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Abstract
Regulated or programmed cell death plays a critical role in the development and tis-
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and host defence. An increasing cellular and molecular findings cause a change in the
concept of cell death, revealing an expanding network of regulated cell death modalities
and their biochemical programmes. Likewise, recent evidences demonstrate the intercon-
nection between cell death pathways and how they are involved in different immune
Senior author: Mario Riera Romo mechanisms. This work provides an overview of the main cell death programmes and
their implication in innate immunity not only as an immunogenic/inflammatory process,
but also as an active defence strategy during immune response and at the same time as a

regulatory mechanism.
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INTRODUCTION

Cell death is a physiological event essential for homeosta-
sis in multicellular organisms. However, it is also implicated
in multiple pathological conditions such as neurodegenera-
tive and ischaemic disorders, cancer, and autoinflammatory
and autoimmune diseases [1-3]. Consequently, cell death is

tightly regulated by a strict biochemical programme, which
depends on regulatory pathways and protein interaction net-
works. This programmed cell death (PCD) exhibits various
types of modalities, according to the stimulus that triggers it
and the molecular pathways that result in activated cell death
protein [4,5]. The multiple forms of PCD are in constant up-
date by recent findings in this field, which are revealing the
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connections and molecular crosstalk between cell death pro-
grammes and their implication in a wide variety of biological
processes [6].

PCD is involved in several physiological functions such
as organ development, tissue remodelling and epithelial cell
renewal. It is also essential for cellular homeostasis and cell
response to stress, acting as an intrinsic mechanism to pre-
vent malignant transformation and cancer development [2].
In addition to its role in tissue maintenance, PCD is a cru-
cial biological response for immunity and host defence. It
is part of various innate and adaptive immune mechanisms/
processes such as antiviral defence, killing of intracellular
pathogens, inflammation, chemo-attraction, lymphocyte se-
lection and immune tolerance [7-9]. An increasing evidence
reveals novel functions of different cell death types in innate
immunity, including the regulation and/or amplification of
the inflammatory response, the modulation of cytokine pro-
duction and release and the diverse microbial killing strate-
gies in specialized immune cells [10-13]. This review aimed
to focus on important findings that highlight the interconnec-
tion between various forms of PCD and their roles in innate
immunity.

DIFFERENT TYPES OF CELL
DEATH

Cell death is a multifactorial process that involves several
molecular events and depends on multiple physiological con-
ditions; thus, it can be presented in a variety of fashions/mo-
dalities [14,15]. The different forms of cell death are driven
by distinct molecular pathways, although they share common
regulatory factors and can be triggered by the same stimuli
depending on the cellular context. This section will present a
general background of the main cell death programmes cur-
rently identified.

Apoptosis and necroptosis

Apoptosis is the best-characterized form of cell death, which
is under molecular control and differs histologically and
biochemically from necrosis, an unregulated or accidental
cell death (reviewed in [16]). Until recently, apoptosis was
considered the only form of PCD; however, the discovery of
specific inhibitors of necrotic processes together with a sys-
tematic biochemical and genetic analysis has redefined ne-
crosis as a programmed and regulated cell death, also termed
necroptosis (reviewed in [15,16]).

Unlike accidental necrosis, which is mainly caused by
trauma, necroptosis is a biochemically controlled process
activated by receptor-interacting protein kinases 1 and 3
(RIPK1 and RIPK3) and mediated by the mixed lineage

kinase domain-like protein (MLKL) [3,17,18]. The exe-
cutioner mechanism of MLKL in necroptosis is not clear;
nevertheless, two independent and non-exclusive models
have been proposed to explain it. One of them is based on
the recruitment of Ca2+ and Na+ ion channels by MLKL
once inserted in plasma membrane, causing a massive 0s-
motic imbalance that leads to membrane permeabilization
and cell lysis, a distinctive feature of necroptotic cell death
[19]. The other model proposes a pore-forming mechanism
by MLKL oligomerization at plasma membrane, which di-
rectly induces leaking of intracellular contents and cell lysis
[20,21]. Interestingly, a very recent report demonstrates the
involvement of nerve injury-induced protein 1 (NINJ1) in
the plasma membrane rupture during necroptosis and other
forms of programmed necrosis. This study shows that mu-
rine Ninjl-/- macrophages treated with different inducers
of programmed necrosis fail to die by the typical necrotic
process with cell lysis and associated release of high-
mobility group box 1 (HMGB1) and lactate dehydrogenase
(LDH), two main markers of plasma membrane rupture
[22]. Instead, they die with a persistent round balloon-like
morphology, compared with stimulated dying cells with
normal NINJ1 expression, which show the usual necrotic
cell lysis. These results indicate that cell permeabilization
and swelling occurs (probably mediated by MLKL and
other pore-forming proteins), but the final membrane de-
stabilization and rupture requires NINJ1. Further research
is necessary to define the precise sequence of events during
PCD-driven cell lysis, but this is the first insight suggesting
that not only pore-forming proteins or osmotic imbalance
but also specific membrane proteins are required for cell
rupture during programmed necrosis.

Necroptosis could be induced by the pro-inflammatory
cytokine tumour necrosis factor (TNF) under certain cellular
conditions, through the signalling cascade of TNF receptor
1 (TNFR1), which lead to the activation of RIP kinases and
formation of necrosome complex (reviewed in [4]). TNFR1
also activates the apoptotic cascade by the recruitment of
the cytosolic complex IIb, in a mechanism that is regulated
by RIPK1 [23,24]. Other membrane receptors that induce
necroptosis include FAS (FS-7-associated surface antigen),
TRAILR1 and TRAILR2 (TNF-related apoptosis-inducing
ligand (TRAIL) receptors 1 and 2), which normally induce
apoptosis through the activation of caspase 8, but could re-
cruit RIPK1 to initiate the formation of the necrosome under
caspase 8 blockade [11,25,26]. Interestingly, RIPK1 seems
to act as a molecular switch between apoptosis and necro-
ptosis depending on the cellular conditions, a transition that
is dynamically regulated by post-translational modifications
and protein expression [25,27]. Furthermore, some Toll-like
receptors (TLRs) such as TLR3 and TLR4 can also activate
necroptosis in response to poly(I:C) and LPS, respectively,
interacting with RIPK3 through the adaptor protein TIR
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domain-containing adapter-inducing interferon- (TRIF).
This has been demonstrated in mice-derived macrophages
with TIRF or RIPK3 deficiency [28]. The activation of this
pathway seems to occur during caspase inhibition, partic-
ularly caspase 8, and is RIPKI-independent at least in fi-
broblasts and endothelial cells but requires RIPK1 when is
induced by TLR agonists in macrophages [29].

Both apoptosis and necroptosis can be presented in spe-
cific variants, which are triggered by particular events and
possess additional biological consequences. For example,
anoikis is a special type of apoptosis, which is induced by
the loss of cell-cell/cell-extracellular matrix (ECM) contacts
[30,31]. When cell is detached from neighbouring cells or
from the surrounding ECM, the disruption of cadherin or in-
tegrin interactions, respectively, triggers a caspase-dependent
mechanism that ends in a PCD [31]. Selected cells can be also
excluded from epithelial layers due to malignant transforma-
tion or overcrowding by a process called ‘extrusion’, resulting
in the activation of a biochemical programme that eliminates
extruded and detached cells by anoikis [15]. Likewise, regu-
lated or programmed necrosis includes a variety of cell death
programmes with a common cellular phenotype but different
molecular pathways.

