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A B S T R A C T

Apoptosis, necroptosis and pyroptosis represent three major regulated cell death modalities. Apoptosis features
cell shrinkage, nuclear fragmentation and cytoplasm-blebbing. Necroptosis and pyroptosis exhibit osmotic im-
balances in the cell accompanied by early membrane ruptures, which morphologically resembles necrosis.
Importantly, these two lytic cell death forms facilitate the release of damage associated molecular patterns into
the extracellular space leading to inflammatory response. Whereas, during apoptosis, the membrane integrity is
preserved and the apoptotic cell is removed by neighbouring cells ensuring the avoidance of immune-stimula-
tion. Viruses comprise a versatile group of intracellular pathogens, which elicit various strategies to infect and to
propagate. Viruses are recognized by a myriad of pathogen recognition receptors in the human cells, which
consequently lead to activation of the immune system and in certain circumstances cell-autonomous cell death.
Importantly, the long-standing view that a cell death inducing capacity of a virus is equal to its pathogenic
potential seems to be only partially valid. The altruistic cell death of an infected cell may serve the whole
organism by ultimately curbing the way of virus manufacturing. In fact, several viruses express “anti-cell death”
proteins to avoid this viral-defence mechanism. Conversely, some viruses hijack cell death pathways to selec-
tively destroy cell populations in order to compromise the immune system of the host. This review discusses the
pros and cons of virus induced cell death from the perspective of the host cells and attempts to provide a
comprehensive overview of the complex network of cell death signalling in virus infection.

1. Introduction

For a long time, a cell death inducing capacity of a virus was in-
terpreted as the measure of its pathogenic potential. Nevertheless,
viruses are obligatory intracellular pathogens, thus their propagation is
entirely dependent on the intracellular environment of the host cells.
Therefore, the question is legitimate: Can cell death paradoxically
protect from virus infection? (Table 1.). In a single cell level, the
emergence of immediate cell death in response to infection ultimately
blocks the way of virus propagation and therefore protects the rest of
the cell population from an increasing viral burden. The strongest ar-
gument for this theory comes from experimental observations on
viruses which, in fact, actively evade cell death pathways by encoding
viral “anti-death” proteins (in detail see Sections 2.4, 3.3 and Table 2.).
If, however, the relation of cell death and virus infection is scrutinized
at organism level, the answer for the question is more complex, parti-
cularly, since viruses represent a broad group of pathogens with dif-
ferent tissue-tropisms and various strategies to infect and to replicate.
In general, the interplay of three key factors can determine the final
outcome of cell death in virus infection: timing, immunogenic capacity
and tissue specificity of the cell destruction. For instance, manifestation

of a cell death with delayed kinetics can allow sufficient time for virus
replication and therefore might not deliver any benefit for the host, or
selective killing of immune cells results in attenuated immune-response,
which is described in the course of human immunodeficiency virus
(HIV) infection of T lymphocytes [1]. Furthermore, even a virus pro-
pagation-limiting cell death is considered detrimental in tissues with
limited renewing potential (e.g. central nervous system) or when the
function of the tissue is compromised.

If we assume that a given virus infection selectively triggers cell
death pathways, then it is expected that the cells exhibit specific
“sensors” to recognize this particular event. In fact, detection of viruses
in mammalian cells is accomplished by the recognition of molecular
elements which are decoded as foreign-to-the-organism, collectively
termed as pathogen associated molecular patterns (PAMPs). Two dis-
tinct mechanisms can be identified in the context of PAMPs and cell
death. First, PAMPs are recognized by so called pathogen recognition
receptors (PRRs) [2], which in turn induce pathways leading to immune
response and -in certain circumstances- indirectly to cell demise [1].
Second, PAMPs can also initiate cell-autonomous death signalling
pathways.

In this article, the machinery of pathogen recognition is reviewed in
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the aspect of cell death signalling and the major regulated cell death
modalities, including apoptosis, necroptosis and pyroptosis are dis-
cussed in detail, which can emerge during a viral insult. Importantly,
regulated cell death forms differ in their inflammatory potential, as
apoptosis represent an anti-inflammatory cell death form, whereas ne-
croptosis and pyroptosis may render immune stimulation more effi-
ciently.

2. Apoptosis

2.1. Apoptotic core machinery

Apoptosis is a widely studied regulated cell death form, which has
been first described by Kerr and colleagues by the help of electron
microscopic techniques in the 60´s of the last century [3]. Morpholo-
gically, apoptosis exhibits cell shrinkage, condensation and fragmen-
tation of the nucleus. Immunologically important features of apoptosis

Table 1
The outcome of cell death on viral replication.

