected pulmonary cells in Zbp1—/~ and Ripk3—/~ mice
have become virus factories. Ultimately, because cells with compromised death signal-
ing cannot stop virus replication and consequent transmission to surrounding unin-
fected cells, gas exchange is likely compromised, and respiratory failure ensues. Inter-
estingly, as with cells in culture, mice singly deficient in either necroptosis (MlkI='~) or
apoptosis (Casp8P4/PA; these mice carry an inactivating point mutation in caspase-8 [33,
34]) show no detectable defects in their capacity to control IAV reproduction, indicating
that apoptosis and necroptosis are redundant processes in anti-IAV host defense. Only
when both pathways are simultaneously ablated, as in Zbp1~/—, Ripk3—"=, or MIkl="—/
Casp8PAPA mice, is antiviral host defense compromised.

Notably, despite higher lung virus burden, Ripk3—/~ mice manifest markedly re-
duced infiltration of T cells into the infected lung. IAV-specific CD8* cytotoxic T
lymphocyte (CTL) numbers were also significantly diminished in the lungs of these
mice, and these CTLs were not as capable of mounting an efficient effector response as
those from wild-type mice (25). RIPK3-dependent cell death thus serves at least two
important functions in anti-IAV host defense, as follows: (i) death of infected cells
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mitigates unabated virus progeny production and spread, and (ii) the dying cell alerts
and mobilizes adaptive immune responses by supplying damage-associated molecular
patterns (DAMPs), viral antigens, and other immunological cues. With regard to sound-
ing the immunological alarm, necroptosis is considered more immunogenic than is
apoptosis (35, 36). Indeed, necroptosis on its own may actually be a more effective
antiviral mechanism than apoptosis, as mice in which necroptosis is the primary
IAV-triggered cell death pathway (e.g., Casp8P#P4) clear virus more efficiently than do
even wild-type animals in which both processes are operative. Thus, cell death, and
necroptosis in particular, has clear benefits as an anti-IAV host defense mechanism.

THE DOWNSIDE TO NECROPTOSIS DURING IAV INFECTIONS

Programmed cell death pathways can be considered beneficial in anti-IAV immunity
only insofar as they facilitate virus clearance without compromising lung function and
subsequent recovery. As we have outlined above, altruistic cell death, when well
controlled, limits IAV spread within pulmonary tissue. However, when cell death is
unchecked, it can drive pathogenesis, and even mortality, despite virus clearance. In
fact, the death of more than ~10% of type | alveolar epithelial cells (which mediate gas
exchange during respiration) is highly correlated with mortality in mice infected with
IAV (37, 38). Similarly, in humans, bronchoalveolar lesions with areas of cellular necrosis
are hallmarks of severe IAV disease, including IAV-induced acute respiratory distress
syndrome (ARDS). In these scenarios, unfettered cell death not only directly compro-
mises lung function but also overwhelms mechanisms that mediate the clearance of
cellular debris and promote the repair of damaged tissue. Ultimately, such hyperin-
flammation provokes infiltration of immune cell types, such as monocytes and neutro-
phils, which can themselves drive pathogenesis. Neutrophils, in particular, have been
implicated in orchestrating a feed-forward pathogenic program in severe IAV disease
(39-43). Finally, infiltrating CTLs are also potent inducers of cell death, and CTL-
mediated destruction of infected cells can come at the price of irreversible lung
damage (44). There are thus clear dangers to unleashing unrestricted cell death during
acute AV infections. This is particularly true of necroptosis; by its very nature, necrotic
lysis of the cell releases numerous inflammatory mediators, including DNA itself, into
the extracellular milieu, serving as beacons for immune cells. Apoptosis, in contrast,
results in the orderly disassembly of the dying cell and its dismantlement in discrete
membrane-bound “apoptotic bodies” for immunologically silent disposal. It is therefore
not surprising that necroptosis also drives disease severity during IAV infection.

