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Programmed cell death is a critical host defence strategy during viral infection.
Neighbouring cells deal with this death in distinct ways depending on how the infected
cell dies. While apoptosis is considered immunologically silent, the lytic pathways of
necroptosis and pyroptosis trigger inflammatory responses by releasing inflammatory
host molecules. All these pathways have been implicated in influenza A virus infection.
Here, we review how cells sense neighbouring infection and death and how sensing
shapes ensuing inflammatory responses.

Introduction
Programmed cell death (PCD) is an essential physiological process that eliminates non-functional,
aged, damaged, or infected cells [1]. Efficient clearance of these dead cells is critical for maintaining
tissue and organismal homeostasis [1]. As such, PCD is a crucial pillar of host defence during viral
infection. Firstly, PCD removes the viral replication niche and prevents further viral dissemination [2].
Secondly, PCD potentiates and amplifies innate and adaptive immune responses. Over the past few
decades, 12 distinct cell death modalities have been identified [3]. These cell death pathways are pri-
marily classified as lytic and therefore ‘inflammatory’; (e.g. pyroptosis, necroptosis) or non-lytic and
therefore ‘silent’ (e.g. apoptosis) [4]. Innate immune cells, such as macrophages, clear dying cells and
survey tissues for signs of infection and damage. Macrophages sense cellular debris from dying cells as
a sign of danger and trigger inflammatory responses. However, apart from triggering or preventing an
immune response, little is known about how macrophages sense distinct PCD modalities during infec-
tion and respond accordingly beyond the simple lytic vs apoptotic paradigm. Here, we examine infec-
tion with the common and persistent human pathogen influenza A virus (IAV) as a model to
understand how different cell death modalities shape ensuing macrophage inflammatory responses.
IAV is a highly contagious respiratory pathogen that can cause the symptomatic disease known as

‘influenza’ or the ‘flu’. IAV infections cause significant morbidity and mortality, with estimates of up
to 36 million illnesses and 700 000 deaths per year in the United States between 2010 and 2017 [5].
IAVs are one of four genera of influenza viruses and are subdivided further into strain subtypes
according to their envelope surface antigens: hemagglutinin (HA) and neuraminidase (NA) (e.g.
H1N1, H3N2). IAVs also have great pandemic potential: zoonotic crossover events from swine or
avian reservoirs resulted in four significant pandemics, in 1918 (H1N1), 1957 (H2N2), 1968 (H3N2),
and 2009 (H1N1) [6]. In subsequent years, these strains became endemic and circulated alongside sea-
sonal IAV strains. While mild IAV infection rapidly resolves, severe infections can result in acute
respiratory distress syndrome (ARDS) and respiratory failure. Clinical lung autopsy samples display a
disrupted epithelial layer, infiltration of immune cells, and elevated serum cytokine levels [7], indicat-
ing that excessive epithelial cell death and exacerbated host inflammatory responses are associated
with poor clinical outcomes.
IAV readily infects and replicates in respiratory epithelial cells [8]. Cytotoxic T lymphocytes (CTLs)

or Natural Killer (NK) cells kill infected epithelial cells by inducing apoptosis [9]. Alternatively,
IAV-infected epithelial cells can undergo PCD, even in monoculture [10], by activating apoptotic,
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necroptotic or pyroptotic pathways, as recently reviewed by Laghlali et al. [8]. These PCD modalities are anti-
viral, as IAV-induced cell death limits viral dissemination rather than supporting new virion release [8]. The
‘guard’ hypothesis posits that multiple cell death pathways have evolved to counter pathogen-encoded antago-
nists that suppress specific PCD pathways [11]. For instance, when Caspase-8-dependent apoptosis is compro-
mised, necroptosis eliminates IAV-infected cells and stimulates potent immune responses [12]. While both cell
death modalities eliminate the viral replication niche, the ensuing inflammatory response is distinct.
Macrophages are sentinel innate immune cells that are a key source of inflammatory cytokines during viral

infections [13]. They constantly survey the tissue environment for potential threats. Macrophages express
pattern recognition receptors (PRRs) in strategic subcellular locations, which sense pathogen-associated
molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs), such as are released from
dying, infected cells [14]. PRR activation culminates in cytokine release. Macrophages also clear dead epithelial
cells that are apically extruded from the lung epithelial barrier [15]. After ingesting apoptotic cells, macrophages
activate tissue repair and regeneration gene expression programs [16]. While macrophage inflammatory
responses to direct macrophage infection with IAV are well characterised [17], how macrophages integrate
signals from the PAMPs and DAMPs released by neighbouring infected cells or in the ingested cells remains
unclear. Macrophage cytokine responses are a crucial part of an effective immune response against IAV, yet
when delayed, excessive, prolonged, or imbalanced, they can drive pathogenic inflammation and severe IAV
disease [18,19]. This review will examine how macrophages sense IAV PAMPs and DAMPs released from
neighbouring cells, which PCD modalities release which specific DAMPs, and how this contributes to IAV
disease severity.

Macrophage sensing of IAV
IAV can directly infect macrophages [20], which allows them to sense cell-intrinsic infection, as reviewed
recently by Hulme et al. [14]. Additionally, through cell surface and endosomal PRRs, macrophages sense
cell-extrinsic infection. Toll-like Receptor (TLR) 4 is a cell surface PRR best known for recognising bacterial
lipopolysaccharide (LPS). LPS triggers TLR4-mediated NFκB signalling and Interferon Regulatory Factor
(IRF)-dependent antiviral signalling [21]. Cell surface TLRs that sense PAMPs and DAMPs in humans include
TLR1,2,5,6 and 10, while the endosomal TLRs 3,7,8,9 sense microbial nucleic acids [21]. Depending on cell-
specific adaptor availability, TLR activation triggers NFκB or IRF signalling, e.g. TLR7 and TLR9 agonists
trigger IFNα expression in plasmacytoid dendritic cells (DCs) but not monocytes [22]. In contrast, TLR8 acti-
vation in monocytes induces IFNα and IFNβ release [23]. TLR expression and signalling in human macro-
phages remain to be systematically characterised.
Dying cells release IAV proteins and nucleic acids into the extracellular space. TLR4 recognises IAV nucleo-

protein and induces IL-6 and IL-1β release from mouse macrophages, though whether IAV NP triggers IFNβ
release via TLR4 was not measured [24]. Meanwhile, TLR7 and TLR8 should recognise IAV genomic RNA
[17], and TLR3 might recognise dsRNA intermediates present if cells die mid-replication. Additionally, various
DAMPs activate TLR2 and TLR4 to trigger NFκB-dependent signalling [25]. These DAMPs include high-
mobility group box 1 (HMGB1), heat-shock proteins, histones and the S100 proteins (a family of cytosolic
calcium-binding proteins) [25]. Additionally, macrophage C-type Lectin Receptors, which primarily activate
NFκB-dependent signalling [26], may be activated by extracellular histone proteins [27] or free viral glycopro-
teins [28]. As discussed below, various extracellular DAMPs, such as ATP and uric acid, activate inflammasome
signalling. However, other cytosolic PRRs (RIG-I, MDA-5, ZBP-1) are unlikely to be activated during
cell-extrinsic sensing unless these extracellular PAMPs and DAMPs gain access to the cytosol. Macrophages
and other cells must interpret these various signals, assess the threat posed by the virus to tissue integrity, and
respond accordingly. Figure 1 gives an overview of macrophage cell-extrinsic sensing during IAV infection.

