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a  b  s  t  r  a  c  t

There  is  no  doubt  that  viruses  require  cells  to successfully  reproduce  and  effectively  infect  the  next  host.
The question  is what  is the fate  of the  infected  cells?  All  eukaryotic  cells  can  “sense”  viral  infections  and
exhibit  defence  strategies  to oppose  viral  replication  and spread.  This  often  leads  to  the  elimination  of  the
infected  cells  by programmed  cell  death or apoptosis.  This  “sacrifice”  of infected  cells  represents  the most
primordial  response  of  multicellular  organisms  to viruses.  Subverting  host  cell  apoptosis,  at  least  for some
time,  is  therefore  a crucial  strategy  of  viruses  to  ensure  their  replication,  the  production  of essential  viral
proteins, virus  assembly  and  the  spreading  to new  hosts.  For  that  reason  many  viruses  harbor  apoptosis
inhibitory  genes,  which  once  inside  infected  cells  are  expressed  to  circumvent  apoptosis  induction  during
the  virus  reproduction  phase.  On the  other  hand,  viruses  can  take advantage  of  stimulating  apoptosis  to (i)
facilitate  shedding  and  hence  dissemination,  (ii)  to  prevent  infected  cells  from  presenting  viral  antigens
to  the  immune  system  or (iii)  to kill non-infected  bystander  and  immune  cells  which  would  limit  viral
propagation.  Hence  the decision  whether  an infected  host  cell  undergoes  apoptosis  or  not  depends  on
virus  type and  pathogenicity,  its capacity  to oppose  antiviral  responses  of  the infected  cells  and/or  to
evade  any  attack  from  immune  cells.  Viral  genomes  have  therefore  been  adapted  throughout  evolution
to  satisfy  the  need  of  a particular  virus  to induce  or inhibit  apoptosis  during  its  life cycle. Here  we  review
the  different  strategies  used  by viruses  to  interfere  with  the  two major  apoptosis  as well as  with  the
innate  immune  signaling  pathways  in  mammalian  cells.  We  will  focus  on  the  intrinsic  mitochondrial
pathway  and  discuss  new  ideas  about  how  particular  viruses  could  activately  engage  mitochondria  to
induce  apoptosis  of their  host.

©  2015  Elsevier  B.V.  All  rights  reserved.

1. Extrinsic apoptotic pathway and its inhibition by viral
proteins

Apoptosis is a highly conserved, physiological type of cell death,
which is required to eliminate damaged, used-up and misplaced
cells within a multicellular organism (Kerr et al., 1972; Hotchkiss
et al., 2009). In contrast to necrosis or necroptosis, which often
leads to pathological, chronic inflammatory immune reactions due
to cell lysis, apoptotic cells do not fall apart but are discretely
eaten up by macrophages and other non-professional phagocytes
in a regulated and non-inflammatory manner (Vanlangenakker
et al., 2012). Apoptosis is induced by two distinct, yet tightly
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interconnected signaling pathways: the extrinsic (Fig. 1) and
the intrinsic (Fig. 2) apoptotic pathways. The extrinsic path-
way is triggered by extracellular ligands such as those of the
TNF superfamily (FasL, TNF� or TRAIL), which specifically bind
to their respective surface receptors causing their oligomeriza-
tion (Strasser et al., 2009; Guicciardi and Gores, 2009; Gonzalvez
and Ashkenazi, 2010; Li et al., 2013a, 2013b). A conformational
change on the cytoplasmic side of these receptors leads to the
recruitment of the adapter protein FADD whose function is to
attract pro-caspase-8 from the cytosol to the death receptor
in order to bring two  monomeric pro-caspase-8 molecules in
close proximity for autoprocessing and subsequent activation
(Fig. 1). This complex, referred to as death inducing signaling
complex (DISC), then interacts with already dimerized effec-
tor pro-caspase-3 and/or -7, which become activated through
caspase-8-mediated cleavage followed by autoprocessing. Active
effector caspases then cleave numerous substrates that lead to the
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Fig. 1. Extrinsic death receptor signaling pathway and its inhibition by viral proteins. Viral proteins inhibiting apoptosis are boxed in blue. For details, see text.

Fig. 2. Intrinsic mitochondrial signaling pathway and its inhibition by viral proteins. Viral proteins inhibiting apoptosis are boxed in blue. For details, see text.
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disruption of the cytoskeleton, inhibition of DNA repair, initiation
of DNA fragmentation and the exposure of so-called eat-me sig-
nals, which mediate the uptake and elimination of apoptotic cells
by macrophages.