Other forms of programmed necrosis

In general, all modes of regulated necrosis exhibit typical
hallmarks such as cellular rounding and swelling (known
as oncosis), granulation at cytoplasmic level and plasma
membrane rupture; however, physiological and biochemi-
cal differences lead to a variety of subclasses with particu-
lar mechanisms (reviewed in [16]). These non-apoptotic
cell death modalities include the mitochondrial permeability
transition-mediated regulated necrosis (MPT-mediated ne-
crosis), parthanatos and ferroptosis. The first one is induced
by a mitochondrial pore composed of at least cyclophilin D
(CYPD) (the only component of the pore that has been iden-
tified so far), whereas parthanatos is caused by an excessive
PARylation of intracellular proteins by Poly(ADP-ribose)
polymerase 1 (PARP1) provoking a depletion of NAD+ and
ATP that leads to necrotic cell death [4,5,16]. On the other
hand, ferroptosis involves an iron-dependent oxidative stress
that is produced by a decrease in cysteine uptake (the oxidized
form of cysteine), a deficit of GSH (reduced glutathione) and
a depletion of the enzyme glutathione peroxidase 4 (GPX4)
[4,32]. In neurons, it has been reported a form of ferroptosis
called oxytosis, which occurs as a result of glutamate toxicity
by the blockade of the antiporter system Xc- producing the
deficit of cystine and the iron-dependent production of reac-
tive oxygen species [33].

In addition, pyroptosis and regulated necrosis associated
with the release of neutrophil extracellular traps (termed

as NETosis) are pro-inflammatory and microbial-induced
forms of programmed necrosis, which occur in specialized
immune cells [5,16]. Pyroptosis is triggered by canonical or
non-canonical inflammasome stimulation, which induces
activation of caspase 1 or caspase 11 [7,14,34]. The basic
mechanism causing cell death in pyroptosis is based on os-
motic imbalance and cellular swelling similar to those oc-
curred in necroptosis, but the pore-forming protein involved is
Gasdermin D (GSDMD) instead of MLKL. GSDMD is pro-
teolytically activated by active caspase 1 upon inflammasome
stimulation, though the interaction with apoptosis-associated
speck-like protein (ASC) after upstream stimulation medi-
ated by intracellular sensors such as AIM2 (protein absent
in melanoma 2) and Nod-like receptor pyridine containing
protein 1 or 3 (NLRP1 or NLRP3) [35,36]. However, differ-
ent studies have revealed the involvement of other caspases
such as caspases 4 and 5 in GSDMD activation and pyro-
ptosis induction in different cell types by non-canonical in-
flammasome stimulation [37]. Moreover, recent findings
demonstrate that pyroptosis can be also induced by caspase
8-dependent cleavage of GSDMD and even by caspase 3,
through the cleavage of Gasdermin E (GSDME), in a process
that has been mostly observed in cancer cells. Other members
of the Gasdermin protein family such as GSDMA, GSDMB
and GSDMC can also lead to cell permeabilization and pyro-
ptotic cell death, but the mechanism of activation seems to be
caspase-independent and their role in infection or malignant
transformation is still not clear (reviewed in [36]).

Some authors also highlight the existence of an alternative
necroptotic cell death with some pyroptosis-like features, but
without the release of IL-1p or the involvement of GSDM pore
formation [38,39]. This type of PCD was formerly called ‘py-
ronecrosis’, a term that was introduced by Willingham et al. in
2007, to distinguish it from caspase 1-dependent pyroptosis;
however, although this definition has been used by some au-
thors in different contexts, the term was not approved by the
Nomenclature Committee on Cell Death 2018 [5]. This PCD
has been reported in monocytes and macrophages in response
to certain inflammatory stimuli or certain pathogens such as
Shigella flexneri, and seems to be dependent of NLRP3, pre-
viously known as cold-induced autoinflammatory syndrome
protein 1 (CIAS1) or Cryopyrin [40,41]. It shows a necrosis-
like morphology, but the molecular mechanism that governs
this particular necrotic cell death is still poorly understood. It
involves NLRP3 and ASC signalling, but rather than caspase
activation, this event leads to lysosomal permeabilization and
cathepsin release, which are the ultimate executors of this
cell death, but, unlike pyroptosis or lysosomal cell death, is
caspase-independent, does not involve IL-1f secretion and
causes HMGBI release to extracellular space [41]. A similar
necrotic-like cell death was reported in murine macrophages
in response to Legionella pneumophila infection, with a
rapid activation mechanism dependent on cathepsin B and
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accompanied by HMGBI1 release and PARP cleavage [42].
These necrotic cell deaths do not fall into any of the defined
categories for PCD, and there is not consensus in their mo-
lecular mechanism [5]. They have particular features similar
to pyroptosis, necroptosis or lysosomal-dependent cell death,
but with substantial differences between them. Further re-
search is needed to elucidate whether these are just particular
variants of necroptosis, caspase-independent forms of pyro-
ptosis or caspase and mitochondrial-independent types of ly-
sosomal cell death, or even a crosstalk between these forms
of PCD in a particular context.

On the other hand, NETosis, which is also another par-
ticular and interesting PCD, occurs primarily not only in
neutrophils, but also in other innate immune cells, and is
characterized by the release of chromatin structures with as-
sociated histones (called extracellular traps) that represents
an efficient antimicrobial mechanism [1]. The molecular
events underlying this form of PCD have been characterized,
and it has been demonstrated that NADPH oxidase (NOX), a
common enzyme in neutrophils, is a key component for the
activation of this pathway. The hyperactivation of this en-
zyme in response to pathogens is mediated by the extracellu-
lar signal-regulated kinase (ERK) and the mitogen-activated
protein kinase (MAPK) signal transduction pathways, chang-
ing the ROS balance within the neutrophil and inducing my-
eloperoxidase (MPO) and neutrophil elastase (NE) activity, a
downstream event that leads to chromatin condensation and
massive permeabilization (including nucleus, granules and
plasma membrane), interestingly through the pore-forming
protein GSDMD, a common feature with pyroptosis. It has
been described that NE is implicated in GSDMD processing
and activation, as well as histone cleavage, a modification
that together with histone citrullination (mediated by pepti-
dylarginine deiminase 4 or PAD4) facilitates DNA and chro-
matin rearrange (reviewed in [13]). The final consequence is
the extrusion of the extracellular trap with histones, proteases
and granular proteins, resulting in the death of the neutrophil,
however, under certain conditions, the extrusion can occur
with neutrophil survival, a process termed as ‘vital NETosis’.
[43.,44]. In contrast to the classical lytic NETosis that can be
also initiated by chemical inducers of inflammation such as
the phorbol myristate acetate (PMA), vital NETosis is a rapid
and oxidative stress-independent process that is stimulated by
bacteria and parasites, immunocomplexes and a number of
physiological and immune-activating agonists such as TNF,
IL-8, granulocyte—macrophage colony-stimulating factor
(GM-CSF), platelet-activating factor (PAF) and the comple-
ment protein fragment C5a, and does not involve the perme-
abilization and death of neutrophils [44-46]. Other works
have demonstrated alternative NETosis pathways, which are
NOX- and ROS-independent and do not require PAD4 enzy-
matic activity, but they are affected by calcium chelation and
depend on NE function and nuclear translocation [47,48].

This interesting form of PCD is still under research to eluci-
date the precise molecular mechanism operating in different
conditions, but it seems to have a rapid non-oxidative variant
that could be a PAD4-dependent or PAD4-independent and a
slower NOX- and ROS-dependent form that involves PAD4
activity. In all cases, NE activity seems to be necessary for
NET induction and release; thus, this enzyme seems to have
a key role in all forms of NETosis.