Sensing apoptotic cell death
Apoptosis is the best-known PCD pathway and is generally considered immunologically silent [4]. Apoptosis is
caspase-dependent and morphologically confines any PAMPs and DAMPs within the apoptotic cell’s shrink-
ing, blebbing plasma membrane [3]. When IAV-infected cells are to be executed, CTLs or NK cells form a
synapse with the target cell and release cytotoxic granules containing granzymes into the target cell cytosol.
Granzyme activity triggers intrinsic apoptosis in the target cell, culminating in mitochondrial outer membrane
permeabilisation, cytochrome C release and Caspase-9 activation [29]. Alternatively, CTLs and NK cells release
cell death ligands such as tumour necrosis factor (TNF) and Fas ligand (FasL), which trigger extrinsic
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apoptosis, culminating in Caspase-8 activation [8,30]. Both granzyme-perforin and FasL pathways of CTL
killing protect against IAV infection [31]. Alternatively, IAV infection alone can induce intrinsic apoptosis
(reviewed in [8]). These apoptotic cells then need to be cleared from the tissue.
Consistent with an immunologically silent mode of cell death, TNF-induced apoptosis is non-lytic, with

minimal release of cellular proteins into the extracellular space up to 7 h post-TNF addition [32]. Apoptotic
cells are only immunologically silent if rapidly cleared from the tissue; after 15 h, apoptotic cells release equiva-
lent cellular protein into the extracellular space as in lytic cell death. Intriguingly, apoptotic cells rapidly release
histones (as early as three hours post-TNF addition) [32]. Extracellular histones can act as DAMPs to trigger
pro-inflammatory signalling in macrophages [27] and promote autoantibody production [33], but whether they
induce a specific apoptosis signature in macrophages is unclear.
Apoptotic cells attract macrophages by releasing soluble ‘find me’ signals, such as lysophospholipids and

nucleotides, and display phosphatidylserine on their outer-facing plasma membrane as an ‘eat me’ signal [34].
Macrophages efferocytose the dying cells and degrade them in lysosomes [34]. Efferocytosis of apoptotic cells
triggers an anti-inflammatory gene expression program, including expression of transforming growth factor
(TGF) β and Interleukin (IL)-10, to promote tissue repair and resolution of inflammation [35]. The local tissue

Figure 1. Macrophage cell-extrinsic sensing.

Macrophages phagocytose dying cells and sense extracellular debris (1). TLR7 and TLR8 can recognise IAV ssRNA liberated

from engulfed cells, while mtDNA might escape and trigger cGAS-STING signalling. Large aggregates, like PB1-F2 fibrils or

ASC specks, can destabilise the lysosome and activate inflammasome signalling. Macrophage cell surface receptors sense

PAMPs and DAMPs in the extracellular space (2). HMGB1, S100 proteins and IAV Nucleoprotein can all activate TLR4.

Alternatively, CLRs recognise glycosylated IAV proteins or histones. TLR, cGAS and CLR signalling culminates in NFκB or

IRF-signalling and pro-inflammatory or anti-viral gene expression. IL-1β from neighbouring cells also activates NFκB signalling.

ATP or lysosomal damage activates inflammasome signalling (3). This figure was created using BioRender.
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microenvironment largely dictates macrophage responses during efferocytosis [36], so infection will dramatic-
ally change the ensuing macrophage cytokine release and subsequent T-cell polarisation.
Alveolar macrophages can readily engulf IAV-infected epithelial cells in co-culture [37]. However, how the

macrophages respond to the engulfed, IAV-infected cells and whether this is different from macrophage
responses to regular apoptosis is unclear. Elegant studies comparing DC engulfment of Citrobacter
rodentium-infected apoptotic cells with uninfected apoptotic cells demonstrated how phagocyte cytokine
responses determine T-cell responses. While DCs that ingested uninfected apoptotic cells released TGFβ alone,
promoting T regulatory cell induction, DCs that ingested infected apoptotic cells released both TGFβ and IL-6,
resulting in Th17 cell polarisation [38]. The DCs recognised a bacterial PAMP, likely LPS, via TLRs to induce
the critical IL-6 signal [38]. Whether DCs or macrophages induce a Th17 response when engulfing
IAV-infected apoptotic cells should be investigated similarly. Although robust inflammatory and T-cell
responses are necessary for viral clearance, excessive macrophage cytokine response and the accumulation of
T-cells may drive disease. During influenza infection, T cells can also kill noninfected bystander epithelial cells,
leading to irreversible lung damage [39,40]. An overactive macrophage-T cell circuit also contributes to path-
ology in COVID-19 [41]. A key question for the field is how to interrupt this inflammatory macrophage — T
cell circuit in viral infection without compromising host defence.
Infected, dying epithelial cells also contain intact infectious virions and newly synthesised PAMPs. After

ingestion, macrophage lysosomal TLRs might sense these PAMPs while degrading the apoptotic cell, such as
occurs during cross-presentation in dendritic cells [17,42]. Since macrophages highly express the endo-
lysosomal, single-stranded RNA (ssRNA) sensors TLR7 and TLR8 [43], and ssRNAs are key IAV-PAMPs [17],
we anticipate these PRRs drive macrophage inflammatory responses upon IAV-infected epithelial cell efferocy-
tosis. If, IAV RNAs from engulfed cells escape into the cytosol, they could trigger cytosolic PRR activation,
including the RNA sensors Retinoic Inducible Gene-I (RIG-I) and Melanoma Differentiation Associated Factor
-5 (MDA-5). Alternatively, efferocytosis may offer an alternate viral entry route into macrophages, and viruses
may be able to enter the macrophage cytosol and start replicating. Recent studies with Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2) suggest that SARS-CoV-2 virions contained within apoptotic cells are
sensed by engulfing macrophages, resulting in macrophage IL-6 and IL-1β release. In this scenario, IL-6 activa-
tion partially depended on active viral replication in the macrophages [44].
Alternatively, mitochondrial DNA (mtDNA) from dying IAV-infected cells could also drive cyclic

GMP-AMP synthase (cGAS) activation, as occurs during SARS-CoV-2 infection [45]. cGAS/STING dependent
sensing of SARS-CoV-2 induced cell death triggers macrophage IFNβ [45]. An intriguing cell biological ques-
tion is how mtDNA from dying, engulfed cells is trafficked into the macrophage cytosol for cGAS sensing.
Endo-lysosomal permeability may therefore determine macrophage PRR activation during efferocytosis and
dictate the ensuing gene expression program.

Sensing necrosis
IAV infection also reportedly triggers necrosis in vivo and in vitro [37,46,47]. Necrosis is not a PCD pathway;
instead, extreme chemical or physical insults trigger terminal plasma membrane rupture [3]. Alternatively,
when apoptotic cells are not promptly cleared, they undergo secondary necrosis [3]. Necrotic plasma mem-
brane rupture releases the cellular contents into the extracellular space, including DAMPs such as HMGB1
[48]. TLR4 recognises HMGB1 and S100 proteins and induces pro-inflammatory cytokine release [25].
HMGB1 also inhibits macrophage efferocytosis [49,50], which could explain why the removal of lytic cells is
less efficient than the removal of apoptotic cells [51,52]. TLR4 inhibition is protective in mouse models of IAV,
highlighting the potential role of DAMPs in IAV-induced inflammation [53]. Similarly, impaired dead cell
clearance and the accumulation of necrotic cells are linked to various chronic autoinflammatory diseases and
exacerbated lung pathology during IAV infection [15,54]. Thus, the timing and efficiency of the dead cell
clean-up also dictate the immune response to dying cells.

Sensing necroptosis
Necroptosis is another PCD pathway activated during IAV infection [55–58]. Critically, necroptosis is
caspase-independent. Instead, necroptosis activates MLKL (Mixed Lineage Kinase domain-like pseudokinase),
such that it oligomerises into pores in the plasma membrane, rapidly releasing cellular contents [59,60]. Several
recent studies have mapped the molecular pathways by which IAV activates necroptosis. Z-DNA binding
protein 1 (ZBP1) recognises Z-RNAs produced during IAV replication and activates receptor-induced kinase 3
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(RIPK3). RIPK3 can then activate Caspase-8-dependent apoptosis, or, if this is inhibited (e.g. by pan-caspase
inhibitors or by viral antagonism), RIPK3 phosphorylates MLKL to trigger necroptosis [55–58,61]. Studies by
Shubina et al. suggest an IAV-infected cell will commit to either Caspase-8-dependent apoptosis or
MLKL-dependent-necroptosis [12], though how the cell makes that decision is less clear. Whether ZBP1 signal-
ling is protective or pathogenic likely depends on the inoculum dose. At low IAV doses, ZBP1 knockout mice
are more susceptible to infection, while at high doses, knockout mice are equally susceptible as WT mice [58].
Given that ZBP1 activation also drives IFN and pro-inflammatory cytokine release [57], its role as protective or
pathogenic is challenging to determine. Similarly, the physiological role of necroptosis and MLKL during IAV
infection remains controversial, with one study reporting no role for MLKL [62] and others suggesting it con-
tributes to disease pathology [58]. These discrepancies may reflect confounding effects from the IAV strain or
mouse genetic backgrounds.
IAV replicates in the nucleus yet is sensed by cytosolic RNA sensors, such as RIG-I and ZBP1. A pool of