Table 2
Virally encoded anti-apoptotic and anti-necroptotic proteins.
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include preserved membrane integrity of the apoptotic cells and en-
gulfment of the dying cells by neighbouring phagocytes [4]. This spe-
cial “immunologically silent” characteristic enables apoptosis to play a
central role in physiological processes such as development of organs
and maturation of immune cells. Caspases take a central stage in
apoptosis regulation. Functionally, caspases are divided into three
subgroups: inflammatory, apoptotic-initiator and apoptotic-executioner
caspases [5]. Initiator caspases are structurally distinguished by their
large pro-domain, which enables them to be recruited into high-mole-
cular-weight protein complexes in response to an apoptotic stimulus
[6]. Intrinsic and extrinsic pathways represent the two main pathways
of apoptosis initiation. Intrinsic pathway is triggered by intracellular
stress signals such as genotoxic stress, whereas extrinsic pathway is
initiated by the ligation of transmembrane receptors of the tumor ne-
crosis factor (TNF) superfamily, commonly termed death receptors
(DR). Stimulation of the intrinsic pathway leads to conformational
changes of pro-apoptotic members of the B cell lymphoma-2 (BCL-2)
protein family: BCL-2-associated X protein (BAX) and BCL-2-antag-
onistic killer (BAK). Consequently, BAX and BAK translocate, oligo-
merize and form large pores throughout the mitochondrial membrane
[7,8] leading to mitochondrial outer membrane permeabilization
(MOMP) and resulting in the release of cytochrome-C [9]. The assembly
of apoptosome in the cytosol, a complex containing cytochrome C and
apoptotic protease activating factor-1 (APAF-1), culminates in the re-
cruitment of caspase-9 [9]. In the extrinsic pathway, the ligation of DRs
leads to the recruitment of initiator caspases-8 and -10 in a high mo-
lecular weight complex termed death inducing signalling complex
(DISC). The recruitment and oligomerization of initiator caspases in
both pathways enables proximity-driven self-cleavage and activation
[10]. As a consequence, the activation of initiator caspases results in the
cleavage and activation of effector caspases (caspase-3, -6 and -7), and
finally activated effector caspases selectively process their substrates.
The cleavage of them results in a series of events which finally leads to
apoptosis [11].

2.2. Immune response-driven cell-killing mechanisms

Cytotoxic T cells (CTL) play crucial role in the adaptive immune
response and natural killer (NK) cells exert similar functions in the
innate immune response given to viral infection. In vivo studies by
employing reporter viruses demonstrate that one single CTL is capable
to kill up to 16 infected cells per day [12]. It is noteworthy that CTLs
exhibit distinct cell killing capacity in different tissue types. For in-
stance, Herpes simplex and Vaccinia virus infected monocytes and
macrophages are killed by CTLs, whereas epithelial cells are less sus-
ceptible to CTL mediated cell death mechanisms [13,14]. CTL and also
NK cell driven cell killing is dependent on cell-cell contacts and involves
the rapid secretion of cytotoxic perforin and granzymes [15] and the
slower death receptor, Fas (also: CD95)-driven apoptotic pathway
(Fig. 1.). Granzymes are a family of serine proteases that are produced
and stored in lytic granules inside the CTLs and NK cells. A well-studied
member of this family, Granzyme-B can enter the target cells either via
newly formed trans-membrane perforin-pores [15] or by endocytosis.
Subsequently, granzyme-B induces mitochondrial apoptosis by per-
forming cleavage of the BCL-2 homology domain-3 (BH3)-only protein,
BH3 interacting domain death agonist (BID), which then leads to BAX/
BAK-mediated MOMP and the initiation of the caspase-9-driven apop-
totic pathway [16]. CTLs express Fas ligands (FasL) on their surface and
the trimerized ligands are capable to bind the death receptor Fas, which
is present on the cell surface of the target cells. The ligation of the DRs
results in the recruitment of the adaptor protein, Fas-associated protein
with death domain (FADD), leading to recruitment of initiator caspases
with a death domain (caspase-8/-10). Interestingly the sensitivity to-
wards DR-mediated cell killing is also selectively regulated on the host
side, since in response to Influenza A virus (IAV) and Dengue virus
infection, the upregulation of the elements of Fas pathway is observed.

Furthermore, IAV infection leads to downregulation of the anti-apop-
totic cellular caspase-8 and FADD-like apoptosis regulator (cFLIP) [17],
which if highly expressed can form inactive hetero-dimers with caspase-
8. Surprisingly, the replication of IAV can be amplified by over-
expression of pro-apoptotic genes and is blocked by the upregulation of
anti-apoptotic genes in human lung epithelial cell line [18], which in-
dicates a virus-promoting role for apoptosis in response to IAV in lung
cells. Along these lines, the viral protein Hepatitis B virus x (HBx)
sensitizes host cells towards TNF driven apoptosis by interfering the
anti-apoptotic action of cFLIP [19]. Increasing body of literature sup-
ports the relevance of HIV induced apoptosis. In infected individuals,
the progressive depletion of CD4 T lymphocytes is observed over the
period of 5–10 years, which leads to opportunistic infections and ma-
lignancies. Several HIV viral proteins exert pro-apoptotic or apoptosis
sensitizing properties by increasing the expression of death ligands and
DRs, including the envelope protein glycoprotein 120 and the trans-
activator of transcription (Tat) (reviewed in detail elsewhere: [20]).
Interestingly, the protease of HIV, encoded by the pol gene is capable to
directly process caspase-8 in order to produce a catalytically active
caspase leading to BAK activation and mitochondrial apoptosis [21,22].