Autophagic cell death

Beyond apoptosis and regulated necrosis, autophagic cell death
(ACD) is receiving attention as an interesting third form of
PCD. Autophagy is, in fact, an adaptive mechanism essential
for cell survival under unfavourable conditions such as star-
vation, extracellular or intracellular stress, high temperatures,
overcrowding, hypoxia and antiproliferative stimuli. During
the autophagic mechanism, the cell orchestrates a complex
response that includes different membrane rearrangements to
form autophagosomes and ultimately autolysosomes, allow-
ing the cell to digest and catabolize its own constituents to
obtain energy and recycle intracellular molecules (reviewed
in [49]). However, this process can lead eventually to a form
of cell death, in which the cell ‘eat itself’, causing irrevers-
ible damage such as loss of membrane and organelle integ-
rity [15,50]. Therefore, autophagy is tightly regulated and
depends on a sequence of specific intracellular events. This
multistep process is mediated by a gene family termed as
ATG (autophagy-related genes) and involves protein—protein
interactions and post-translational modifications, such as the
lipidation of the microtubule-binding protein LC3 (light chain
3) with phosphatidylethanolamine and the degradation of p62
(reviewed in [51]). Autophagy is a classic pathway that has
been studied for years, but more recently, ACD is getting at-
tention as a defensive and regulatory mechanism rather than
a deregulation of the process [14,52]. According to this, ACD
can act in a similar way to apoptosis or necroptosis, repre-
senting another self-induced type of cell death in response to
extracellular stressors or pathological stimuli.

Unconventional cell death programmes

In addition to the classical forms of PCD and their emerg-
ing submodalities, other authors are reporting ‘particular’
or ‘unconventional’ ways in which cells die, involving dis-
tinct molecular events not fully understood yet. In line with
this, phagoptosis and entosis have been described as specific
forms of cell death, which implicate the assimilation of a
cell by other cell, a phenomenon that could lead to different
outcomes (reviewed in [15]). When a viable cell is phago-
cyted by other active live cell, it fails to undergo a process
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called phagoptosis, different from phagocytosis of apoptotic
or dead cells by macrophages. It could be homotypic or het-
erotypic, if the fused cells are of the same or different type,
respectively. The molecular pathway has not been character-
ized in deep, but it requires the exposure of phosphatidyl-
serine in cell surface and the loss of CD47, as occurs with
the typical phagocytosis. The physiological importance of
this process includes the turnover of erythrocytes and neu-
trophils, and it has been described in some pathological con-
ditions such as neuroinflammation [15]. On the other hand,
entosis is the opposite process, when a viable cell invades
another life cell, penetrating directly into the cytoplasm
where it is vacuolized, turning into an internalized or entosed
cell. An entosed cell could be released resulting in survival
or killed by a lysosomal-dependent degradation that involves
LC3-mediated vacuole targeting, recruitment and fusion. The
entotic cell requires Rho-associated coiled-coil containing
protein kinase (ROCK) activity and actin—myosin structures
that facilitate the cell-into-cell penetration. This cell death
modality is mainly implicated in epithelial tissue removal
and embryo implantation [5].

Another particular form of PCD has been described in
Kupffer cells (resident liver macrophages) in response to
human adenovirus and Listeria monocytogenes, which does
not depend on caspase, RIPK, ASC, cathepsins or NOX ac-
tivity and does not involve the mitochondrial pore-forming
proteins BAX, BAK or CYPD [53]. This cell death variant
shows a necrotic-like morphology, with mitochondrial swell-
ing, plasma membrane permeabilization and LDH release but
with a very rapid kinetics independent of the main molecular
mediators or apoptosis, lysosomal cell death, necroptosis, py-
roptosis and other forms or programmed necrosis, in addition
to specific morphological changes that do not correspond
to an autophagic cell death. This specific PCD requires the
interferon-regulatory factor 3 (IRF3) but, interestingly, does
not involve Ser396 IRF3 phosphorylation or the activation of
IRF3 downstream genes, which only occurs when the patho-
gen escape from phagocytic or vacuolar compartments [53].
All these results suggest a novel role for IRF3 in viral and
parasite infection beyond gene transcription, as an inductor
of rapid necrotic cell death to prevent viral or parasite repli-
cation and spread of the infection.

Some recent studies also describe other vacuole-dependent
forms of PCD termed as methuosis and paraptosis. The first
one involves Ras hyperactivation and a massive accumula-
tion of large single-membrane vacuoles full of extracellular
fluid, which are derived from macropinosomes. The second
variant is associated with cytoplasmic vacuolization as well,
but these vacuoles are derived from expansion of endoplas-
mic reticulum and mitochondria. It could be driven by mis-
folded protein accumulation or Ca2 + overload and involves
insulin-like growth factor 1 receptor (IGF1R) activation (re-
viewed in [6]).

CELL DEATH AS PART OF INNATE
IMMUNITY

As was described above, cell death is a dynamic phenomenon
with specific purposes that is involved in a variety of bio-
logical functions. All forms of PCD represent biochemically
controlled events with specific cellular functions, which are
activated or downregulated depending on the physiological
context. They can be also manipulated by pharmacological
interventions, representing interesting targets to modulate
different pathological conditions. The role of the main cell
death modalities in particular biological functions, with spe-
cial focus on innate immunity, is discussed in this section.

Apoptosis and innate immunity

Apoptosis, the most classical and the best-characterized
form of PCD, represents a biological strategy that selectively
eliminates infected cells to restrict the reproduction and
propagation of viruses and intracellular pathogens [12]. In
this context, apoptosis seems to be stimulated by pathogen—
cell interactions leading to caspase 8 activation and initiation
of the extrinsic apoptotic pathway [54]. This evolutionary
mechanism is in fact highly effective, and many intracellular
pathogens have evolved to suppress apoptosis in a caspase
8-dependent manner [55-57]. The intrinsic apoptotic pathway
is also important in the elimination of infected cells; thus,
there are different pathogen-mediated strategies to interfere
with mitochondrial activation of apoptosis, by the cleavage
of pro-apoptotic B-cell lymphoma 2 (Bcl-2) protein family
members or the inhibition of mitochondrial outer membrane
permeabilization (MOMP) (reviewed in [57]) (Figure 2). In
addition, apoptosis is an essential part of the cytotoxic mech-
anism displayed by innate immune cells such as natural killer
(NK) lymphocytes. It has been described that these effector
cells induce apoptosis in microbe-infected cells through spe-
cific serine proteases, called granzymes [58]. In the current
model proposed to explain this process, perforins and gran-
zymes released from cytoplasmic granules of NK cells are
internalized by target cells during immune synapse, through
endocytosis. Once in the endocytic compartment, membrane
pore-forming proteins perforins facilitate the release of gran-
zymes into the cytosol, where they induce apoptosis proteo-
lytically activating executioner caspases (such as caspase 3)
or members of Bcl-2 protein family, such as Bid (BH3 inter-
acting domain death agonist) (reviewed in [59]). These lym-
phocytes also eliminate target cells by apoptosis, expressing
Fas and TRAIL receptors, which induce the apoptotic pro-
cess by the intrinsic pathway via caspase 8 activation [59].
The molecular crosstalk between apoptosis and innate im-
munity is not limited to the executioner mechanisms, and it
also occurs during the regulation of cell response to infection.
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For example, the stimulator of the mitochondrial apoptotic
pathway Bid is also involved in pathogen recognition receptor
(PRR) signalling, inflammation and immunity. Bid seems to be
recruited by nucleotide-binding and oligomerization domain
(NOD) proteins after microbial DNA recognition, to form a
complex with IkB kinase (IKK) and promote the activation of
nuclear factor-kB (NF-kB) and extracellular signal-regulated
kinase (ERK) pathways [54]. Through this dual role, Bid reg-
ulates how cells react to infection, either dying by an apoptotic
process or surviving and displaying a pro-inflammatory and
antimicrobial response. In a similar way, TNF could stimulate
pro-inflammatory and antimicrobial defensive pathways or
induce apoptotic cell death, depending on the cellular condi-
tions [4]. Additional examples of this interplay between apop-
tosis induction and innate immune response are related to the
multifunctional role of other proteins that interconnect both
processes, such as the interferon promoter stimulator 1 (IPS-
1) and heat-shock proteins (HSPs). IPS-1 is involved in mito-
chondrial antiviral signalling and virus-induced interferon- f3
(IFN-p) stimulation; however, it is also crucial to apoptosis and
anoikis induction after cell detachment [60]. It has been exper-
imentally demonstrated that IPS-1, once inserted in mitochon-
drial outer membrane, is able to recruit and activate caspase 8
to induce anoikis by a distinct pathway that is independent of
death receptor signalling or death-associated protein 3 (DAP3)
function [60]. On the other hand, HSPs, which are apoptosis
inhibitors and cytoprotective chaperones that promote cell
survival to stress, can be translocated to plasma membrane or
secreted to extracellular space to stimulate the immune system
and enhance the immune response [61]. HSP70 and HSP90
inhibit apoptosis interfering with death receptor signalling, re-
stricting the mitochondrial permeabilization and cytochrome
c release and preventing caspase activation, but in their ex-
tracellular form, they display a variety of immune functions
including antigen presentation, cell recruitment and activation
and a cytokine-like behaviour (reviewed in [61]).