The first indication that necroptosis might be pathogenic following IAV infections
preceded its discovery as a beneficial virus clearance mechanism. In 2014, Saleh and
colleagues reported that mice deficient in the E3 ubiquitin ligase cellular inhibitor of
apoptosis protein 2 (clAP2) manifested aberrantly high RIPK3 activity upon IAV infec-
tion, resulting in severe bronchiolar degradation and eventual lethality (45). When
RIPK3 was coablated in clAP2-deficient mice, both tissue pathology and lethality were
prevented. Interestingly, neither CTL responses nor virus loads were significantly af-
fected by clAP2 loss, suggesting that the damage to pulmonary tissue likely arose from
an immune cell-mediated “bystander” effect on uninfected lung epithelium. Using
histological and immunofluorescence approaches, the authors showed that this effect
was very likely necroptosis (45). Although these findings were observed when the
threshold for RIPK3 activation was artificially lowered (by clAP2 ablation), they presaged
the possibility that necroptosis can have pathological, even fatal, consequences when
hyperactivated during IAV infections. Indeed, a recent study has shown that lower
clAP2 levels (which presumably result in increased RIPK3 activity) are correlated with
the severity of ARDS outcomes in humans following H7N9 infections (46). Conversely,
RIPK3 deficiency was found to be protective following infection of mice with an H7N9
strain of virulent 1AV (47). Thus, RIPK3-activated necroptosis can be protective in
mild-to-moderate disease but becomes pathogenic in severe cases of influenza. Anal-
ogously, ZBP1 is protective against sublethal (or modestly lethal) doses of intranasally
administered virus but exacerbates morbidity when the virus is delivered intratrache-
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ally, allowing heightened replication in the distal lung (31, 32). Our own unpublished
results echo these findings, where germ line deletion of MLKL limits neutrophil recruit-
ment to the lung and can protect mice from IAV-mediated lethality. Thus, although
necroptosis is beneficial for host antiviral immunity, there is a dark side to this mode of
death that is revealed in virulent IAV disease.

CELL TYPE-SPECIFIC DIFFERENCES IN IAV-ACTIVATED NECROPTOSIS?

The results described above were obtained from studies of fibroblasts, epithelial
cells, and other structural cell types, most of which are readily renewable. Activation of
necroptosis in these cell populations is an effective antiviral strategy, with tolerable,
and largely reversible, collateral damage to the host under most circumstances. But
what about IAV infections of nonrenewable cell types, such as neurons? Although IAV
is not typically considered a neurotropic pathogen, the presence of replicating virus in
the central nervous system (CNS) is well documented in case studies of cerebrospinal
fluid from severely affected patients and in brain tissues upon autopsy (48-54).
Moreover, CNS complications can ensue following pulmonary infection, and such
sequelae could result from either direct infection of CNS-resident cells, or indirectly due
to systemic inflammation and cytokine production (48, 55-57). The prevalence of
severe CNS complications is often associated with pandemic strains of IAV, including
the HIN1 1918 Spanish flu, the 2009 HIN1 swine flu, and highly pathogenic H5N1 avian
influenza viruses with pandemic potential (54, 58-65).

Most adult neurons are irreplaceable; the majority of the neurons of the mammalian
brain are generated from neuroepithelial cells during development and do not divide
thereafter (66), although some regions, including the neural circuits of the olfactory
bulb and dentate gyrus of the hippocampus, may undergo neurogenesis throughout
life (67). Therefore, the consequences of activating cell death, particularly a death
modality as potently inflammatory as necroptosis, in the CNS following viral neuroin-
vasion could be lethal to the host. Consequently, it is possible that the necroptosis
machinery either is muted in nonrenewable cells or functions in a unique manner. As
cases in point, studies by Oberst and colleagues have demonstrated that RIPK3 restricts
West Nile virus and Zika virus, both neurotropic flaviviruses, without activating MLKL-
dependent necroptosis (68, 69). Instead, RIPK3 protects mice against West Nile virus by
inducing antiviral chemokine expression in neurons (68), and ZBP1-RIPK3 signaling
limits Zika virus by altering the metabolic state in neurons and making them less
permissive for virus reproduction (69).

These findings parallel observations made when otherwise-cytolytic RNA virus
infections occur in neurons. For example, we have shown that measles virus (MV)
efficiently infects both fibroblasts and neurons but with vastly different outcomes. In
fibroblasts, infection is characterized by extensive production of extracellular progeny,
syncytium formation, and cell death, whereas MV replication and spread occur in
neurons in the absence of infectious progeny release, cell fusion, or appreciable
neuronal loss (70-72). Similarly, Sindbis virus is lytic in most cell types, including
fibroblasts, but establishes a persistent infection in primary rodent neurons. Remark-
ably, the expression of a single host protein, Bcl-2, can change the Sindbis virus
reproduction cycle in fibroblasts to one resembling that observed in neurons (73). That
is, Sindbis virus infection of Bcl-2-expressing fibroblasts resulted in a noncytolytic,
persistent infection rather than in cell death. Thus, simply blocking virus-triggered
programmed cell death can “convert” a lytic virus to a persistent one, and, as Bcl-2 is
expressed in neurons but not in fibroblasts, differences in the expression or function of
host cell survival and cell death proteins among different cell types can dramatically
affect both virus reproduction and cell fate. Consequently, facts about the replication
and pathogenesis of IAV in the brain cannot be reliably inferred from what we know
about its replication in the respiratory tract. Given the risks associated with neurotropic
infections, 1AV's unique biology in the brain and its interaction with the necroptosis
machinery in neurons strongly warrant further study.