2.3. Virus infection-induced apoptosis by viral RNA and DNA fragments

Apart from the significant role of immune response-driven cell
death, it has been observed that activation of PRRs could lead to direct
-cell autonomous- apoptosis initiation. The group of RNA viruses (also
termed: Riboviruses) comprises diverse pathogens that possess either
double stranded RNA (dsRNA) (e.g.: Rotaviruses) or single stranded
RNA (e.g.: Filoviruses) as genetic material. Since the spatial distribution
and also the structure of a viral RNA (vRNA) can be distinct from that of
the host RNA, thus vRNAs fit well in the definition of PAMPs. For in-
stance, vRNAs are often di or tri-phosphorylated and they lack a 7-
methylguanosine cap [23]. Detection of vRNAs takes place by different
PRRs depending on the localization of the vRNA fragments.

Intracellular dsRNA fragments which are produced during virus
replication are recognized in the cytosol by two caspase recruitment
domain (CARD) containing RNA helicases: retinoic acid inducible gene-
I (RIG-I) and melanoma differentiation-associated gene-5 (MDA-5)
[24]. RIG-I activation by vRNAs leads to ATP-dependent conforma-
tional changes and enables tetramer formation [25], which via CARD-
CARD homotypic interactions results in the recruitment of mitochon-
drial antiviral-signalling (MAVS), an adaptor protein associated with
the mitochondrial membrane (Fig. 1.). At this point MAVS forms ag-
gregates providing scaffold for multiple binding partners [26] and can
bifurcate into two main pathways leading to activation of transcription
factors interferon regulatory factor-3 (IRF-3) and nuclear factor kappa-
light-chain-enhancer of activated B cells (NFᴋB) [27]. In the IRF-3
branch of the RIG-I pathway, TNFR associated factor-3 (TRAF-3) in-
teracts with MAVS, which results in the recruitment of a protein com-
plex comprising TRAF family member-associated NFkB activator
(TANK), NFkB essential modulator (NEMO), inhibitor of kappa B ki-
nase-ε (IKKɛ) and TANK binding kinase-1 (TBK1) and subsequent
phosphorylation, dimerization and translocation to the nucleus of both
IRF-3 and IRF-7 [28] (Fig. 1). Induction of IRF-3 primarily leads to the
production of immunomodulatory molecules as Type I and III inter-
ferons (IFNs), which then renders the activation of CTLs, NK cells and
initiates targeted cell-killing as discussed earlier (Section 2.2). None-
theless, this process requires the external intervention of immune cells.

In contrast, studies on cell lines highlight the existence of direct
death-inducing mechanisms. As for instance, IAV infected human epi-
thelial cell lines undergo caspase-dependent cell death, which is pre-
vented by genetic depletion of RIG-I [29]. In Sendai virus infection, the
lack of IRF-3 leads to the loss of virus induced apoptosis sensitivity of
the cells [30]. Analogously, Semliki forest virus infection leads to MAVS
induction and caspase-8 activation [31]. RIG-I signalling leads to the
expression of IFN-stimulated genes (ISGs) and this induces the intrinsic
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apoptosis pathway [32]. How exactly this apoptotic process is mediated
is still poorly understood, however some studies provide hints about the
possible mechanisms concerned, as for example the upregulation or
activation of certain pro-apoptotic elements in a RIG-I dependent
manner. Naturally occurring Vaccinia virus expresses a BCL-2 analogue
anti-apoptotic protein called F1L. In contrast, infection with a geneti-
cally engineered Vaccinia virus strain lacking the F1L triggers IRF-3
activation and expression of the pro-apoptotic Noxa (from latin: danger)
in monocytes and macrophages [33]. One work highlights the tran-
scriptionally-independent function of IRF-3 in inducing the mitochon-
drial translocation of pro-apoptotic BAX and the initiation of intrinsic
apoptosis [34], yet the transcriptional function of IRF-3 remains the
predominant feature in majority of the studies. Along with this, IRF-3
dependent degradation of X-linked inhibitor of apoptosis (XIAP) de-
livers a potential link to virus induced apoptosis. XIAP is a potent an-
tagonist of caspase-3, -7 and -9 dependent apoptotic signalling. Sendai
and Vesicular stomatitis virus (VSV) infection results in TBK1/IKKε-
mediated phosphorylation of XIAP in vivo at Ser430, leading to auto-
ubiquitination and proteasomal degradation of XIAP. Given the mul-
tiple (~30) binding partners of aggregated MAVS [28] and a CARD
domain structure highly similar to that of CARD of caspases it can be
speculated that MAVS in certain conditions might recruit caspases with
a CARD domain (e.g.: caspase-9 and -2), however this has not been

investigated yet.
Extracellular vRNA detection is accomplished by toll-like receptor-3

(TLR3), located in cytoplasm membranes and endosomal compartments
[35]. TLR3 recruits IKK via the adaptor protein Toll/interleukin-1 re-
ceptor (TIR) and leads to the activation of transcription factor NFkB
[36] and results in the induction of IRF-3. In addition, TLR3 stimulation
by IAV can lead to the assembly of a DISC-like complex containing
TRIF, RIPK1, FADD, cFLIP and caspase-8 (Fig. 1) [37,38]. In this set-
ting, the concentration of anti-apoptotic cFLIP isoforms determine,
whether caspase-8 acts as an apoptotic initiator, since the formation of
cFLIP/caspase-8 heterodimers works against the apoptotic homodimer
formation of caspase-8.