Other studies have revealed that apoptosis also activates
the NLRP3 inflammasome, which contributes to immune ac-
tivation and immune cell recruitment, but is also a crosstalk
between apoptosis and pyroptosis in response to infections
and cellular stress. Shimada et al. in 2012 demonstrated that
oxidized mitochondrial DNA (mtDNA) released during apop-
tosis activates NLPR3-stimulated secretion of IL-1f in mac-
rophages by direct binding to NLRP3 protein, a process that
can be inhibited by Bcl-2 or the oxidized nucleotide 8-OH-
dG [62]. Different subsequent researches have established
that NLPR3 inflammasome localization and activation are
actively regulated by compartmentalization and interaction
between cytosol, endoplasmic reticulum and mitochondria
and NLRP3 protein can be activated during apoptosis-driven
MOMP by various factors released from permeabilized mi-
tochondria such as ROS, mtDNA and cardiolipin (reviewed
in [63]). In addition, a recent work revealed the activation of

NLRP3 inflammasome in extrinsic and intrinsic apoptosis by
a mitochondrial-independent mechanism, based on the pore-
forming protein Pannexin 1 [64]. Chen et al. experimentally
demonstrated that this protein, which is proteolytically acti-
vated by executioner caspases during apoptosis, is involved
not only in caspase 8-dependent NLRP3 activation in re-
sponse to TNF-induced apoptosis but also in NLRP3 activa-
tion during intrinsic apoptosis, in a mechanism that does not
depend on GSDM activity. They propose a model in which
Pannexin 1 is activated by both apoptotic pathways through
caspase 3. These additional evidences reveal the highly con-
nected interplay between cell death programmes during im-
mune response. In fact, this idea has been explored in deep
by some authors, such as Zheng and Devi-Kanneganti in their
recent paper. They propose the term ‘PANoptosis’ to define
a functional inter-regulation and co-ordination between py-
roptosis, apoptosis and necroptosis in the context of viral in-
fection, for example during influenza infection, through the
NLRP3 inflammasome activation by the DNA-dependent
activator of IFN-regulatory factors (DAI) (also known as Z-
DNA binding protein 1 or ZBP1) [65].

Apoptosis not only controls infected cells, but also trans-
formed and malignant cells, an important function that is
tightly related to immune surveillance and primary immune
response to cancer [21]. The intrinsic apoptotic pathway is
triggered by irreversible events such as irreparable DNA
damage, disruption of cell division or cell cycle arrest, rep-
resenting a crucial process to prevent genomic instability,
increase in mutation rate and, consequently, oncogenesis
[66]. Likewise, anoikis is a very effective mechanism to pre-
vent metastasis, eliminating misplaced and detached cells
[67]. During tumour development, cancer cells must survive
in pro-apoptotic conditions such as hypoxia, growth factor
deprivation, oxidative stress and metabolic deregulation;
therefore, apoptosis evasion is considered a hallmark of can-
cer [21,66]. Malignant cells have to avoid apoptosis in several
stages to successfully become a tumour and colonize a distant
organ. In this sense, this form of PCD acts as an intrinsic de-
fence to suppress oncogenesis and neoplastic growth. In line
with this, different researches have illustrated the multiple
strategies of cancer cells to avoid or delay apoptosis in order
to survive and proliferate (Table 1). For example, the overex-
pression of anti-apoptotic factors of Bcl-2 protein family as
an apoptosis evasion mechanism has been observed in mul-
tiple cancer types [68]. In the same way, the complex met-
abolic reprogramming that takes place in the mitochondria
during malignant transformation not only allows cancer cells
to grow under anaerobic and hypoxic conditions, but also
desensitizes mitochondria to internal danger signals, impairs
mitochondrial permeabilization and inactivates pro-apoptotic
factors such as cytochrome c¢ (reviewed in [69]).

Apoptosis is definitely a key mechanism linked to immune
response to tumours. As was described above, apoptotic cell
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TABLE 1 Different mechanisms of cancer cells to block or suppress PCD

Cancer type Targeted PCD Mechanism of suppression Reference
Colorectal, breast, lung Apoptosis MOMP impairment and cytochrome ¢ [69]
inactivation
Lymphoma, colorectal, breast, ovarian, prostate, lung Apoptosis Overexpression of Bcl-2 anti-apoptotic [67]
members
Colorectal, gastric, breast Apoptosis/pyroptosis Low expression of NLRs [77]
Myeloma, glioma, gastric, breast, ovarian, prostate Apoptosis Overexpression of G1P3 [74-76]
Non-small-cell lung carcinoma Necroptosis Low expression of CALR [105]
Breast carcinoma Necroptosis Low expression of HMGB1 [106]
Leukaemia, colorectal, breast Necroptosis Low expression of RIPK3 [107-109]
Gastric Pyroptosis Low expression of GSDMD [118]
Melanoma Pyroptosis Low expression of GSDME [120]
Breast, ovarian, prostate Autophagic cell death Low Beclin 1 expression [135]
Head and neck squamous cell carcinoma, gastric Autophagic cell death Upregulation of G9a [138,139]

Abbreviations: Bcl-2, B-cell lymphoma 2; Beclin 1, an autophagy-related protein; CALR, calreticulin; G1P3, an IFN-stimulated product; G9a, a histone
methyltransferase; GSDMD/E, Gasdermin D/E; HMGB1, high-mobility group box 1; MOMP, Mitochondrial outer membrane permeabilization; NLRs, Nod-like

receptors; RIPK3, receptor-interacting protein kinase 3.

death is crucial to NK cell-mediated cytotoxicity. This pri-
mary immune mechanism is critical to antitumor defence,
particularly during carcinogenesis and early tumorigenesis
[70]. On the other hand, different molecules usually impli-
cated in innate immune response to infection are also involved
in apoptosis induction in the context of cancer. For example,
ISG12a and G1P3, two IFN-stimulated products, actively par-
ticipate in the induction, maintenance or reversion of apopto-
sis in virus-infected and transformed cells. Both proteins are
expressed in response to IFNs and modulate mitochondrial
integrity and function; however, ISG12a displays strong pro-
apoptotic effects mediated by mitochondrial membrane desta-
bilization, whereas G1P3 acts as an anti-apoptotic factor that
recovers and maintains mitochondrial membrane potential
[71]. The induction or overexpression of hISG12a decreases
viability of cancer cells and sensitizes them to etoposide-
induced apoptosis [72]. Likewise, the transient expression of
ISG12a arrest cell cycle in G1 phase can induce apoptosis
in human cervical and breast cancer cell lines, in a caspase-
dependent and p53-independent manner [73]. In contrast,
G1P3 exerts anti-apoptotic effects in gastric cancer cells and
myeloma, preventing apoptosis induction by cytotoxic agents
such as 5-fluorouracil and cycloheximide or endogenous fac-
tors such as TRAIL [74,75]. GIP3 is also overexpressed in
ovarian cancer in response to paclitaxel treatment and in gli-
omas, and breast and prostate cancer after radiation [71]. The
overexpression of this factor and its capacity to inhibit apop-
tosis, anoikis of detached cells, affect the normal growth mor-
phology and induce tamoxifen resistance were demonstrated
in different human breast cancer cell lines in comparison with
human breast epithelial cells. In addition, this overexpression
correlated with reduced relapse-free and overall survival in
oestrogen receptor positive breast cancer patients [76].