nuclear RIG-I [63], or translocated ZBP1 [58], recognises nuclear IAV replication products or Z-RNAs. How
RIG-I and ZBP1 recruit their cytosolic adaptors into the nucleus for continued signalling is less clear. If ZBP1
activates necroptosis, MLKL is recruited into the nucleus to begin ‘inside-out’ signalling, rupturing the nucleus
before it ruptures the plasma membrane. Zhang et al. [58] found that this MLKL-mediated nuclear rupture
released nuclear-specific DAMPs, such as HMGB1 and DNA, driving neutrophil recruitment and neutrophil
activation in IAV infection in vivo [58]. In contrast, IAV-induced ZBP1-Caspase-8 dependent cell death does
not trigger the same nuclear herniation nor pathology in vivo [58], suggesting that only the necroptotic signa-
ture is pro-inflammatory. Which cells sense these necroptotic DAMPs and how has not yet been elucidated.
So far, it has been difficult to dissect the net effect of reduced pro-inflammatory cytokines versus increased

necroptotic DAMP release on macrophage and tissue responses, especially during infection. A systematic com-
parison of TNF-induced apoptosis with necroptosis showed that necroptosis uniquely limits conventional
pro-inflammatory cytokine secretion while releasing HMGB1 and lysosomal proteins [32]. Whether
IAV-induced necroptosis similarly limits conventional cytokine secretion and whether necroptotic signalling is
pro-inflammatory or anti-inflammatory in vivo is unclear. Supernatants from live, TNF-stimulated, cytokine-
producing cells promoted inflammation in mice, while supernatants from necroptotic TNF-stimulated cells did
not [64]. In contrast, macrophage efferocytosis of necroptotic cells triggered robust IL-6 and TNF induction
compared with efferocytosis of apoptotic cells in in vitro assays [65]. Whether specifically inhibiting necroptosis
reduces pathogenic inflammation during IAV infection merits further investigation.

Sensing pyroptosis
Pyroptosis is a highly pro-inflammatory form of cell death activated downstream of inflammasome signalling.
Inflammasomes are cytosolic signalling platforms that process the IL-1β, IL-18 and the pore-forming protein
gasdermin D (GSDMD) into their mature, active forms. Briefly, inflammasome signalling is a two-step process.
During the first step, PRRs recognise PAMPs or DAMPs and activate NFκB signalling, increasing pro-IL-1β
expression and priming the inflammasome sensors for activation [66]. A second signal, such as an IAV infec-
tion, triggers oligomerisation of the inflammasome sensor scaffold. NLR family pyrin domain containing 3
(NLRP3) is a key sensor during IAV infection [67,68]. The adaptor apoptosis-associated speck-like protein con-
taining a CARD (ASC) is recruited to the inflammasome sensor and then proceeds to oligomerise into fila-
ments that coalesce into an ASC ‘speck’ [69]. ASC recruits Caspase-1, which homo-dimerises and self-cleaves
into its active form [70], where it can then process IL-1β, IL-18 and GSDMD. GSDMD forms pores in the
plasma membrane, and low molecular weight cellular proteins, including mature IL-1β and IL-18, and HMGB1
and Galectin 3 (LGAL3) exit through these pores [71]. GSDMD pore formation eventually promotes terminal
cell rupture, which releases large cellular proteins, such as the 147 kDa lactate dehydrogenase (LDH) complex
[71], or ASC specks themselves [72], into the extracellular space.
Mature IL-1β and IL-18 are incredibly potent pro-inflammatory cytokines [73]. IL-1β signals through its

receptor IL1R1, which is widely expressed in various cell types and promotes the induction of
NFκB-dependent cytokines [73]. IL-18 promotes IFN-γ production from T cells and NK cells [74]. While
some cytokines (e.g. IL-1β and TNF) and DAMPs (e.g. HMGB1) prime the inflammasome, many of the
DAMPs released by pyroptosis, such as ATP and uric acid, can themselves activate the NLRP3 inflammasome.
Extracellular ASC specks can also seed new inflammasome activation in neighbouring cells [72]. While this
amplifying loop is critical for inducing protective adaptive immune responses, it can promote pathogenic

© 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 307

Biochemical Society Transactions (2023) 51 303–313
https://doi.org/10.1042/BST20220807

https://creativecommons.org/licenses/by/4.0/


inflammation. Accordingly, aberrant inflammasome activation is implicated in the pathogenesis of many dis-
eases, including multiple sclerosis, atherosclerosis, Alzheimer’s, and Parkinson’s disease [75].
NLRP3 and inflammasome signalling is protective early during IAV infection [76,77] and initiates effective

adaptive immunity [78]. Elegant studies with an NLRP3 inhibitor showed that NLRP3 signalling drives disease
later in infection [79], likely by amplifying pathogenic inflammation. Some IAV strains can directly infect
murine macrophages, activating NLRP3 [8] in a cell-intrinsic manner. NLRP3 may sense either incoming or
replicating IAV RNA or viral ribonucleoprotein complexes (vRNPs) via ZBP1 [57,76]. NLRP3 also senses pH

Figure 2. Specific PAMP and DAMP release from major PCD pathways during IAV infection.

This figure gives a simplified overview of PCD pathways. Clockwise from upper left: Intrinsic Apoptosis, triggered by direct IAV

infection or CTL or NK-cell granule exocytosis, culminates in Caspase-9 activation. Extrinsic Apoptosis, triggered by cell death

ligands (TNF, FasL and TRAIL), culminates in Caspase-8 activation. These proceed to activate the executioner Caspases 3 and

7. Cellular contents are mostly sequestered in apoptotic bodies with intact plasma membranes, though histones, ATP, and

phospholipids are released as ‘find me’ signals. Pyroptosis, triggered upon inflammasome-dependent Caspase-1 activation,

culminates in GSDMD pore formation in the plasma membrane. Low molecular weight PAMPs, DAMPs and cytokines

(especially IL-1β and IL-18) exit through GSDMD pores, while terminal cell membrane rupture releases high molecular weight

protein complexes like LDH and ASC specks. Necroptosis, triggered by ZBP1 recognition of IAV Z-RNA, culminates in MLKL

pores rupturing the plasma membrane. This releases cellular DAMPs such as HMGB1, S100 proteins and ATP, and IAV

PAMPs, like IAV nucleoproteins and ssRNAs. This figure was created using BioRender.
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changes in the Golgi compartment caused by the IAV M2 protein during new viral protein synthesis and
virion assembly [67]. Alternatively, when macrophages phagocytose IAV PB1-F2 protein aggregates (released
from dying cells), these aggregates destabilise the macrophage lysosomes and activate NLRP3 [68].
Inflammasome activation in IAV-infected epithelial cells is less well characterised. The restriction factor MxA

reportedly nucleates ASC and enables IL-1β release from airway epithelial cells upon H1N1 infection, though
cell death was not assessed [80]. In contrast, infection of airway epithelial cells with the highly pathogenic IAV
strain H7N9 triggered Gasdermin E (GSDME)-dependent pyroptosis [81], though the upstream mechanism is
unclear. In mice, GSDME deficiency protected against H7N9-induced lethal cytokine storm [81], indicating
that the DAMPs released during pyroptosis amplify dangerous inflammation.
Macrophages also activate the inflammasome in response to cell-extrinsic infection. IAV PB1-F2 and M2

also trigger oxidised DNA release from macrophages into the extracellular space. The absent from melanoma 2
(AIM2) inflammasome in neighbouring cells senses this oxidised DNA, triggering macrophage IL-1β release
[82]. A similar phenomenon was recently observed in SARS-CoV-2 infection, where extracellular DNA released
from dying, infected epithelial cells triggers macrophage inflammasome activation [83]. Cell extrinsic sensing of
IAV infection to drive macrophage pyroptosis may therefore play a critical role in infections with IAV strains
that do not infect macrophages. Figure 2 gives an overview of the distinct DAMPs released by each PCD
pathway.
Some key questions must be answered to successfully target inflammasome signalling during IAV infection

without compromising host defence. Does cell-intrinsic inflammasome activation induce a distinct inflamma-
tory signature compared with cell-extrinsic activation? What role does GSDMD-dependent pyroptosis play in
IAV infection? Does epithelial cell inflammasome activation play a different role in infection control than
macrophage inflammasome activation? Pyroptotic macrophages appear to release DAMPs before IL-1β and
IL-18 release [71]. Presumably, small viral PAMPs will exit the cell through GSDMD pores, while cell rupture
will release larger viral PAMPs. How do neighbouring cells integrate these distinct temporal signals and relative
DAMP and cytokine concentrations to shape the ensuing inflammatory response? Answering these questions
will accelerate the use of inflammasome-targeting therapies as immunomodulators in viral infections.