Viral DNA in the cytosol triggers also alarm signals, since the DNA
in its normal condition resides exclusively in the cell nucleus. The cyclic
GMP-AMP (cGAMP) synthase (cGAS) exerts DNA binding activity, and
upon binding produces cGAMP leading to the activation of protein
stimulator of interferon gene (STING) (Fig. 1). As a consequence, STING
induces IRF-3 activation [39] [40] and intrinsic apoptosis [41]. It is
expected that the release of mitochondrial DNA (mtDNA) into the cy-
tosol have similar consequences and can unleash cGAS driven IRF-3
activation. Intriguingly, apoptotic caspases suppress the STING medi-
ated Interferon production [42] and studies on mice demonstrate that
apoptotic caspases can cleave anti-viral sensors, including cGAS, MAVS

Fig. 1. Apoptosis signalling in virus infection.
Virus infection leads to immune-stimulation and activation of CTLs and NK cells. CTLs and NK cells release cytotoxic perforin and granzyme-B. Granzyme-B enters the
cells via the transmembrane perforin pores and results in BID cleavage, leading to BAX and BAK activation and MOMP-driven apoptosome formation and caspase-9
activation. Stimulation of death receptors (Fas and TNFR) initiate caspase-8 activation by the formation of death inducing signalling complex (DISC). Intracellular
viral RNA (vRNA) is recognized by RIG-I, leading to ATP-dependent conformational changes and recruitment of MAVS oligomers, which in turn lead to the
recruitment of TBK-1 and IKKε, resulting in phosphorylation of IRF-3. Extracellular vRNA is detected by TLR3 leading to IRF-3 activation. vDNA in the cytosol is
recognized by cGAS, resulting in cGAMP production and activation of STING, which in turn activates IRF-3. Once IRF-3 is activated can translocate into the nucleus
and induce transcriptional pathways leading to anti-viral response and apoptosis. Moreover, RIG-I activation promotes XIAP degradation and activation of pro-
apoptotic BAX.
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and IRF-3 in order to reduce type I IFN production, indicating that
caspase-dependent apoptosis might also contribute to virus propagation
[43], but also suggests a negative feedback loop in controlling IFN
production.

The most of the PAMP detection mechanisms which lead to apop-
tosis culminate in IRF-3 activation highlighting the significance of IRF-3
in virus-induced apoptosis. Still, the mechanism, by which IRF-3 trig-
gers cell death signalling pathways is only partially understood and the
studies indicate a strong cell type specificity in the apoptosis sensitivity
in response to viral PAMPs.

Z-RNA and z-DNA fragments, which are distinct from the B-struc-
ture of eukaryotic RNA and DNA are recognized by z-DNA/RNA
binding protein-1 (ZBP1; also: DAI). In response to IAV infection, ZBP1
interacts with receptor interacting serine/threonine kinase 3 (RIPK3)
[44] and the recruitment of RIPK3 can initiate necroptosis (described in
chapter 3), and can serve as a scaffold for caspase-8 activation-driven
apoptosis [45]. Intriguingly, the IAV triggered cell death signalling
seems to play a unique role in controlling the viral burden, which is
discussed in detail in chapter 3.2.

2.4. Anti-apoptotic proteins encoded by viruses

Human papillomavirus (HPV) is a double stranded DNA virus as-
sociated with cervical cancer developments in humans [46]. The early
gene-coding region Protein 6 (E6) of HPV interferes with apoptosis
signalling at the level of p53 and interacts with the pro-apoptotic BAK
protein. This example well demonstrates that most of viral anti-apop-
totic proteins are encoded by large DNA viruses, which replicate with
slower kinetics than RNA viruses. Nevertheless, unlike HPV, a majority
of these viruses produce proteins that counteract with the extrinsic,
caspase-8 dependent apoptotic pathway (Table 2.). For example, the
large subunit of the Herpes simplex virus (HSV) ribonucleotide re-
ductase ICP10 exerts apoptosis inhibitory potential by directly inter-
acting with caspase-8 [47,48]. Along the same line, viral FLIP (vFLIP),
the viral counterpart of cFLIP encoded by Molluscum contagiosum and
several gamma Herpes viruses, such as Kaposi's sarcoma-associated
herpes virus (KSHV), forms inactive heterodimers with caspase-8,
which leads to the blockade of extrinsic apoptosis [49]. The Mouse
cytomegalovirus (MCMV) is the experimental model of the human
CMV, which causes asymptomatic infections in human, yet leads to
severe infections in individuals with compromised immune system.
Along with the previous instances, the M36 protein encoded by the

Fig. 2. Necroptosis signalling in virus infection.
Ligation of TNFR recruits the NFkB activating pro-survival complex, containing ubiquitinated RIPK1. The formation of complex II, involving de-ubiquitinated RIPK1,
enables activation of caspase-8 and apoptosis. Inactivation of caspase-8 leads to the assembly of intact RIPK1 and RIPK3 containing necrosome and phosphorylation
of MLKL. vRNA and DNA binding by ZBP1 leads to RIPK3 recruitment and MLKL activation. vRNA detection by TLR3 results in RIPK1-RIPK3 necrosome formation
and MLKL activation. The activation of MLKL in all three cases leads to oligomerization and transmembrane pore formation resulting in osmotic imbalances and the
progression of necroptosis.
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MCMV also blocks the caspase-8-driven extrinsic apoptosis pathway
[50,51]. Furthermore, an anti-apoptotic product of the Cowpox virus,
cytokine response modifier A (CrmA) functions by the inhibition of the
activity of caspase-8 [52]. A further group of viral proteins can influ-
ence the expression of host anti-apoptotic proteins. The adult T-cell
leukemia/lymphoma (ATL) is a malignancy of mature CD4 T cells in
humans [53] and infection with the human T-cell leukemia virus type-1
(HTLV-1) is linked to the disease. The transactivator protein TAX of
HTLV-1 binds to IKK and thereby facilitates the activation of NFkB and
subsequently leads to the upregulation of c-FLIP expression [54], which
then exhibits caspase-8 inhibiting activity.