The extrinsic, death receptor pathway is indispensable for the
execution and limitation of both innate and adaptive immune
responses. Cells of the innate immune system such as dendritic
or natural killer (NK) cells generate a rapid antiviral immune
response by directly detecting viral products such as dsRNA by
Toll-like receptor 3 (TLR), by upregulating death ligands such as
FasL, TRAIL and TNF� and/or by killing infected cells by gran-
ule exocytosis (NK cells) (Medzhitov, 2001). Later during adaptive
immunity, virally infected cells are killed by antigen-specific cyto-
toxic T cells (CTLs) via both the perforin/granzyme and the FasL/Fas
pathways (Chavez-Galan et al., 2009). Subsequently, activated T
cells are eliminated by activation-induced cell death involving
FasL/Fas-mediated killing of the same or an activated neighboring
cell after an acute infection (Arakaki et al., 2014). This ensures that
highly proliferative, superfluous killer cells are disposed of accord-
ingly, preventing the development of autoimmune or leukemic
cells. It is therefore not surprising that viruses have evolved strate-
gies to inhibit the death receptor signaling pathway at several
steps although these cells may  still be killed by granule exocytosis
(Benedict et al., 2002; Hay and Kannouraki, 2002). As a consequence
infected cells are at least partially protected from cytolysis by CTLs,
NK cells or neighboring cells which express FasL or TRAIL upon
activation (Ashkenazi and Dixit, 1999) and TNF� may  not be able
to induce a sufficient inflammatory response.

For example, the Shope fibroma virus (rabbit poxvirus) pro-
duces a TNF receptor ortholog (TNFR2), which neutralizes TNF�
(Smith et al., 1991) (Fig. 1). Other TNFR orthologs have been iden-
tified in the genomes of lepri- and orthopoxviruses, including
cowpox (CrmB) (Hu et al., 1994) and smallpox (CrmE) (Reading
et al., 2002) and in the genome of CMV  (UL144 orf) (Benedict
et al., 1999). They can either be expressed in the plasma mem-
brane of infected cells or be shed as soluble decoy receptors (for
example myxoma virus T2 protein) (Upton et al., 1991; Reading
et al., 2002). These TNF signaling inhibitors clearly contribute
to the high virulence of poxviruses because they are mutated
in vaccinia viruses, an attenuated form of smallpox. In addi-
tion, a TRAIL receptor ortholog (TRAILR2) was detected in the
genome of avian leukocytosis virus (Brojatsch et al., 1996). On
the other hand adenoviruses use several proteins encoded in
the E3 gene region to promote the internalization and lysoso-
mal  degradation of Fas, TNFR, TRAILR1 and R2 (Shisler et al.,
1997; Tollefson et al., 1998; Stewart et al., 1995; Benedict et al.,
2001). Finally, several viruses produce proteins capable of block-
ing extrinsic death receptor signaling at the level of the DISC, i.e.
by either inhibiting caspase-8 activation or its proteolytic activity.
For example, the viral FLIP proteins (vFLIPs) are inactive caspase-
8 homologs, which are recruited by FADD to form a DISC that
lacks caspase activity (Thome and Tschopp, 2001; Krueger et al.,
2001; Subramaniam et al., 2013). In addition, they can recruit
TRAF2, RIP, NIK and IKK2, which favor the induction/activation of
NF�B, a crucial anti-apoptotic transcription factor (Kataoka et al.,
2000; Subramaniam et al., 2013). vFLIPs are present in the genome
of �-herpesviruses, including equine herpesvirus 2 (EHV-2), her-
pesvirus saimiri (HVS), KSHV (Kaposi), bovine herpesvirus (BHV-4)
and moluscum contagiosum virus (MCV) (Bertin et al., 1997; Thome
and Tschopp, 2001; Benedict et al., 2002). The vICA protein pro-
duced by the HCMV viral gene UL36 also associates with caspase-8
and blocks its activation but it has no sequence homology with
caspases (Skaletskaya et al., 2001). Last but not least, the CrmA pro-
tein from cowpox virus is able to inhibit the proteolytic activity of
caspase-8 by binding to and blocking the catalytic center (Zhou
et al., 1997).