Conclusions and future directions
One of the most exciting new aspects of PCD biology is how this process is regulated to control DAMP release.
Recent studies show that the cell membrane protein NINJ1 mediates plasma membrane rupture, which is the
final stage of lytic cell death for both pyroptosis and necroptosis [84]. NINJ1 deficiency increases susceptibility
to bacterial infection, presumably by limiting critical inflammatory responses initiated by DAMPs. NINJ1 activ-
ity competes with active membrane repair, mediated by the endosomal sorting complexes required for transport
(ESCRT) proteins. ESCRT-III proteins can repair MLKL or GSDMD-induced pores in cellular membranes, pre-
venting terminal plasma membrane rupture [85,86]. For necroptosis, this prolongs cytokine release and potenti-
ates adaptive immune responses through CD8 cross-priming, while for pyroptosis, this impairs IL-1β and
IL-18 release and limits inflammation [85,86]. How infected epithelial cells regulate NINJ1 and ESCRT III
activity and whether targeting these pathways could fine-tune downstream inflammatory responses are exciting
questions for future research.
Does it matter how a cell dies so long as it is eliminated? The guard hypothesis suggests that we have

evolved these distinct PCD modalities to counteract pathogen-encoded antagonists of PCD [11]. Detailed com-
parisons of apoptotic, necroptotic and pyroptotic cells show that these cell death modalities release distinctive
patterns of DAMPs and cytokines with specific timing and magnitude. We speculate that in addition to ensur-
ing a cell dies, lytic cell death modalities, such as necroptosis and pyroptosis, also communicate the relative
virulence of an infecting pathogen and the threat it poses to neighbouring cells. This is analogous to the PRR
threat assessment paradigm, where PRR location determines the strength of the ensuing inflammatory response
[87,88]. Thus, neighbouring macrophages, among other cells, might sense these DAMPs and PAMPs, asso-
ciated with specific cell death modalities and escalate the immune response accordingly. As different PAMPs
and DAMPs engage PRRs with distinct signalling outcomes, the extracellular ‘soup’ composition will dictate
which signalling pathways are activated, e.g. NFκB-dependent, antiviral or inflammasome-dependent pathways.
The inhibition or modulation of specific cell death signalling pathways is a potential strategy to alleviate

IAV-induced immunopathology. However, such an approach must carefully consider whether inhibiting cell
death enhances IAV replication and disrupts host tissue homeostasis. This strategy will also heavily depend on
the infecting IAV strain, as different IAV strains induce different cell death modalities in different cell types.
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Viral tropism, viral antagonism of cell death pathways, or virulence factor expression may dictate which PCD
pathway should be targeted. For example, seasonal H1N1 strains induce DC necroptotic cell death, while pan-
demic H1N1 strains suppress necroptosis [89], and PB1-F2 from pathogenic IAV but not seasonal IAV triggers
pyroptotic responses [68]. The antagonism of signalling pathways involved in DAMP/cytokine recognition
could be a more feasible approach to prevent lung hyperinflammation during the disseminated stage of IAV
infection without compromising host defence mechanisms. Future exciting research delineating the relationship
between infection, cell death, inflammation, and disease prognosis will facilitate the development of novel thera-
peutic approaches for viral diseases.

Perspectives
• Targeting specific cell death pathways may limit virus-induced inflammation without com-

promising host defence, which may yield new drug targets for treating viral infections

• Apoptosis, necroptosis, and pyroptosis each release distinct host cell molecules, which neigh-
bouring cells can sense as a sign of damage and danger, in addition to microbial components
to tailor the immune response.

• While we deeply understand the molecular pathways of ‘how’ a cell dies during infection,
future research will determine the consequences of each cell death modality on neighbouring
cells.
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pyrin domain containing 3; PAMPs, pathogen-associated molecular patterns; PCD, programmed cell death;
PRR, pattern recognition receptor; RIG-I, Retinoic Inducible Gene-I; RIPK3, receptor-induced kinase 3;
SARS-CoV-2, Severe Acute Respiratory Syndrome Coronavirus 2; ssRNA, single-stranded RNA; TGF,
transforming growth factor; TLR, toll-like receptor; TNF, tumour necrosis factor; vRNPs, viral ribonucleoprotein
complexes; WT, wild-type; ZBP1, Z-DNA binding protein 1.

© 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).310

Biochemical Society Transactions (2023) 51 303–313
https://doi.org/10.1042/BST20220807

https://creativecommons.org/licenses/by/4.0/


References
1 Hotchkiss, R.S., Strasser, A. and McDunn JE, S.P. (2009) Cell death in disease: mechanisms and emerging therapeutic concepts. N. Engl. J. Med.

361, 1570–1583 https://doi.org/10.1056/NEJMra0901217.Cell
2 Verdonck, S., Nemegeer, J., Vandenabeele, P. and Maelfait, J. (2022) Viral manipulation of host cell necroptosis and pyroptosis. Trends Microbiol. 30,

593–605 https://doi.org/10.1016/j.tim.2021.11.011
3 Galluzzi, L., Vitale, I., Aaronson, S.A., Abrams, J.M., Adam, D., Agostinis, P. et al. (2018) Molecular mechanisms of cell death: recommendations of the

Nomenclature Committee on Cell Death 2018. Cell Death Differ. 25, 486–541 https://doi.org/10.1038/s41418-017-0012-4
4 Newton, K., Dixit, V.M. and Kayagaki, N. (2021) Dying cells fan the flames of inflammation. Science 374, 1076–1080 https://doi.org/10.1126/science.

abi5934
5 Rolfes, M.A., Foppa, I.M., Garg, S., Flannery, B., Brammer, L., Singleton, J.A. et al. (2018) Annual estimates of the burden of seasonal influenza in the

United States: a tool for strengthening influenza surveillance and preparedness. Influenza Other Respir. Viruses 12, 132–137 https://doi.org/10.1111/irv.
12486

6 Krammer, F., Smith, G.J.D., Fouchier, R.A.M., Peiris, M., Kedzierska, K., Doherty, P.C. et al. (2018) Influenza. Nat. Rev. Dis. Primers 4, 3 https://doi.
org/10.1038/s41572-018-0002-y

7 Taubenberger, J.K. and Morens, D.M. (2008) The pathology of influenza virus infections. Annu. Rev. Pathol. 3, 499–522 https://doi.org/10.1146/
annurev.pathmechdis.3.121806.154316

8 Laghlali, G., Lawlor, K.E. and Tate, M.D. (2020) Die another way: interplay between influenza A virus, inflammation and cell death. Viruses 12, 401
https://doi.org/10.3390/v12040401

9 Frank, K. and Paust, S. (2020) Dynamic natural killer cell and T cell responses to influenza infection. Front. Cell. Infect. Microbiol. 10, 425 https://doi.
org/10.3389/fcimb.2020.00425

10 Stölting, H., Baillon, L., Frise, R., Bonner, K., Hewitt, R.J., Molyneaux, P.L. et al. (2022) Distinct airway epithelial immune responses after infection with
SARS-CoV-2 compared to H1N1. Mucosal Immunol. 15, 952–963 https://doi.org/10.1038/s41385-022-00545-4

11 Lacey, C.A. and Miao, E.A. (2020) Programmed cell death in the evolutionary race against bacterial virulence factors. Cold Spring Harb. Perspect. Biol.
12, a036459 https://doi.org/10.1101/cshperspect.a036459

12 Shubina, M., Tummers, B., Boyd, D.F., Zhang, T., Yin, C., Gautam, A. et al. (2020) Necroptosis restricts influenza A virus as a stand-alone cell death
mechanism. J. Exp. Med. 217, e20191259 https://doi.org/10.1084/jem.20191259

13 Goritzka, M., Makris, S., Kausar, F., Durant, L.R., Pereira, C., Kumagai, Y. et al. (2015) Alveolar macrophage-derived type I interferons orchestrate innate
immunity to RSV through recruitment of antiviral monocytes. J. Exp. Med. 212, 699–714 https://doi.org/10.1084/jem.20140825