More recently, the role of the NOD-like receptors (NLRs)
in cancer has been also revised. These intracellular PRRs are
crucial to innate immunity against invader pathogens but sense
danger signals and cell abnormalities during tumorigenesis,
to trigger apoptosis in transformed cells. NAIP (NLR family,
apoptosis inhibitory protein), NOD1, NOD2 and NLRC4 have
been demonstrated to be required for tumour apoptosis induc-
tion in colorectal and breast cancer mouse models, and lack of
expression of these receptors conferred susceptibility to can-
cer progression and poor disease outcome [77]. In the same
way, lower expression of these proteins and mutations/poly-
morphisms in its encoding sequences has been seen in tumour
samples of colon, breast and gastric cancer patients, correlat-
ing with a bad prognosis and inefficient response to treatments
[78-80]. In spite of that, overexpression of these receptors and
other NLRs has been found in other tumour variants, such as
prostate and certain types of breast cancer, suggesting that the
precise implication of these molecules in disease progression
should be explored in deep (reviewed in [77]).

Interestingly, as occurs with other physiological mecha-
nism, tumour cells not only evade apoptosis but also manipu-
late it in its favour, as an immune evasion mechanism. In fact,
it is known that cancer cells beyond suppressed intrinsic or
cell-induced apoptosis are also able to trigger apoptosis and
impair antitumor capacity of immune cells such as cytotoxic
CD8+ T lymphocytes and NK cells, through the overexpres-
sion of programmed cell death-1 ligand 1 (PD-L1) [81-83].

In addition to the above-described functions, apoptosis
also plays a key role in regulation and homeostatic balance
after immune response. This is the biochemical programme
by which immune cells die while the infection is resolved, en-
suring the decrease in circling immune cells at the end of the
response and avoiding an excessive damage to local tissues.
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FIGURE 1 Schematic view of the interplay between different cell death modalities in the context of infection. During immune challenge,

in infected macrophages (a) an autophagic process can be triggered by pathogen contact and the phagocyted microorganisms are targeted by an
ubiquitin coat to autophagosomes and then to autolysosomes to be eliminated by acidic and enzymatic degradation. If microbes are persistent

or escape from vacuolar compartments, under apoptosis blockade (e.g. by caspase 8 inactivation), alternative cell death programmes can be
activated, releasing the pathogen to be neutralized by other immune cells, enhancing inflammation and activating the immune system. Thus, the
cell can go undergo autophagic cell death, necroptosis induced by TLRs under caspase 8 inhibition, through the RIPK1-RIPK3-MLKL pathway
or by microbial DNA through DAI-RIPK3 interactions, or caspase 1-dependent pyroptosis triggered by NOD receptors. On the other hand, in
infected neutrophils (b) pathogen contact triggers an apoptotic process that ensures the safe disposal of the microbial components and toxins

after its degradation and at the same time regulates neutrophil population during immune response. Alternatively, persistent pathogens can also
activate NETosis, through the ERK-NOX4 pathway, massive permeabilization and releasing of granule contents that cause neutrophil death, but
the released extracellular traps enclose and destroy invader pathogens. Casp, caspase; DAI, DNA-dependent activator of IFN-regulatory factors;
DAMPs, danger-associated molecular patterns; ERK, extracellular signal-regulated kinase; GSDMD, Gasdermin D; IL, interleukin; MLKL, mixed
lineage kinase domain-like protein; MPO, myeloperoxidase; NE, neutrophil elastase; NET, neutrophil extracellular trap; NOD, nucleotide-binding
and oligomerization domain; NOX, NAPH oxidase; PAD4, peptidylarginine deiminase 4; PAMPs, pathogen-associated molecular patterns; RIPK,
receptor-interacting protein kinases; ROS, reactive oxygen species; TLRs, Toll-like receptors

Thus, the population of activated immune cells is regu- danger-associated molecular patterns (DAMPs), activat-
lated by the own infection, via dead receptors and caspase 8 ing the immune system and amplifying the inflammatory
[58,84]. Apoptotic death of neutrophils during bacterial, fun- response [3,14]. The same process is triggered during in-

gal or protozoal infection is a clear example of this scenario. nate immune response to microbes, inducing the release of
Engulfed microorganisms accelerate neutrophil apoptosis en- pathogen-associated molecular patterns (PAMPs) from in-
suring a secure disposal of the phagocyted materials and ulti- fected cells, leading to immune cell recruitment and activa-

mately the termination of the response, limiting the release of ~ tion [86] (Figure 1). This concept was introduced by certain
reactive oxygen species and at the same time recruiting and studies that demonstrated that unlike apoptotic cells, necrotic
activating resident macrophages [85] (Figure 1). cells are able to release specific molecules that activate im-
mune cells such as macrophages and antigen-presenting
cells. For example, the research of Basu and colleges in 2000

Regulated necrosis and innate immunity demonstrates that necrotic but no apoptotic E.G7 cells release
HSPs such as HSP90, HSP70 and Gp96, which can activate

Unlike apoptosis, which is considered a less immuno- macrophages and dendritic cells through the stimulation of

genic variant of PCD, all forms of regulated necrosis are the NF-xB pathway.

highly inflammatory [4,16]. This type of PCD involves the Although in this work, they do not induce an specific

massive release of intracellular molecules, which act as necroptotic process (just a mimic of a regular necrosis), this
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was a first approach to the idea that during oncosis and non-
apoptotic cell death, the release of these intracellular fac-
tors is a crucial internal signalling to activate the immune
response [87]. Necroptotic cell death has demonstrated to be
one of the most immunogenic forms of PCD, inducing the re-
lease of important danger signals such as calreticulin (CALR)
and HMGB/1, which activate antigen uptake and processing,
respectively, in immune cells [88]. This has been experi-
mentally corroborated in the context of inflammatory and
pathogen-induced necroptosis. Mouse embryonic fibroblasts
and myoblasts die through a necroptotic process in response to
Shigella infection and Clostridium septicum-derived a-toxin,
accompanied by the secretion of KC (a neutrophil-attracting
chemokine) and the immunostimulatory protein HMGBI,
respectively [89,90]. Likewise, Salmonella induces type 1
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interferon-dependent assembly of RIPK1 and/or RIPK3 in
macrophages, leading to necroptosis and the release of pro-
inflammatory cytokines such as TNF, KC, IL-1a, IL-1p and
IFN-v [91]. In the same way, murine cancer cell lines such as
TC-1 and CT26 undergo chemically induced necroptosis, but
not accidental necrosis (e.g. freeze-thawing-driven necrosis)
are able to activate immune cells in vifro inducing several
markers for cell-cell recognition and antigen processing and
‘vaccinate’ mice in vivo, against challenge with the same cell
type, inducing IFN-y and CD8+ T-cell responses [92,93].
According to this, necroptotic machinery is required for
an effective response to pathogenic entities. For example,
in spite of their pleiotropic role in apoptosis—necrosis tran-
sition, inflammasome activation and TNF signalling, the
kinases RIPK1 and RIPK3 are actively involved in antiviral