3. Necroptosis

3.1. The classical pathway: TNFR-dependent necroptosis signalling

Necroptosis is a non-apoptotic regulated cell death modality which
morphologically resembles necrosis. In general, necroptosis exhibits
cytoplasm swelling and early membrane rupture and facilitates the
release of immunomodulatory damage associate molecular patterns
(DAMPs), for instance ATP and high mobility group protein B1
(HMGB1), into the extracellular space [55] [56]. Necroptosis initiation
takes place upon TNFR ligation, which, however, primarily leads to
NFkB activation via the assembly of so called complex-I, including
adaptor proteins TNFRSF1A associated via death domain (TRADD),
TRAF2, cellular IAP (cIAP) and ubiquitinated receptor interacting
serine/threonine kinase 1 (RIPK1) [10]. The state of RIPK1 is a decisive
factor, since ubiquitination, phosphorylation at Ser89 by protein ki-
nase-A and eC, and phosphorylation at several sites by IKKs can all
attenuate the cytotoxic potential of this scaffold protein (Fig. 2.)
[57,58]. Once, however, the NFkB wing of the pathway is inhibited
TNFR ligation can lead to a pro-apoptotic FADD and caspase-8 con-
taining complex formation and apoptosis initiation. In the early 2000´s
it has been observed that inhibition of caspases did not result in ex-
pected cell death inhibition, instead it led to a necrotic-like cell demise,
which is nowadays termed necroptosis [59] [55]. RIPK1 and 3 play
central role in the regulation of necroptotic signalling pathways [60]
and fully active caspase-8 can cleave both of them [61,62], thus in-
hibition of caspase-8 is an absolute prerequisite for the assembly of
RIPK1-RIPK3 containing necrosome complex and necroptosis initiation
(Fig. 2.). The assembly of necrosome leads to phosphorylation of
pseudo-kinase mixed lineage kinase-like (MLKL) [63], in turn the
phosphorylation-driven conformational changes of MLKL result in oli-
gomerization and subsequent pore formation throughout the cytoplasm
membrane accompanied by osmotic imbalances and membrane rup-
tures.

Necroptosis represents a lytic and immunogenic cell death modality,
therefore it is less surprising that most of the viruses developed coun-
termeasures to evade it. Nevertheless, sensitivity to virus-driven ne-
croptosis varies among cell types and viruses. One prominent example
in this aspect is the human immunodeficiency virus-1 (HIV-1) [56]. As
discussed earlier (Section 2.2), HIV infection facilitates the upregula-
tion of DRs (as TNFR and Fas) and their ligands, which might also
promote necroptosis sensitivity. A recent article demonstrates a HIV
induced necrotic-like cell death in T cells, which can be inhibited by
necrostatin-1, an inhibitor of RIPK1 [56] This in vitro work is supported
by an in vivo study, in which RIPK3 knock down and necroptosis in-
hibition can restore the proliferation potential of CD8 T cells from HIV-
infected patients [64].

3.2. The emerging pathway: ZBP-1 dependent necroptosis signalling in virus
infection

The nucleic acid sensing receptor ZBP1, analogously to RIPKs,
possess a RIPK homotypic interaction motif (RHIM), thus ZBP1 is
capable to interact with RIPK3 [44]. RIPK3 then can initiate MLKL

dependent necroptosis and can serve as a platform for caspase-8 de-
pendent apoptosis (Fig. 2.) [45], thus only blocking of both pathways at
the same time can significantly reduce IAV induced cell death. The
importance of the ZBP1/RIPK3 axis as anti-viral defence is strongly
supported by the studies on ZBP1 and RIPK3 deficient mice, which
exhibit higher viral burden and are more susceptible to IAV induced
lethality [45,65]. Importantly, it seems, if only one of the two cell death
pathways triggered by ZBP1/RIPK3 functions, is already sufficient to
ensure viral clearance, since only a simultaneous depletion of MLKL and
caspase-8 function can lead to an increased IAV-driven increased leth-
ality [45]. Taken together, apoptosis and necroptosis represent com-
pensatory pathways upon IAV infection, yet necroptosis, as an immune-
stimulatory cell death form renders a stronger adaptive immune sti-
mulation [66]. Based on these studies, a limited activity of necroptosis
can be considered as a beneficial measure to limit viral burden, how-
ever a drastic increase of cell death in the alveolar epithelial cells,
which results in compromised lung function in mice and in humans,
tightly correlates with lethality [67].