14 Hulme, K.D., Noye, E.C., Short, K.R. and Labzin, L.I. (2021) Dysregulated inflammation during obesity: driving disease severity in influenza virus and
SARS-CoV-2 infections. Front. Immunol. 12, 770066 https://doi.org/10.3389/fimmu.2021.770066

15 Hashimoto, Y., Moki, T., Takizawa, T., Shiratsuchi, A. and Nakanishi, Y. (2007) Evidence for phagocytosis of influenza virus-infected, apoptotic cells by
neutrophils and macrophages in mice. J. Immunol. 178, 2448–2457 https://doi.org/10.4049/jimmunol.178.4.2448

16 Oishi, Y. and Manabe, I. (2018) Macrophages in inflammation, repair and regeneration. Int. Immunol. 30, 511–528 https://doi.org/10.1093/intimm/
dxy054

17 Iwasaki, A. and Pillai, P.S. (2014) Innate immunity to influenza virus infection. Nat. Rev. Immunol. 14, 315–328 https://doi.org/10.1038/nri3665
18 Tate, M.D., Pickett, D.L., van Rooijen, N., Brooks, A.G. and Reading, P.C. (2010) Critical role of airway macrophages in modulating disease severity

during influenza virus infection of mice. J. Virol. 84, 7569–7580 https://doi.org/10.1128/JVI.00291-10
19 Högner, K., Wolff, T., Pleschka, S., Plog, S., Gruber, A.D., Kalinke, U. et al. (2013) Macrophage-expressed IFN-β contributes to apoptotic alveolar

epithelial cell injury in severe influenza virus pneumonia. PLoS Pathog. 9, e1003188 https://doi.org/10.1371/journal.ppat.1003188
20 Londrigan, S.L., Short, K.R., Ma, J., Gillespie, L., Rockman, S.P., Brooks, A.G. et al. (2015) Infection of mouse macrophages by seasonal influenza

viruses can be restricted at the level of virus entry and at a late stage in the virus life cycle. J. Virol. 89, 12319–12329 https://doi.org/10.1128/JVI.
01455-15

21 Fitzgerald, K.A. and Kagan, J.C. (2020) Toll-like receptors and the control of immunity. Cell 180, 1044–1066 https://doi.org/10.1016/j.cell.2020.02.
041

22 Ablasser, A., Poeck, H., Anz, D., Berger, M., Schlee, M., Kim, S. et al. (2009) Selection of molecular structure and delivery of RNA oligonucleotides to
activate TLR7 versus TLR8 and to induce high amounts of IL-12p70 in primary human monocytes. J. Immunol. 182, 6824–6833 https://doi.org/10.
4049/jimmunol.0803001

23 de Marcken, M., Dhaliwal, K., Danielsen, A.C., Gautron, A.S. and Dominguez-Villar, M. (2019) TLR7 and TLR8 activate distinct pathways in monocytes
during RNA virus infection. Sci. Signal. 12, eaaw1347 https://doi.org/10.1126/scisignal.aaw1347

24 Kim, C.U., Jeong, Y.J., Lee, P., Lee, M.S., Park, J.H., Kim, Y.S. et al. (2022) Extracellular nucleoprotein exacerbates influenza virus pathogenesis by
activating toll-like receptor 4 and the NLRP3 inflammasome. Cell. Mol. Immunol. 19, 715–725 https://doi.org/10.1038/s41423-022-00862-5

25 Bertheloot, D. and Latz, E. (2017) HMGB1, IL-1α, IL-33 and S100 proteins: dual-function alarmins. Cell. Mol. Immunol. 14, 43–64 https://doi.org/10.
1038/cmi.2016.34

26 Hoving, J.C., Wilson, G.J. and Brown, G.D. (2014) Signalling C-Type lectin receptors, microbial recognition and immunity. Cell. Microbiol. 16, 185–194
https://doi.org/10.1111/cmi.12249

27 Lai, J.-J., Cruz, F.M. and Rock, K.L. (2020) Immune sensing of cell death through recognition of histone sequences by C-type lectin-receptor-2d causes
inflammation and tissue injury. Immunity 52, 123–135.e6 https://doi.org/10.1016/j.immuni.2019.11.013

28 Palomino-Segura, M., Perez, L., Farsakoglu, Y., Virgilio, T., Latino, I., D’Antuono, R. et al. (2019) Protection against influenza infection requires early
recognition by inflammatory dendritic cells through C-type lectin receptor SIGN-R1. Nat. Microbiol. 4, 1930–1940 https://doi.org/10.1038/
s41564-019-0506-6

29 Anikeeva, N. and Sykulev, Y. (2011) Mechanisms controlling granule-mediated cytolytic activity of cytotoxic T lymphocytes. Immunol. Res. 51, 183–194
https://doi.org/10.1007/s12026-011-8252-8

30 Golstein, P. and Griffiths, G.M. (2018) An early history of T cell-mediated cytotoxicity. Nat. Rev. Immunol. 18, 527–535 https://doi.org/10.1038/
s41577-018-0009-3

© 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 311

Biochemical Society Transactions (2023) 51 303–313
https://doi.org/10.1042/BST20220807

https://doi.org/10.1056/NEJMra0901217.Cell
https://doi.org/10.1016/j.tim.2021.11.011
https://doi.org/10.1038/s41418-017-0012-4
https://doi.org/10.1038/s41418-017-0012-4
https://doi.org/10.1038/s41418-017-0012-4
https://doi.org/10.1038/s41418-017-0012-4
https://doi.org/10.1126/science.abi5934
https://doi.org/10.1126/science.abi5934
https://doi.org/10.1111/irv.12486
https://doi.org/10.1111/irv.12486
https://doi.org/10.1038/s41572-018-0002-y
https://doi.org/10.1038/s41572-018-0002-y
https://doi.org/10.1038/s41572-018-0002-y
https://doi.org/10.1038/s41572-018-0002-y
https://doi.org/10.1038/s41572-018-0002-y
https://doi.org/10.1146/annurev.pathmechdis.3.121806.154316
https://doi.org/10.1146/annurev.pathmechdis.3.121806.154316
https://doi.org/10.3390/v12040401
https://doi.org/10.3389/fcimb.2020.00425
https://doi.org/10.3389/fcimb.2020.00425
https://doi.org/10.1038/s41385-022-00545-4
https://doi.org/10.1038/s41385-022-00545-4
https://doi.org/10.1038/s41385-022-00545-4
https://doi.org/10.1038/s41385-022-00545-4
https://doi.org/10.1101/cshperspect.a036459
https://doi.org/10.1084/jem.20191259
https://doi.org/10.1084/jem.20140825
https://doi.org/10.3389/fimmu.2021.770066
https://doi.org/10.4049/jimmunol.178.4.2448
https://doi.org/10.1093/intimm/dxy054
https://doi.org/10.1093/intimm/dxy054
https://doi.org/10.1038/nri3665
https://doi.org/10.1128/JVI.00291-10
https://doi.org/10.1128/JVI.00291-10
https://doi.org/10.1371/journal.ppat.1003188
https://doi.org/10.1128/JVI.01455-15
https://doi.org/10.1128/JVI.01455-15
https://doi.org/10.1128/JVI.01455-15
https://doi.org/10.1016/j.cell.2020.02.041
https://doi.org/10.1016/j.cell.2020.02.041
https://doi.org/10.4049/jimmunol.0803001
https://doi.org/10.4049/jimmunol.0803001
https://doi.org/10.1126/scisignal.aaw1347
https://doi.org/10.1038/s41423-022-00862-5
https://doi.org/10.1038/s41423-022-00862-5
https://doi.org/10.1038/s41423-022-00862-5
https://doi.org/10.1038/s41423-022-00862-5
https://doi.org/10.1038/cmi.2016.34
https://doi.org/10.1038/cmi.2016.34
https://doi.org/10.1111/cmi.12249
https://doi.org/10.1016/j.immuni.2019.11.013
https://doi.org/10.1038/s41564-019-0506-6
https://doi.org/10.1038/s41564-019-0506-6
https://doi.org/10.1038/s41564-019-0506-6
https://doi.org/10.1038/s41564-019-0506-6
https://doi.org/10.1038/s41564-019-0506-6
https://doi.org/10.1007/s12026-011-8252-8
https://doi.org/10.1007/s12026-011-8252-8
https://doi.org/10.1007/s12026-011-8252-8
https://doi.org/10.1007/s12026-011-8252-8
https://doi.org/10.1038/s41577-018-0009-3
https://doi.org/10.1038/s41577-018-0009-3
https://doi.org/10.1038/s41577-018-0009-3
https://doi.org/10.1038/s41577-018-0009-3
https://doi.org/10.1038/s41577-018-0009-3
https://creativecommons.org/licenses/by/4.0/