Coated

virus “ 'A

s ’h)\ Viral

N z ‘v genome
IE vp
S
V
-V Vil
\ fusion

translation

Viral
proteins

FIGURE 2 Overview of the main bacterial and viral mechanisms to suppress PCD such as apoptosis and major forms of programmed necrosis.
Both extracellular and intracellular bacteria have developed pore-forming secretion systems to deliver specific proteins inside the cell to inhibit the
main targets of multiple processes including cell death. Bacterial suppression of PCD is based on proteases and inhibitory proteins that decrease

the integrity/activity of host cell factors. Some bacteria can also produce nucleases and DNA binding proteins that impair NET formation. On the
other hand, viruses (including DNA and RNA viruses) deliver their genetic material into the cell where it is processed by the host cell machinery to
undergo transcription and translation or direct translation, leading to the expression of viral proteins. These virulence factors suppress PCD mainly
interacting with target proteins to sequester them or occluding binding domains to impair protein—protein interaction. Black arrows represent
sequential steps in a process/pathway, and red arrows represent the final steps in a given pathway. Red crosses represent inhibition or blockade of

a protein/pathway. ASC, apoptosis-associated speck-like protein; BH3-p, BH3 only domain-containing proteins; C, cytochrome c; Casp, caspase;
FADD, Fas-associated protein with death domain; GSDMD, Gasdermin D; IL, interleukin; MLKL, mixed lineage kinase domain-like protein; NET,
neutrophil extracellular trap; NLRP3, Nod-like receptor pyrin-containing protein 3; Pn, pyrin domain; RIPK, receptor-interacting protein kinases;
TLRs, Toll-like receptors; TRIF, TIR domain-containing adapter-inducing interferon-f§
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and antibacterial response in a necroptotic-dependent way
(reviewed in [11,23,24]). It has been demonstrated in vitro
and in vivo that certain viral entities such as cytomegalovirus
or herpes simplex virus regulate the necroptotic response in
murine infected cells through the interaction between virus-
encoded proteins and the RIP homotypic interaction motif
(RHIM) domains of RIPK1 and RIPK3 [94-96] (Figure 2).
This has also been observed in human-infected cells [97,98].
A recent study has revealed a similar mechanism to inactivate
RIPK3 as a viral necroptosis-resistance strategy. The authors
demonstrate that poxviruses encode MLKL homologues,
which are able to interact with RIPK3 and block necroptosis
in vitro when they are expressed in U937 (human myeloid
cells), HT29 (human colon carcinoma) and mouse dermal fi-
broblasts [99]. Viral MLKL-like proteins seem to act as com-
petitive inhibitors that sequester RIPK3 to impair the binding
with cellular MLKL and subsequent necroptosis activation.
Some bacteria have also evolved to suppress necroptosis as
an infective mechanism, that is the case of Porphyromonas
gingivalis, which is able to cleave RIPK1 in human-infected
endothelial cells via a lysine-specific (Kgp) protease [100]
(Figure 2). This example demonstrates the ancestral role of
necroptosis in the control of viral and bacterial infections
and its efficiency as an antimicrobial mechanism. However,
necroptosis can be also manipulated as a microbial strategy to
impair immune function. In line with this, intracellular bac-
teria such as Salmonella enterica are also strong inducers of
RIPK3-dependent necroptosis in infected macrophages [91].
The same mechanism is used by other pathogenic entities,
which induce necroptosis in immune cells to interfere with its
defensive function and amplify the inflammatory loop [101].

In spite of that, necroptosis is still an efficient mechanism
to eliminate and expose intracellular pathogens. The key
role of RIP kinases and necroptosis in the maintenance of
an immunocompetent status has been confirmed in vivo in
RIPK3-knockout mice, which are more susceptible to viral
and bacterial infections [102,103]. Moreover, the role of RIP
kinases in innate immunity is beyond necroptosis induction.
RIPKI and RIPK3 are key regulators of cell final destination
during an infection or immune challenge, but they can also
participate in signal transduction for the downstream acti-
vation of NF-kB acting as adaptor proteins in the signalling
cascade of nucleic acid-sensing proteins such as the DAI or
TLRs such as TLR3 and TLR4 [11,29].

Necroptosis is also important in the antitumor response.
As this type of PCD can be induced in conditions of apop-
tosis blockade or inhibition, it represents an important ther-
apeutic alternative in apoptosis-resistant malignancies [104].
The relevance of necroptosis in tumour inhibition has been
highlighted by the increasing capacity of different cancers to
develop resistance mechanism to avoid necroptosis (Table 1),
which decreases their response to treatments, increases their
resilience and makes their prognosis worst. For example, the

loss of CALR and HMGBI1 expression in lung and breast
cancers, respectively, is positively correlated with tumour
size, aggressiveness and a bad disease outcome [105,106].
Other types of cancer also suppress necroptosis via loss of
RIPK3 expression. This has been observed in vitro in more
than 40 cancer cell lines and in vivo in three different cohorts
with patients of acute myeloid leukaemia, breast carcinoma
and colorectal cancer [107-109].

Necroptosis has shown to be also important for adaptive
antitumor immunity, particularly for dendritic cell (DC) anti-
gen processing and presentation and CD8+ T-cell activation;
however, it is also a process that restraint T-cell populations,
causing cell death of tumour-reactive T cells that recognize
cognate antigens upon T-cell receptor (TCR) restimula-
tion [110]. According to this, blocking TCR restimulation-
driven necroptosis can improve the survival and reactivity of
tumour-infiltrating T cells achieving a better tumour growth
inhibition, a fact that has been experimentally demonstrated
in adoptively transferred T cells using RIPK1 inhibitors
[111]. On the other hand, necroptotic cell death creates a
pro-inflammatory environment that can not only help to acti-
vate and recruit immune cells, but also contribute to tumour
proliferation and metastasis (reviewed in [110]). It seems
that the role of necroptosis in cancer is contradictory. As a
process that can be pharmacologically manipulated, it offers
important advantages to cancer immunotherapy, but at the
same time, it can cause certain complications and variable
response to treatments. As with other therapeutic approaches,
the tissue specificity and targeting and the selectivity to in-
duce the process under certain conditions and inhibit it in
others seem to be the key for the therapeutic success.

Not only necroptosis but also other forms of regulated
necrosis are also implicated in particular and interesting
mechanisms of innate immunity. That is the case of the
IRF3-induced necrotic cell death, which is a rapid and ef-
ficient mechanism to impair viral and parasitic replication
with Kupffer cells and prevent the subsequent spread of the
infection from the liver to other parts of the organism. The
efficacy of this particular form of PCD has been tested in vivo
in mice infected with human adenovirus and L. monocyto-
genes [53]. Cell death is rapidly triggered in Kupffer cells in
response to these pathogens when they escape from vacuolar
or phagocytic compartments, as a ‘suicidal necrosis’, which
depends on IRF3 expression but not transcriptional activity
and allows the release of the pathogens to be processed by
other immune cells.