3.3. Viral anti-necroptotic proteins

To date, IAV infection represents the only viral infection which re-
sults in ZBP-1-driven necroptosis in its natural state, since all other
necroptosis-inducing virus models employ genetically engineered
viruses [64,65]. This well demonstrates that several viruses developed
strategies to avoid necroptosis (Table 2.). Genetically engineered
MCMV lacking the viral M45-encoded inhibitor of RIPK (vIRA) initiates
premature cell death in mice and depletion of RIPK3 attenuates this cell
death [68]. The MCMV induced necroptosis takes place independent of
RIPK1 and TNF, yet it is triggered by ZBP1 in response to infection [69].
Conversely, both the wild type MCMV encoding vIRA and the human
CMV [70] can efficiently evade RIPK3-dependent necroptosis initiation.
The latent membrane protein-1 (LMP1) of Epstein-Barr virus (EBV)
elicits the poly-ubiquitination of RIPKs and thereby inhibits necroptosis
in nasopharyngeal epithelial cells [71]. Rhinoviruses, the causative
agents of common cold express the viral 3C protease, which blocks Poly
(I:C) stimulated necroptosis in airway epithelial cells by the direct
cleavage of RIPK1 [72]. These virally encoded factors have one in
common: they all target RIPKs in order to block necroptosis. A distinct
inhibitory mechanism is provided by the Vaccinia virus (VACV) en-
coded innate immune evasion protein-3 (E3), which interacts with the
putative RNA binding domain of ZBP1 and the genetic deletion of E3
leads to an immediate necroptosis in mouse L292 and human embry-
onal kidney cell lines [72]. Novel findings demonstrate a virally en-
coded MLKL homolog (vMLKL) in poxviruses, which exerts antagonistic
effect in necroptosis initiation by binding to RIPK3 and thereby
blocking the sequestration of human and mouse MLKL [73].

The species selectivity of viruses and the continuously ongoing
evolutionary race between host and virus is well demonstrated by the
following example of HSV-1. The viral ribonucleotide reductase ICP6 of
HSV-1 possess a RHIM-like domain, thus it can engage both RIPK1 and
RIPK3. Interestingly, HSV-1 infection leads to necroptosis in mice via
ICP6 and is accompanied by limited propagation of the virus, whereas
ICP-6 inhibits the necroptosis in humans, in the natural host of the
virus. Furthermore, ICP10 the large subunit of the ribonucleotide re-
ductase of HSV-2 can inhibit TNFR triggered necroptosis [74]. A recent
study demonstrates that ICP6 blocks the TNFR stimulated MLKL-ne-
crosome assembly into membrane vesicles [75]. This compartmentali-
zation step represents a critical event towards necroptosis execution in
humans, yet can be dispensable in mouse, which might answer why
mouse cells are susceptible to HSV-1 triggered necroptosis.
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4. Pyroptosis

4.1. The pyroptotic machinery

Pyroptosis is a regulated cell death form accompanied by osmotic
imbalances and early membrane rupture of the cells [76]. Pyroptosis is
conducted by inflammatory caspase activation and culminates in the
release of pro-inflammatory cytokines. Upon stimulation, the in-
flammatory caspases, as caspase-1, caspase-4/5 in humans and caspase-
11 in mice, are recruited in high molecular weight complexes termed
inflammasomes [77]. Inflammasomes are considered as pathogen sen-
sors that recognize PAMPs and based on the chemical nature of the
PAMPs different inflammasomes are assembled. Inflammatory caspases,
similar to initiator apoptotic caspases, possess a large pro-domain
structure, which ensures the recruitment either directly or via an
adaptor protein to PRRs. In turn, caspase-1 activation in the in-
flammasome leads to the processing of pro-interleukin-1β (IL-1β) and
pro-IL-18, whereas activation of caspase-1, caspase-11 and caspase-4
can result in the cleavage of gasdermin-D (GSDMD), a member of a
poorly studied protein family [78]. Consequently, the N-terminal region
of GSDMD is inserted into the lipid bilayer of the cytoplasm membrane
and forms oligomer pores [79] leading to release of mature ILs into the

extracellular space (Fig. 3.) [80]. The pore formation triggered osmotic
imbalances and membrane ruptures can be interpreted as a collateral
event, which takes place in only special circumstances and the primary
event of IL release can, in fact, occur without cell destruction, yet not in
every circumstances [81]. Indeed, Inflammasome-dependent pyroptosis
is unleashed in response to various viral infections as follows: HIV, DV
[82], IAV [83], Coxsacivirus-B3 (CVB3) [84], Human bocavirus 1
(HBoV1) [85], Hepatitis C virus [86] and Enterovirus71 (EV71) [87]. In
some cases the presence of pyroptosis seems to be beneficial for the host
by limiting the viral spread [88,89], however increasing number of
studies show detrimental effect of pyroptosis in response to infections
(Table 1.). Interestingly, unlike in the case of necroptosis and apoptosis,
direct anti-pyroptotic measures of viruses are limited, which lets us to
speculate that pyroptosis may be positioned later than apoptosis [90]
and necroptosis in a putative virus-host co-evolutionary time-line. In-
triguingly, one exemption is provided by EV71. The viral protease 3C of
EV71 cleaves GSDMD into a non-functional form, which then unable to
trigger pyroptosis in THP-1 macrophages and human embryonal kidney
cells [90].