In sum, while necroptotic death can eliminate infected cells, activate antiviral
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immune responses, and hasten virus clearance, these benefits come not only at the cost
of potentially pathogenic hyperinflammatory responses but also of potentially irrevers-
ible cell loss. If cell death is activated in the wrong cell type, such as by human
immunodeficiency virus type 1 (HIV-1) infection of T cells, or by many RNA virus
infections of nonrenewable mature neurons, the loss of these cells could have irrevers-
ible consequences for the host. It is therefore likely that neurons and other nonrenew-
able cell types may have evolved nonnecroptotic modes of IAV control, not only to
prevent this loss, but also to dampen potentially catastrophic CNS inflammation.

AN EVOLUTIONARY VIEW OF IAV-ACTIVATED NECROPTOSIS

The RIPK3-driven cell death machinery is only found in vertebrates and then too
is remarkably poorly conserved between classes of this subphylum (74). For exam-
ple, ZBP1, RIPK3, and MLKL are all absent in marsupials, and MLKL is not seen in
carnivorous placentals (74). Intriguingly, neither ZBP1 nor RIPK3 is found in birds.
Species of aquatic birds and shorebirds are the major natural hosts of IAV and
represent the primary reservoir of IAV diversity in the wild. In birds, IAV infection is
mostly restricted to the gastrointestinal tract and is often asymptomatic or pro-
duces only mild symptoms (75). Could the absence of ZBP1-initiated necroptosis
signaling in birds allow IAV to replicate in gut epithelial tissue without triggering
hyperinflammation and severe disease? In other words, might the risks associated
with a robust necroptotic program have outweighed the potential benefits in
waterfowl as they coevolved with the great diversity of IAV they currently host? And,
by extension, might the necroptosis machinery have presented a selective disadvan-
tage during host-virus coevolution in the other vertebrate classes in which it is absent?
A corollary of this line of thinking is that ZBP1-RIPK3 cell death signaling may also
represent an effective barrier to prevent cross-species transfer of IAV and other viruses.
For example, herpes simplex virus 1 and 2 (HSV-1 and HSV-2, respectively) are both
restricted to humans, and recent evidence indicates that RIPK3-driven necroptosis
signaling may be a key mediator of their restricted species distribution (76-78).
Whereas both HSVs encode proteins that block necroptosis in human cells (in which the
viruses can establish persistent infections), the same viral proteins trigger premature
necroptosis and prevent productive infection in murine cells. With 1AV, when strains
jump from birds to humans (which possess intact ZBP1-RIPK3 signaling), they are often
unfit for replication or, in rare instances, cause very severe disease. In these scenarios,
the activation of ZBP1-initiated necroptosis in humans and other mammals may
preclude the establishment of productive infection by prematurely eliminating infected
cells. In those instances where severe disease is observed, IAV strains that are subop-
timal activators of ZBP1 may replicate to higher levels in pulmonary tissues and drive
lung pathology when they leap from one species to another. Future studies comparing
ZBP1-dependent necroptotic responses between avian strains of 1AV that have yet to
successfully transmit to or among humans and those IAV strains (e.g., seasonal HIN1
and H3N2 viruses) that are well adapted to their human hosts will begin to illuminate
the role of necroptosis in IAV species restriction. It will also be interesting to determine
if similar ZBP1-driven mechanisms limit the transmissibility (and/or affect the patho-
genic potential) of other emerging viruses, such as the coronaviruses responsible for
multiple outbreaks this millennium. There is much yet to learn, but at least one
important principle has emerged: that trade-offs between the virus clearance benefits
of necroptosis and the potential risks of activating (or hyperactivating) this form of cell
death have likely driven its regulation not only between cell types within species
but also across vertebrate species.
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