Another clear example of the active role of regulated ne-
crosis in innate immune response to pathogens is pyroptosis,
which receives this denomination due to its final and distinc-
tive molecular event: the release of pyrogenic cytokines. This
special form of PCD occurs in different cell types but primar-
ily in immune cells, mainly macrophages, as a direct response
to pathogens leading to the caspase 1-dependent processing
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and release of IL-1f, IL-o and IL-18, which have important
immune-activating functions [34] (Figure 1). IL-1 family are
strong inflammation mediators that induce cyclooxygenase
type 2, and increase expression of adhesion molecules and
nitric oxide synthesis [112]. On the other hand, IL-18 is a po-
tent immune stimulator that induces interferon-y (IFN-y) pro-
duction in TH1 cells, NK cells and cytotoxic T lymphocytes
(CTLs), and also promotes TH2 cell development [113]. The
induction of pyroptosis and the active secretion of ILs in re-
sponse to bacterial and viral infections have been corroborated
in vitro and in vivo. Intracellular bacteria such as Burkholderia
pseudomallei induce NLRP3- and NLRC4-dependent pyro-
ptosis with IL-p secretion in infected macrophages and DCs
in vitro, and Nlrp3-/- mice are more susceptible to B. pseudo-
mallei due to IL-f - and IL-18-deficient secretion [114]. This
study demonstrates that not particularly IL-1p but IL-18 has a
crucial role in mice survival against B. pseudomallei infection
due to its IFN-y stimulatory activity. Likewise, pyroptosis of
macrophages and IL-1f active secretion in response to viral
haemorrhagic infection have been monitored in vivo, in ze-
brafish models [115].

However, besides its function in cytokine maturation and
release, pyroptosis itself seems to be an efficient mechanism
to eliminate and release intracellular bacteria from infected
macrophages, exposing pathogens to neutrophil-mediated
clearance through a molecular mechanism that relies on
caspase 1 activity. This has been demonstrated in vivo for
Salmonella typhimurium, L. pneumophila and Burkholderia
thailandensis in Caspl knockout mice [7]. The effectiveness
of pyroptosis in the control of bacterial and viral infections
is evident by the different mechanisms that these pathogens
develop to inhibit the inflammasome-mediated induction of
this PCD (Figure 2). Extracellular bacteria such as Yersinia
spp., Vibrio parahaemolyticus and Pseudomonas aeruginosa
or intracellular bacteria such as Chlamydia trachomatis,
Francisella tularensis and L. pneumophila secrete specific
proteins that interfere with the formation and activation of
the ASC-NLRC4/NLRP3 inflammasome or directly inhibit
caspase 1 to prevent IL-1/IL-18 and GSDMD processing (re-
viewed in [116]). In the same way, HSN1 and H3N2 influ-
enza A viruses produce a small accessory protein (PB1-F2)
that binds to NLRP3 to induce a conformational state that im-
pairs its interaction with the NIMA-related kinase 7 (NEK7)
and to prevent exposure of its pyrin domain required for ASC
interaction and inflammasome assembly [117].

It has been demonstrated that not only caspase 1 but also
caspase 3 has a role in pyroptosis induction via GSDME, the
newly identified pyroptosis executioner of the Gasdermin
protein family, but this process seems not to be directly
connected to pathogen clearance, but more to antitumor re-
sponses in certain cell types with high GSDME expression
[36]. Pyroptosis has been recently recognized by its role
in the immune response against bacterial infections of the

gastrointestinal tract and even in the control of transformed
cells in the context of gastrointestinal cancer [9]. In fact, the
expression of GSDMD, the major executor of pyroptosis, is
decreased in gastric cancer compared with normal gastric
epithelium [118] and its downregulation in experimental
models in vitro and in vivo is related to an enhanced tumour
proliferation [119]. In spite of the increased levels of this pro-
tein in some types of tumours such as non-small-cell lung
cancer (NSCLC), GSDMD-driven pyroptosis is induced by
several chemotherapeutic agents, small molecules and natural
products in a wide variety of cancers including oesophageal
squamous cell carcinoma (OSCC), lung epithelial adenocar-
cinomas, triple negative breast cancer, oral squamous cell
carcinoma (OSCC), myeloid acute leukaemia and ovarian
cancer, with important antitumor activities. Likewise, de-
creased GSDME expression has been found in melanoma
cells as a factor associated with etoposide resistance [120].
This protein has shown anticancer effects and sensitization to
chemotherapeutic agents in melanomas and ESCC through
pyroptotic cell death induction (reviewed in [36]).

On the other hand, NETosis is another important exam-
ple of how regulated necrosis actively mediates microbial
killing and immune enhancement. This cell death modality
is known to be induced in specialized immune cells such
as neutrophils and other polymorphonuclear cells, leading
to the release of the so-called ‘extracellular traps’, complex
structures composed of chromatin fragments and histones,
which opsonize and enclose circling pathogens, limiting their
spreading within the body and facilitating their clearance by
phagocytosis [1,10] (Figure 1). These extracellular traps also
contain antimicrobial proteins such as MPO, NE, proteinase
3 (PR3), cathepsin G, lysozyme and a-defensins representing
a non-phagocytic mode to neutralize and degrade invading
pathogens [121,122], and are able to stimulate the production
of IFN-a, a strong antiviral cytokine [123].

In the past 10 years, this form of PCD has been extensively
studied to elucidate the sequence of its molecular events and
its role in immune response, demonstrating that it is actually
one of the most specialized immune mechanisms, which can
be activated depending on microbe size and location, and is
a strategy to control pathogens that are able to escape from
neutrophil phagocytosis (reviewed in [13]). The effectiveness
of this antimicrobial defence is evident in some pathogens
such as Group A Streptococcus and Staphylococcus aureus,
which produce nucleases and DNA binding proteins to im-
pair NET formation and block NETosis as an active evasion
mechanism [124] (Figure 2). Experimental findings have
also demonstrated the efficiency of this antimicrobial mecha-
nism against bacteria such as S. aureus and parasites such as
Leishmania amazonensis and Entamoeba histolytica through
arapid NET formation and releasing mechanism independent
of oxidative stress [44,47,48]. In the same way, it has been
reported that patients with chronic granulomatous disease
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(CGD) are more susceptible to Aspergillus nidulans growth,
due to their deficiency in NADPH oxidase function and con-
sequently in NET formation, at least by the classical path-
way [125]. Invasive aspergillosis is a leading cause of death
in CGD patients, suggesting the importance of NETosis in
pathogen control and immunocompetent status.

In contrast to its evident role in defence against sepsis and
infection, the involvement of NETosis in cancer has not been
completely elucidated. Some studies have revealed that NET
formation could be a risk factor in cancer and other chronic
inflammatory conditions mainly due to excessive coagulation
and thrombotic vascular complications (reviewed in [126]). It
is not clear how the use of NETosis inhibitors could improve
the outcome of these diseases and whether this inhibition
could immunocompromise the patient or lead to other com-
plications; however, some authors propose the NETS in blood
and organs as a biomarker for certain cancer stages and even
as target to ameliorate vascular complications and metastatic
potential [126,127].

Autophagic cell death and innate immunity

Different experimental evidences have revealed the presence
of autophagosomes and the rearrangement of the cytoskeleton
in dying cells, but wherever this is a strategy of cell survival
rather than an active death mechanism has been a contro-
versy. Conclusive data, using apoptosis inhibitors and Bax/
Bak-deficient mouse embryonic fibroblasts, have shown that
autophagic cell death or ACD is an alternative to apoptosis
in which cell dies in response to chemical stressors or cyto-
toxic substances such as staurosporine or etoposide, through
a process that involves the formation of multiple vesicular
organelles and can be reversed using classical autophagy in-
hibitors such as 3-methyladenine (3-MA) or silencing ATG
genes (reviewed in [50]). It seems that like regulated ne-
crosis, autophagic death is activated under certain stimulus
including infection when apoptosis is blocked or inhibited,
playing a protective role in host defence. In line with this,
different in vivo studies have demonstrated the importance of
the ATG genes against bacterial and viral infections such as
L. monocytogenes, Toxoplasma gondii, herpes simplex virus
1 and Sindbis virus in mice [8,128,129].