Fig. 3. Pyroptosis signalling in virus infection.
NLRP3 can be activated by various insults, including potassium efflux, extracellular ATP, and binding of virus associated patterns to host proteins (P2X4, CLEC5A,
galectins). Activation of NLRP3 leads to the assembly of ASC specks, resulting in caspase-1 activation. vDNA is engaged by AIM2 resulting in ASC speck formation.
Aberrant DNA fragments produced by HIV is recognized by IFI-16, which initiates caspase-1 activation. Active caspase-1 accomplishes the processing of GSDMD and
pro-IL1β/ pro-IL18. Cleaved GSDMD oligomers form pores in the cytoplasm membrane. The mature ILs are released to the extracellular space throughout the GSDMD
pores and the pore formation culminates in membrane ruptures and osmotic imbalances, ultimately leading to a lytic cell death, called pyroptosis.
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4.2. Inflammasome activation in virus infection

The nucleotide binding oligomerization domain (NOD)-like re-
ceptors represent a broad group of inflammasome components, among
which NOD-like receptor family pyrin domain containing 3 (NLRP3) is
considered as the most studied one. In response to a danger signal,
NLRP3 interacts the adaptor protein apoptosis-associated speck-like
protein (ASC) via its pyrin domain thereby leading to ASC oligomer-
ization and the formation of so called ASC specks. Importantly, ASC
exhibits a caspase recruitment CARD domain, thus it is capable to re-
cruit pro-inflammatory caspase-1 (Fig. 3) [91]. The conformational
changes in NLRP3, which ultimately lead to activation, can be effi-
ciently stimulated by uric acid crystals and extracellular ATP, however
several studies conclude the unified role of osmotic imbalances and
especially potassium efflux in activation [92]. Analogously, VSV and
Encephalomyocarditis virus (EMCV) infections trigger NLRP3 in-
flammasome formation, which is initiated by a rapidly ongoing lytic
cell death accompanied by potassium efflux [93]. Other studies provide
some mechanistic clues, how NLRP3 is activated. For instance, IAV
induces NLRP3 dependent pyroptosis in dendritic cells [83,94] and in
respiratory epithelial cells [95]. The depletion of galectin-3, a β-ga-
lactosidase binding protein results in a strong inhibition of inflamma-
tion in lungs of the infected mice and co-immunoprecipitation experi-
ments demonstrate the interaction of galectin-3, NLRP3 and ASC in
bone marrow derived macrophages in response to avian IAV (H5N1)
infection [96]. This study indicates that galectin-3 can serve as an al-
ternative sensor in the NLRP3 inflammasome-driven pyroptosis. Along
this line, gp120, an envelope protein of HIV induces inflammation and
neuropathy in neurons. Interestingly, an ATP-dependent cationic ion
channel purinergic 2 × 4 (P2X4) has been shown to initiate the gp120
triggered NLRP3 inflammasome assembly and caspase-1 activation
[97]. DV has been also reported to stimulate NLRP3 inflammasome via
the cytoplasmic membrane surface C-type lectin 5A (CLEC5A) [98].
Instead of stimulating NLRP3, DV can also directly stimulate caspase-4,
the human homolog of capase-11 and leads to caspase-1 cleavage
driven pyroptosis [99], thus, it seems , caspase-4 can function as an
alternative PAMP sensor (Fig. 3.).

4.3. Inflammasome activation by viral nucleotide patterns

The recognition of viral nucleotide patterns play a crucial role in
inflammasome induction. Activation of absent in melanoma-2 (AIM2)
and interferon-γ-inducible protein 16 (IFI16) are two prominent ex-
amples for viral nucleotide pattern recognition (Fig. 3.).

AIM2 in the cytosol binds DNA fragments and recruits the adaptor
ASC leading to ASC polymerization and assembly of the ASC specks.
Interestingly, the upregulation of AIM2 has been observed in brain
tissues after Zika virus infection, collected from fatal human cases
[100]. This is therefore possible that the associated neuronal damage is
linked to the over activation of AIM-2-dependent pyroptosis in neurons.
Furthermore, EV71 [101], Vaccinia virus [102] and MCMV [103] in-
fections have been shown to exert AIM2-driven pyroptosis. In contrast,
HSV-1 inhibits AIM2 activation by the expression of VP22, a virally
encoded factor, which interacts with the AIM2 protein and prevents the
oligomerization of it. Conversely, Infection of HSV-1 lacking VP22 leads
to reduced viral replication in vivo, which effect is restored in AIM2
deficient mice [104].

The DNA sensor interferon-γ-inducible protein 16 (IFI16) recognizes
aberrant DNA transcripts, which are products of an incomplete virus
replication cycle in HIV infected non-permissive CD4 T lymphocytes.
The activation of IFI16 launches the caspase-1-driven pyroptotic
pathway consequently attracting more immune cells to the site of in-
fection and leading to an accelerated viral spread [105].

5. NETosis in response to virus infection

A neutrophil specific antimicrobial defence mechanism is re-
presented by the release of neutrophil extracellular traps (NETs). NETs
are released from the cells upon neutrophil cell death termed NETosis,
and contain chromatin and antimicrobial proteins from the cytoplasm
and granules of the cell [106]. The signalling pathways leading to
NETosis are distinct from necroptosis [107] and apoptosis [108] and
has been recently discussed in detail by Sollberger et al. [106]. Im-
portantly, NETosis mostly occur in response to bacterial and fungal
infections, yet some viruses, including HIV [109], Hanta virus [110]
and Pox virus [111] can also trigger this specific cell death form ex-
hibiting anti-viral properties. In contrast, a study on Human respiratory
syncytial virus suggests that, although NETs trap viral particles, their
exaggerated formation during severe cases plays a role in airway ob-
struction [112]. Furthermore, H5N1 influenza virus also triggers NE-
Tosis and this can similarly contribute to disease pathogenesis [113].