31 Hufford, M.M., Kim, T.S., Sun, J. and Braciale, T.J. (2015) The effector T cell response to influenza infection. Curr. Top. Microbiol. Immunol. 386,
423–455 https://doi.org/10.1007/82_2014_397

32 Tanzer, M.C., Frauenstein, A., Stafford, C.A., Phulphagar, K., Mann, M. and Meissner, F. (2020) Quantitative and dynamic catalogs of proteins released
during apoptotic and necroptotic cell death. Cell Rep. 30, 1260–1270.e5 https://doi.org/10.1016/j.celrep.2019.12.079

33 Silk, E., Zhao, H., Weng, H. and Ma, D. (2017) The role of extracellular histone in organ injury. Cell Death Dis. 8, e2812 https://doi.org/10.1038/cddis.
2017.52

34 Lemke, G. (2019) How macrophages deal with death. Nat. Rev. Immunol. 19, 539–549 https://doi.org/10.1038/s41577-019-0167-y
35 Kourtzelis, I., Hajishengallis, G. and Chavakis, T. (2020) Phagocytosis of apoptotic cells in resolution of inflammation. Front. Immunol. 11, 553

https://doi.org/10.3389/fimmu.2020.00553
36 Rothlin, C.V., Hille, T.D. and Ghosh, S. (2021) Determining the effector response to cell death. Nat. Rev. Immunol. 21, 292–304 https://doi.org/10.

1038/s41577-020-00456-0
37 Kosmider, B., Messier, E.M., Janssen, W.J., Nahreini, P., Wang, J., Hartshorn, K.L. et al. (2012) Nrf2 protects human alveolar epithelial cells against

injury induced by influenza A virus. Respir. Res. 13, 43 https://doi.org/10.1186/1465-9921-13-43
38 Torchinsky, M.B., Garaude, J., Martin, A.P. and Blander, J.M. (2009) Innate immune recognition of infected apoptotic cells directs TH17 cell

differentiation. Nature 458, 78–82 https://doi.org/10.1038/nature07781
39 Beli, E., Clinthorne, J.F., Duriancik, D.M., Hwang, I., Kim, S. and Gardner, E.M. (2011) Natural killer cell function is altered during the primary response

of aged mice to influenza infection. Mech. Ageing Dev. 132, 503–510 https://doi.org/10.1016/j.mad.2011.08.005
40 Van De Sandt, C.E., Barcena, M., Koster, A.J., Kasper, J., Kirkpatrick, C.J., Scott, D.P. et al. (2017) Human CD81 T cells damage noninfected epithelial

cells during influenza virus infection in vitro. Am. J. Respir. Cell Mol. Biol. 57, 536–546 https://doi.org/10.1165/rcmb.2016-0377OC
41 Grant, R.A., Morales-Nebreda, L., Markov, N.S., Swaminathan, S., Querrey, M., Guzman, E.R. et al. (2021) Circuits between infected macrophages and

T cells in SARS-CoV-2 pneumonia. Nature 590, 635–641 https://doi.org/10.1038/s41586-020-03148-w
42 Schulz, O., Diebold, S.S., Chen, M., Näslund, T.I., Nolte, M.A., Alexopoulou, L. et al. (2005) Toll-like receptor 3 promotes cross-priming to virus-infected

cells. Nature 433, 887–892 https://doi.org/10.1038/nature03326
43 de Oliveira Mann, C.C. and Hornung, V. (2021) Molecular mechanisms of nonself nucleic acid recognition by the innate immune system.

Eur. J. Immunol. 51, 1897–1910 https://doi.org/10.1002/eji.202049116
44 Salina, A.C., dos-Santos, D., Rodrigues, T.S., Fortes-Rocha, M., Freitas-Filho, E.G. Alzamora-Terrel, D.L. et al. (2022) Efferocytosis of

SARS-CoV-2-infected dying cells impairs macrophage anti-inflammatory functions and clearance of apoptotic cells. eLife 11, e74443 https://doi.org/10.
7554/eLife.74443

45 Domizio, J.D., Gulen, M.F., Saidoune, F., Thacker, V.V., Yatim, A., Sharma, K. et al. (2022) The cGAS–STING pathway drives type I IFN
immunopathology in COVID-19. Nature 603, 145–151 https://doi.org/10.1038/s41586-022-04421-w

46 Arndt, U., Wennemuth, G., Barth, P., Nain, M., Al-Abed, Y., Meinhardt, A. et al. (2002) Release of macrophage migration inhibitory factor and CXCL8/
interleukin-8 from lung epithelial cells rendered necrotic by influenza A virus infection. J. Virol. 76, 9298–9306 https://doi.org/10.1128/jvi.76.18.
9298-9306.2002

47 Mauad, T., Hajjar, L.A., Callegari, G.D., Da Silva, L.F.F., Schout, D., Galas, F.R.B.G. et al. (2010) Lung pathology in fatal novel human influenza A
(H1N1) infection. Am. J. Respir. Crit. Care Med. 181, 72–79 https://doi.org/10.1164/rccm.200909-1420OC

48 Kono, H. and Rock, K.L. (2008) How dying cells alert the immune system to danger. Nat. Rev. Immunol. 8, 279–289 https://doi.org/10.1038/nri2215
49 Liu, G., Wang, J., Park, Y.-J., Tsuruta, Y., Lorne, E.F., Zhao, X. et al. (2008) High mobility group protein-1 inhibits phagocytosis of apoptotic neutrophils

through binding to phosphatidylserine. J. Immunol. 181, 4240–4246 https://doi.org/10.4049/jimmunol.181.6.4240
50 Friggeri, A., Yang, Y., Banerjee, S., Park, Y.J., Liu, G. and Abraham, E. (2010) HMGB1 inhibits macrophage activity in efferocytosis through binding to

the αvβ3-integrin. Am. J. Physiol. Cell Physiol. 299, 1267–1276 https://doi.org/10.1152/ajpcell.00152.2010
51 Krysko, D.V., Denecker, G., Festjens, N., Gabriels, S., Parthoens, E., D’Herde, K. et al. (2006) Macrophages use different internalization mechanisms to

clear apoptotic and necrotic cells. Cell Death Differ. 13, 2011–2022 https://doi.org/10.1038/sj.cdd.4401900
52 Wang, Q., Imamura, R., Motani, K., Kushiyama, H., Nagata, S. and Suda, T. (2013) Pyroptotic cells externalize eat-me and release find-me signals and

are efficiently engulfed by macrophages. Int. Immunol. 25, 363–372 https://doi.org/10.1093/intimm/dxs161
53 Shirey, K.A., Lai, W., Scott, A.J., Lipsky, M., Mistry, P., Pletneva, L.M. et al. (2013) The TLR4 antagonist Eritoran protects mice from lethal influenza

infection. Nature 497, 498–502 https://doi.org/10.1038/nature12118
54 Watanabe, Y., Hashimoto, Y., Shiratsuchi, A., Takizawa, T. and Nakanishi, Y. (2005) Augmentation of fatality of influenza in mice by inhibition of

phagocytosis. Biochem. Biophys. Res. Commun. 337, 881–886 https://doi.org/10.1016/j.bbrc.2005.09.133
55 Thapa, R.J., Ingram, J.P., Ragan, K.B., Nogusa, S., Boyd, D.F., Benitez, A.A. et al. (2016) DAI senses influenza A virus genomic RNA and activates

RIPK3-dependent cell death. Cell Host Microbe 20, 674–681 https://doi.org/10.1016/j.chom.2016.09.014
56 Nogusa, S., Thapa, R.J., Dillon, C.P., Liedmann, S., Oguin, T.H., Ingram, J.P. et al. (2016) RIPK3 activates parallel pathways of MLKL-driven

necroptosis and FADD-mediated apoptosis to protect against influenza A virus. Cell Host Microbe 20, 13–24 https://doi.org/10.1016/j.chom.2016.05.
011