As occurs with apoptosis and regulated necrosis, ACD
can be activated by PRRs as a result of direct contact with
pathogens, inducing an alternative defence that helps cells
to deal with viruses or intracellular microorganisms, a key
element of innate immune response. The activation of the au-
tophagic death by TLRs such as TLR1/2, TLR3, TLR4 and
TLR7 has been corroborated in mice-derived macrophages
and dendritic cells, in response to agonists such as bacterial
lipopolysaccharide (LPS) or under Mycobacterium tuber-
culosis infection. In the same way, peptidoglycan has been

demonstrated to induce autophagy through NOD proteins,
mainly Nodl and Nod2 in murine myeloid and epithelial
cells (reviewed in [130]). Interestingly, muramyldipeptide, a
peptidoglycan-derived product, also activates autophagy in
human dendritic cells, in a process that requires NOD2, RIP2
and the ATG genes ATGS5, ATG7 and ATGI6LI, increasing
MHC Class II antigen expression and CD4+ T lymphocyte
proliferation [131]. Not only bacterial but viral infections also
induce an autophagic defensive response in host cells. Viral
single-strand RNAs (ssRNAs) are recognized by TLR7- and
NOD2-stimulating antiviral defence in RAW 264-7 macro-
phages and type I IFN production in dendritic cells. The ssR-
NAs can additionally activate other intracellular sensors such
as RNA-dependent protein kinase (PKR), which activate
autophagy via Beclin-1 in mouse embryonic fibroblasts and
primary neurons infected with herpes simplex virus 1 [132].

The process of autophagy by itself is intrinsically con-
nected to innate immune clearance of intracellular pathogens.
Thus, when a pathogen interacts with a host cell, it triggers
an autophagic process that could lead to its own phagocytosis
or eventually to the death of the infected cell, exposing this
microbe to other effector cells of the immune system (Figure
1). Experimental results with intracellular Salmonella, en-
teropathogenic Escherichia coli, Streptococcus pyogenes and
L. monocytogenes show that engulfed bacteria are targeted
to autophagosomes and subsequently to autolysosomes by a
coat of ubiquitin that interacts with the cytoskeleton protein
LC3. This was corroborated by colocalization and confocal
microscopy studies, together with the use of Azg5- or p62-
deficient cells and genetically modified microbial strains in-
sensitive to ubiquitin recognition [130].

In the context of infection, different autophagic signal-
ling proteins such as p62, CALCOCO 2 (calcium binding
and coiled-coil domain-containing protein 2) and optineurin
can act as adaptor proteins in the inflammatory pathway ulti-
mately activating NF-kB and cytokine secretion. Additionally,
p62 is also involved in the recruitment of cytosolic proteins
such as ubiquitin or ribosomal proteins to autolysosomes, to
be converted by internal proteolysis in antimicrobial pep-
tides, highly effective to intracellular pathogens such as M.
tuberculosis (reviewed in [133]). Interestingly, ACD can also
release and expose DAMPs to activate the immune system,
a process usually associated with necrotic forms of PCD.
Ayna et al. demonstrated that autophagic dying Ba/F3 cells
(cell death induced by IL-3 deprivation), but not living,
apoptotic or necroptotic cells, activate mouse macrophages
in coculture, inducing the NLRP3 inflammasome and IL-
1P secretion. The activation occurs during the phagocytosis
of autophagic cells and is mediated by the release of ATP
(acting as a danger signal) through Pannexin-1 channels in
Ba/F3 dying cells that activate P,X; purinergic receptor in
macrophages [134]. This is another evidence of the crosstalk
between pyroptosis and other forms of PCD in macrophages



CELL DEATH AND INNATE IMMUNITY

Immunology

The Journal of cells, molecules, systems and technologies

i?ﬁ”rﬁ“ﬁﬁologﬁ‘ |

under immunostimulatory conditions, induced by Pannexin-
1-mediated activation of NLRP3. This was corroborated in
vivo, injecting autophagic dying Ba/F3 cells intraperitone-
ally in mice, leading to acute inflammation and neutrophil
recruitment [134].

The processes of autophagy and ACD have been also re-
vised due to its controversial role in cancer. Research findings
reveal that autophagy actually contribute to survival, meta-
bolic reprogramming and tumour development. Interestingly,
the same process can lead to the elimination of cancer cells
by autophagic death [51]. Some studies have established a
negative correlation between autophagy and malignant trans-
formation by the fact that important components of the auto-
phagy machinery such as Beclin 1 are deficient or have lower
expression in tumours of different origin including breast,
ovarian and prostate cancer [135]. In addition, ACD is in-
volved in the cytotoxic and antitumor effects displayed by
some chemotherapeutic drugs such as tamoxifen or arsenic
trioxide in human breast carcinoma and glioma and can be
induced by radiation in breast, prostate and colon cancers
[136]. More recently, other anticancer agents have demon-
strated to induce ACD as a potent antineoplastic mechanism.
For example, the compound F0911-7667 was discovered by a
screening of small molecules targeting the protein deacetylase
Sirtuin 1 with potential anticancer properties. This chemical
agent acts as a Sirtuin 1 activator, inducing mitophagy and
ACD and repressing glioblastoma proliferation in vitro and
in vivo [137]. In the same way, the natural flavonoid kaemp-
ferol induces ACD in gastric cancer cells, modulating the en-
doplasmic reticulum stress response and downregulating the
histone methyltransferase G9a, an important target in other
human cancers [138]. In fact, G9a is upregulated in head and
neck squamous cell carcinoma (HNSCC) and its expression
correlates with cancer progression and poor prognosis [139].
This study also demonstrates that downregulation of G9a en-
hances the antitumor response inducing ACD.

Autophagy is also required for immune cell activation, an-
tigen presentation, thymus selection and cytokine release in
different cell types such as NK cells, DCs and T lymphocytes,
but represents a ‘double-edge sword’ that can also regulate
these cell populations by ACD. Current research aimed to
focus on the understanding of this dual role and its potential
application in cancer immunotherapy [140]. Autophagy can
be induced in cancer cells as a survival strategy in response
to stressful conditions of their microenvironment such as hy-
poxia and nutrient deficiency; however, ACD seems to act
as an alternative cell death pathway that can subvert tumour
progression by elimination of transformed cells. In line with
this and as was described above, multiple anticancer agents
are showing important pharmacological effects on tumour re-
gression and cancer proliferation inhibition, which are based
on ACD induction. The capacity to target autophagic death
in cancer cells over autophagy to disrupt the balance between

the anti- and pro-survival effects of autophagic process seems
to be the key for a successful anticancer therapy based on this
form of PCD.

CONCLUSIONS AND PERSPECTIVES

Programmed cell death (PCD) in its different modes of pres-
entation and acting through different pathways has proved to
be more than that of the final fate of a damaged or a senes-
cent cell. This is a complex process, which can be induced,
sustained, adjusted and even reversed according to the cell
type, the intra- and extracellular conditions, the stimulus
that triggers it and the interactions with other surrounding
cells. Several experimental data have demonstrated that
PCD is actively involved in a variety of biological functions
but especially in innate immunity and host defence. As it has
been discussed throughout this review, PCD is induced by
pathogen presence and is part of the immune mechanisms
involved in their detection and elimination. Different types
of pathogens are able to induce different cell death modali-
ties, indicating that is a specialized process rather than just
a physiological consequence of microbe invasion to host
cells. PCD is no longer seen as the result of an inflamma-
tory process but as fine-tuned mechanism that can induce,
amplify or modulate this inflammation, during either physi-
ological or pathological conditions, including infection and
malignant transformation. The expanding network of cell
death programmes is revealing novel and complex variants
or PCD and their key role in innate immunity and immune
cell homeostasis. The existence of multiple forms of a cell
to die and their involvement in different immune mecha-
nisms offer interesting ways to selectively modulate and
enhance immune response to infections, chronic inflamma-
tion and cancer, through pharmacological interventions and
immunotherapy.
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