6. Cell death pathways in emerging coronaviruses

Severe acute respiratory syndrome (SARS) coronavirus (CoV, also:
CoV-1) has led to a global outbreak of pneumonia resulting in ap-
proximately 800 deaths in 2003 [114]. Studies on human and mam-
malian cell lines demonstrate a SARS-CoV induced cytopathic effect,
which exhibits caspase activation and typical apoptotic morphology
[115]. Multiple viral proteins of SARS-CoV have been shown to con-
tribute to apoptosis initiation, including the C terminal domain of
SARS-CoV spike (S) protein [116], and the open reading frame (ORF)
7a and 3a proteins of the virus. The two ORF proteins employ distinct
mechanisms to activate cell death, since SARS-CoV-ORF3a acts as a
potassium channel and triggers caspase activation [117], whereas
SARS-CoV-ORF7a directly interacts with BCL-XL [118], a pro-survival
member of the BCL-2 family. It is, however, important to note that the
above studies employ African green monkey kidney epithelial (Vero E6)
cells, and not human cell lines. In contrast, if a human lung epithelial
cell line is employed, then SARS-CoV-ORF3a binds RIPK3, which,
however, does not lead to necroptotic MLKL activation, instead it fa-
cilitates a non-apoptotic lytic cell death [115].

Besides, SARS-CoV envelope (E) protein acts as an ion channel and
is capable to activate NLRP3 in an in vitro model [119]. Interestingly,
the lack of the ion channel activity of SARS-CoV-E does not influence
virus replication in infected mice, yet reduces edema, the major factor
of acute respiratory distress syndrome. The reduced edema correlates
with preserved lung epithelia integrity and less IL-1β in the lung air-
ways, which indicates a significant role for inflammasome activation in
disease pathogenesis. [120]. The role of NLRP3 inflammasome as-
sembly is further demonstrated in human macrophage cell lines, where
the ORF8b protein of SARS-CoV directly binds NLRP3 and leads to
pyroptotic cell death [121].

Middle East respiratory syndrome coronavirus (MERS-CoV) is a
highly pathogenic beta-coronavirus strain with an approximately 30%
case-fatality rate [122]. MERS-CoV infection of primary human T
lymphocytes [123] and kidney and lung cells from human tissue [124]
leads to apoptotic cell death, which might largely contribute to the high
pathogenicity of the virus.

Novel studies on SARS-CoV-2, the pathogenic agent of the newly
emerged coronavirus disease 2019 (COVID-19) already give some hints
on the possible role of cell death in the infection caused tissue injury.
Interestingly, the expression of ORF3a of SARS-CoV-2 is less cytotoxic
than that of SARS-CoV-1, and stimulates less apoptosis and caspase
activation in human cell lines [125]. This observation might explain
why SARS-CoV-2 exhibits lower case-fatality rate than SARS-CoV-1
(~10%). Conversely, direct SARS-CoV-2 infection of organotypic
airway epithelial cells results in higher cytopathic effect with apoptotic
characteristic than infection with human coronavirus NL63, a less pa-
thogenic member of the 7 known human coronaviruses [126].
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Interesting novel data supports the evidence of NLRP3 inflamma-
some activation in response to SARS-CoV-2-S/Angiotensin-converting
enzyme-2 receptor binding in hematopoietic and endothelial cells
[127]. In this regard, the role of pyroptosis has not been investigated in
detail yet, but one can speculate that the overactivation of NLRP3 in-
flammasome and the consequent pyroptotic cell death might be one of
the contributing factors in severe cases of COVID-19. The ion channel
property of SARS-CoV-2-E might represent an important factor in this
context. This hypothesis will be very likely investigated in the near
future.

7. Concluding remarks

Virus infection triggered cell death is a two edged sword, which
might serve the purpose of the host by facilitating viral clearance in
tissues where the increased cell destruction is not accompanied by
function loss, yet in other cases it might assist viral propagation as the
example of HIV infected CD4 T cells shows. The role of the three cell
death modalities can be seen as redundant in the context of viral
clearance, for instance in IAV infection, however they trigger immune
stimulation at different extent. This information can be taken into
consideration in designing novel therapies aiming at re-activating cell
death pathways in dormant infected cells. Furthermore, increasing
body of literature demonstrates the crosstalk between the discussed cell
death pathways, thus manipulating one or the other cell death path-
ways may unavoidable influence the whole machinery. Along with this,
the apoptotic effector caspase-6 [128] and the initiator caspase-8 can
play a role in the necroptotic ZBP-1/RIPK3 axis, while, in other settings,
caspase-8 may facilitate pyroptotic pathways [129]. These and other
studies highlight that our knowledge of cell death pathways is still not
complete, but it is growing continuously. The understanding of the fine
tuning of these pathways might warrant better therapeutic options in
treating viral diseases and preventing epidemics in the future.
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