57 Kuriakose, T., Man, S.M., Subbarao Malireddi, R.K., Karki, R., Kesavardhana, S., Place, D.E. et al. (2016) ZBP1/DAI is an innate sensor of influenza
virus triggering the NLRP3 inflammasome and programmed cell death pathways. Sci. Immunol. 1, aag2045 https://doi.org/10.1126/sciimmunol.
aag2045

58 Zhang, T., Yin, C., Boyd, D.F., Quarato, G., Ingram, J.P., Shubina, M. et al. (2020) Influenza virus Z-RNAs induce ZBP1-mediated necroptosis. Cell 180,
1115–1129.e13 https://doi.org/10.1016/j.cell.2020.02.050

59 Kaczmarek, A., Vandenabeele, P. and Krysko, D.V. (2013) Necroptosis: the release of damage-associated molecular patterns and its physiological
relevance. Immunity 38, 209–223 https://doi.org/10.1016/j.immuni.2013.02.003

60 Dhuriya, Y.K. and Sharma, D. (2018) Necroptosis: a regulated inflammatory mode of cell death. J. Neuroinflammation 15, 199 https://doi.org/10.1186/
s12974-018-1235-0

61 Wang, Y., Hao, Q., Florence, J.M., Jung, B.G., Kurdowska, A.K., Samten, B. et al. (2019) Influenza virus infection induces ZBP1 expression and
necroptosis in mouse lungs. Front. Cell. Infect. Microbiol. 9, 286 https://doi.org/10.3389/fcimb.2019.00286

© 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).312

Biochemical Society Transactions (2023) 51 303–313
https://doi.org/10.1042/BST20220807

https://doi.org/10.1007/82_2014_397
https://doi.org/10.1016/j.celrep.2019.12.079
https://doi.org/10.1038/cddis.2017.52
https://doi.org/10.1038/cddis.2017.52
https://doi.org/10.1038/s41577-019-0167-y
https://doi.org/10.1038/s41577-019-0167-y
https://doi.org/10.1038/s41577-019-0167-y
https://doi.org/10.1038/s41577-019-0167-y
https://doi.org/10.3389/fimmu.2020.00553
https://doi.org/10.1038/s41577-020-00456-0
https://doi.org/10.1038/s41577-020-00456-0
https://doi.org/10.1038/s41577-020-00456-0
https://doi.org/10.1038/s41577-020-00456-0
https://doi.org/10.1038/s41577-020-00456-0
https://doi.org/10.1186/1465-9921-13-43
https://doi.org/10.1186/1465-9921-13-43
https://doi.org/10.1186/1465-9921-13-43
https://doi.org/10.1186/1465-9921-13-43
https://doi.org/10.1038/nature07781
https://doi.org/10.1016/j.mad.2011.08.005
https://doi.org/10.1165/rcmb.2016-0377OC
https://doi.org/10.1165/rcmb.2016-0377OC
https://doi.org/10.1038/s41586-020-03148-w
https://doi.org/10.1038/s41586-020-03148-w
https://doi.org/10.1038/s41586-020-03148-w
https://doi.org/10.1038/s41586-020-03148-w
https://doi.org/10.1038/nature03326
https://doi.org/10.1002/eji.202049116
https://doi.org/10.7554/eLife.74443
https://doi.org/10.7554/eLife.74443
https://doi.org/10.1038/s41586-022-04421-w
https://doi.org/10.1038/s41586-022-04421-w
https://doi.org/10.1038/s41586-022-04421-w
https://doi.org/10.1038/s41586-022-04421-w
https://doi.org/10.1128/jvi.76.18.9298-9306.2002
https://doi.org/10.1128/jvi.76.18.9298-9306.2002
https://doi.org/10.1128/jvi.76.18.9298-9306.2002
https://doi.org/10.1164/rccm.200909-1420OC
https://doi.org/10.1164/rccm.200909-1420OC
https://doi.org/10.1038/nri2215
https://doi.org/10.4049/jimmunol.181.6.4240
https://doi.org/10.1152/ajpcell.00152.2010
https://doi.org/10.1038/sj.cdd.4401900
https://doi.org/10.1093/intimm/dxs161
https://doi.org/10.1038/nature12118
https://doi.org/10.1016/j.bbrc.2005.09.133
https://doi.org/10.1016/j.chom.2016.09.014
https://doi.org/10.1016/j.chom.2016.05.011
https://doi.org/10.1016/j.chom.2016.05.011
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1016/j.cell.2020.02.050
https://doi.org/10.1016/j.immuni.2013.02.003
https://doi.org/10.1186/s12974-018-1235-0
https://doi.org/10.1186/s12974-018-1235-0
https://doi.org/10.1186/s12974-018-1235-0
https://doi.org/10.1186/s12974-018-1235-0
https://doi.org/10.1186/s12974-018-1235-0
https://doi.org/10.3389/fcimb.2019.00286
https://creativecommons.org/licenses/by/4.0/


62 Oltean, T., Van San, E., Divert, T., Vanden Berghe, T., Saelens, X., Maelfait, J. et al. (2021) Viral dosing of influenza A infection reveals involvement of
RIPK3 and FADD, but not MLKL. Cell Death Dis 12, 471 https://doi.org/10.1038/s41419-021-03746-0

63 Liu, G.Q., Lu, Y., Thulasi Raman, S.N., Xu, F., Wu, Q., Li, Z. et al. (2018) Nuclear-resident RIG-I senses viral replication inducing antiviral immunity. Nat.
Commun. 9, 3199 https://doi.org/10.1038/s41467-018-05745-w

64 Kearney, C.J., Cullen, S.P., Tynan, G.A., Henry, C.M., Clancy, D., Lavelle, E.C. et al. (2015) Necroptosis suppresses inflammation via termination of
TNF-or LPS-induced cytokine and chemokine production. Cell Death Differ. 22, 1313–1327 https://doi.org/10.1038/cdd.2014.222

65 Zargarian, S., Shlomovitz, I., Erlich, Z., Hourizadeh, A., Ofir-Birin, Y., Croker, B.A. et al. (2017) Phosphatidylserine externalization, “necroptotic bodies”
release, and phagocytosis during necroptosis. PLoS Biol. 15, e2002711 https://doi.org/10.1371/journal.pbio.2002711

66 Akbal, A., Dernst, A., Lovotti, M., Mangan, M.S.J., McManus, R.M. and Latz, E. (2022) How location and cellular signaling combine to activate the
NLRP3 inflammasome. Cell. Mol. Immunol. 19, 1201–1214 https://doi.org/10.1038/s41423-022-00922-w

67 Ichinohe, T., Pang, I.K. and Iwasaki, A. (2010) Influenza virus activates inflammasomes via its intracellular M2 ion channel. Nat. Immunol. 11, 404–410
https://doi.org/10.1038/ni.1861

68 McAuley, J.L., Tate, M.D., MacKenzie-Kludas, C.J., Pinar, A., Zeng, W., Stutz, A. et al. (2013) Activation of the NLRP3 inflammasome by IAV virulence
protein PB1-F2 contributes to severe pathophysiology and disease. PLoS Pathog. 9, e1003392 https://doi.org/10.1371/journal.ppat.1003392

69 Vajjhala, P.R., Mirams, R.E. and Hill, J.M. (2012) Multiple binding sites on the pyrin domain of ASC protein allow self-association and interaction with
NLRP3 protein. J. Biol. Chem. 287, 41732–41743 https://doi.org/10.1074/jbc.M112.381228

70 Boucher, D., Monteleone, M., Coll, R.C., Chen, K.W., Ross, C.M., Teo, J.L. et al. (2018) Caspase-1 self-cleavage is an intrinsic mechanism to terminate
inflammasome activity. J. Exp. 215, 827–840 https://doi.org/10.1084/jem.20172222

71 Phulphagar, K., Kühn, L.I., Ebner, S., Frauenstein, A., Swietlik, J.J., Rieckmann, J. et al. (2021) Proteomics reveals distinct mechanisms regulating the
release of cytokines and alarmins during pyroptosis. Cell Rep. 34, 108826 https://doi.org/10.1016/j.celrep.2021.108826

72 Franklin, B.S., Bossaller, L., De Nardo, D., Ratter, J.M., Stutz, A., Engels, G. et al. (2014) The adaptor ASC has extracellular and “prionoid” activities
that propagate inflammation. Nat. Immunol. 15, 727–737 https://doi.org/10.1038/ni.2913

73 Dinarello, C.A. (2018) Overview of the IL-1 family in innate inflammation and acquired immunity. Immunol. Rev. 281, 8–27 https://doi.org/10.1111/imr.
12621

74 Schroder, K., Hertzog, P.J., Ravasi, T. and Hume, D.A. (2004) Interferon-γ: an overview of signals, mechanisms and functions. J. Leuk. Biol. 75,
163–189 https://doi.org/10.1189/jlb.0603252

75 Wu, Y., Zhang, J., Yu, S., Li, Y., Zhu, J., Zhang, K. et al. (2022) Cell pyroptosis in health and inflammatory diseases. Cell Death Discov. 8, 191
https://doi.org/10.1038/s41420-022-00998-3

76 Allen, I.C., Scull, M.A., Moore, C.B., Holl, E.K., McElvania-TeKippe, E., Taxman, D.J. et al. (2009) The NLRP3 inflammasome mediates in vivo innate
immunity to influenza A virus through recognition of viral RNA. Immunity 30, 556–565 https://doi.org/10.1016/j.immuni.2009.02.005

77 Thomas, P.G., Dash, P., Aldridge, J.R., Ellebedy, A.H., Reynolds, C., Funk, A.J. et al. (2009) The intracellular sensor NLRP3 mediates key innate and
healing responses to influenza A virus via the regulation of caspase-1. Immunity 30, 566–575 https://doi.org/10.1016/j.immuni.2009.02.006

78 Ichinohe, T., Lee, H.K., Ogura, Y., Flavell, R. and Iwasaki, A. (2009) Inflammasome recognition of influenza virus is essential for adaptive immune
responses. J. Exp. Med. 206, 79–87 https://doi.org/10.1084/jem.20081667

79 Tate, M.D., Ong, J.D.H., Dowling, J.K., McAuley, J.L., Robertson, A.B., Latz, E. et al. (2016) Reassessing the role of the NLRP3 inflammasome during
pathogenic influenza A virus infection via temporal inhibition. Sci. Rep. 6, 27912 https://doi.org/10.1038/srep27912

80 Lee, S., Ishitsuka, A., Noguchi, M., Hirohama, M., Fujiyasu, Y., Petric, P.P. et al. (2019) Influenza restriction factor MxA functions as inflammasome
sensor in the respiratory epithelium. Sci. Immunol. 4, eaau4643 https://doi.org/10.1126/sciimmunol.aau4643

81 Wan, X., Li, J., Wang, Y., Yu, X., He, X., Shi, J. et al. (2022) H7n9 virus infection triggers lethal cytokine storm by activating gasdermin E-mediated
pyroptosis of lung alveolar epithelial cells. Natl Sci. Rev. 9, nwab137 https://doi.org/10.1093/nsr/nwab137

82 Moriyama, M., Nagai, M., Maruzuru, Y., Koshiba, T., Kawaguchi, Y. and Ichinohe, T. (2020) Influenza virus-induced oxidized DNA activates
inflammasomes. iScience 23, 101270 https://doi.org/10.1016/j.isci.2020.101270

83 Barnett, K.C., Xie, Y., Asakura, T., Song, D., Liang, K., Taft-Benz, S.A. et al. (2022) An epithelial-immune circuit amplifies inflammasome and IL-6
responses to SARS-CoV-2. Cell Host Microbe 31, 1–17 https://doi.org/10.1016/j.chom.2022.12.005

84 Kayagaki, N., Kornfeld, O.S., Lee, B.L., Stowe, I.B., O’Rourke, K., Li, Q. et al. (2021) NINJ1 mediates plasma membrane rupture during lytic cell death.
Nature 591, 131–136 https://doi.org/10.1038/s41586-021-03218-7

85 Gong, Y.N., Guy, C., Olauson, H., Becker, J.U., Yang, M., Fitzgerald, P. et al. (2017) ESCRT-III acts downstream of MLKL to regulate necroptotic cell
death and its consequences. Cell 169, 286–300.e16 https://doi.org/10.1016/j.cell.2017.03.020

86 Rühl, S., Shkarina, K., Demarco, B., Heilig, R., Santos, J.C. and Broz, P. (2018) ESCRT-dependent membrane repair negatively regulates pyroptosis
downstream of GSDMD activation. Science 362, 956–960 https://doi.org/10.1126/science.aar7607

87 Evavold, C.L. and Kagan, J.C. (2019) Inflammasomes: threat-assessment organelles of the innate immune system. Immunity 51, 609–624 https://doi.
org/10.1016/j.immuni.2019.08.005

88 Emming, S. and Schroder, K. (2019) Tiered DNA sensors for escalating responses. Science 365, 1375–1376 https://doi.org/10.1126/science.aay2701
89 Hartmann, B.M., Albrecht, R.A., Zaslavsky, E., Nudelman, G., Pincas, H., Marjanovic, N. et al. (2017) Pandemic H1N1 influenza A viruses suppress

immunogenic RIPK3-driven dendritic cell death. Nat. Commun. 8, 1931 https://doi.org/10.1038/s41467-017-02035-9

© 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 313

Biochemical Society Transactions (2023) 51 303–313
https://doi.org/10.1042/BST20220807

https://doi.org/10.1038/s41419-021-03746-0
https://doi.org/10.1038/s41419-021-03746-0
https://doi.org/10.1038/s41419-021-03746-0
https://doi.org/10.1038/s41419-021-03746-0
https://doi.org/10.1038/s41467-018-05745-w
https://doi.org/10.1038/s41467-018-05745-w
https://doi.org/10.1038/s41467-018-05745-w
https://doi.org/10.1038/s41467-018-05745-w
https://doi.org/10.1038/cdd.2014.222
https://doi.org/10.1371/journal.pbio.2002711
https://doi.org/10.1038/s41423-022-00922-w
https://doi.org/10.1038/s41423-022-00922-w
https://doi.org/10.1038/s41423-022-00922-w
https://doi.org/10.1038/s41423-022-00922-w
https://doi.org/10.1038/ni.1861
https://doi.org/10.1371/journal.ppat.1003392
https://doi.org/10.1074/jbc.M112.381228
https://doi.org/10.1084/jem.20172222
https://doi.org/10.1016/j.celrep.2021.108826
https://doi.org/10.1038/ni.2913
https://doi.org/10.1111/imr.12621
https://doi.org/10.1111/imr.12621
https://doi.org/10.1189/jlb.0603252
https://doi.org/10.1038/s41420-022-00998-3
https://doi.org/10.1038/s41420-022-00998-3
https://doi.org/10.1038/s41420-022-00998-3
https://doi.org/10.1038/s41420-022-00998-3
https://doi.org/10.1016/j.immuni.2009.02.005
https://doi.org/10.1016/j.immuni.2009.02.006
https://doi.org/10.1084/jem.20081667
https://doi.org/10.1038/srep27912
https://doi.org/10.1126/sciimmunol.aau4643
https://doi.org/10.1093/nsr/nwab137
https://doi.org/10.1016/j.isci.2020.101270
https://doi.org/10.1016/j.chom.2022.12.005
https://doi.org/10.1038/s41586-021-03218-7
https://doi.org/10.1038/s41586-021-03218-7
https://doi.org/10.1038/s41586-021-03218-7
https://doi.org/10.1038/s41586-021-03218-7
https://doi.org/10.1016/j.cell.2017.03.020
https://doi.org/10.1126/science.aar7607
https://doi.org/10.1016/j.immuni.2019.08.005
https://doi.org/10.1016/j.immuni.2019.08.005
https://doi.org/10.1126/science.aay2701
https://doi.org/10.1038/s41467-017-02035-9
https://doi.org/10.1038/s41467-017-02035-9
https://doi.org/10.1038/s41467-017-02035-9
https://doi.org/10.1038/s41467-017-02035-9
https://creativecommons.org/licenses/by/4.0/

	Inflammatory cell death: how macrophages sense neighbouring cell infection and damage
	Abstract
	Introduction
	Macrophage sensing of IAV
	Sensing apoptotic cell death
	Sensing necrosis
	Sensing necroptosis
	Sensing pyroptosis
	Conclusions and future directions
	Competing Interests
	Funding
	Open Access
	Author Contributions
	References