2. Intrinsic apoptotic pathway and its inhibition by viral
proteins

The intrinsic apoptotic pathway is activated by the lack of
soluble survival factors or hormones, cell–cell or cell–matrix inter-
actions (deprivation-induced cell death, also called anoikis), the
exposure of cells to pathogens such as fungi, bacteria or viruses
or the treatment with genotoxic/DNA damaging stimuli (irradi-
ation, chemotherapeutic drugs), toxins or pro-oxidants, agents
which stress the endoplasmic reticulum, inhibit protein kinases,
proteasomal degradation, transcription, translation or perturb the
cytoskeleton (Fig. 2) (Youle and Strasser, 2008; Hotchkiss et al.,
2009; Chipuk et al., 2010). The critical step of this pathway is the
permeabilization of the mitochondrial outer membrane (MOMP),
which results in the release of several apoptogenic factors from
the intermembrane space of mitochondria. One such protein,
cytochrome c, binds to the adapter Apaf-1 which then recruits
cytosolic pro-caspase-9 into a heptameric complex, called the
apoptosome (Fig. 2). In a similar way as caspase-8 aggregates
on the DISC, monomeric caspase-9 dimerizes on the apoptoso-
mal  platform leading to proximity-induced autoprocessing and
activation. Active caspase-9 then cleaves and activates effector
caspase-3 and -7. Other proteins released from mitochondria either
stimulate yet unknown caspase-independent cell death processes
or they enhance caspase-9 and -3 activation (Fig. 2). For exam-
ple Smac/DIABLO and Htr2A/Omi bind to XIAP, a member of the
Inhibitors of Apoptosis Proteins (IAPs). XIAP is an endogenous
caspase-9 and -3 inhibitor, which prevents accidental autoprocess-
ing and activation of these caspases in healthy cells (Deveraux and
Reed, 1999; Shi, 2002). Upon sequestration by Smac or Omi, XIAP
no longer binds to caspase-9 or -3, therefore allowing the full acti-
vation of these caspases in response to apoptotic stimuli, activating
the intrinsic mitochondrial pathway (Fig. 2).

Since MOMP  results in both caspase-dependent and indepen-
dent cell death signaling it is a crucial life-or-death decision
checkpoint (“a point of no return”) (Fig. 2). This checkpoint is con-
troled by the Bcl-2 family of proteins (Youle and Strasser, 2008;
Chipuk et al., 2010). The Bcl-2 family is subdivided on the basis of
structural conservation of so-called Bcl-2 homology (BH) domains
and comes in three flavors. The pro-apoptotic BH3-only proteins
(Bim, Bid, Bad, Bik, Bmf, Hrk, Puma, Noxa) only share a ca. 20–30
amino acid long alpha-helical BH3 domain with the rest of the Bcl-
2 family. They act as sentinels/sensors of apoptotic stimuli which
activate the intrinsic mitochondrial pathway (Happo et al., 2012).
Depending on the apoptotic stimulus, particular sets of BH3-only
proteins get transcriptionally induced or posttranslationally mod-
ified, migrate to and insert into the MOM  and then activate at this
site a second pro-apoptotic subclass of Bcl-2 family proteins, the so-
called “effectors” Bax and Bak (Happo et al., 2012). For example, Bim
is transcriptionally induced by Foxo3B in response to growth factor
deprivation or phosphorylated by JNK during thymic selection and
upon exposure to UV or gliotoxin (Happo et al., 2012; Geissler et al.,
2013). By contrast, Puma and Noxa are target genes of p53 after
genotoxic stress. Bid is proteolytically cleaved to truncated tBid by
caspase-8 in response to death receptor ligands such as FasL, TRAIL
or TNF� defining a second, so called type II death receptor path-
way that crosstalks with the mitochondrial pathway (Youle and
Strasser, 2008; Chipuk et al., 2010; Happo et al., 2012).

Bax and Bak directly induce MOMP.  They contain BH1, BH2
and BH3 domains, which form an elongated hydrophobic binding
pocket interacting with other members of the Bcl-2 family (Suzuki
et al., 2000; Czabotar et al., 2013; Brouwer et al., 2014; Volkmann
et al., 2014; Westphal et al., 2014; Borner and Andrews, 2014). In
healthy cells, Bax resides inactive in the cytoplasm (Suzuki et al.,
2000; Schinzel et al., 2004) and constantly shuttles between the
cytoplasm and the periphery of the MOM  without stably inserting
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in the membrane (retrotranslocation) (Wolter et al., 1997; Edlich
et al., 2011). Bak on the other hand is stably inserted into the MOM
but held in check by inhibitory proteins such as VDAC2 and Bcl-
2 survival factors (Wang et al., 2001; Cheng et al., 2003; Willis
et al., 2005). Three BH3-only proteins Bim, tBid and Puma are
capable of directly activating Bax/Bak on the MOM  (Letai et al.,
2002; Cartron et al., 2004; Kuwana et al., 2005; Gavathiotis et al.,
2008; Czabotar et al., 2013). Recent structural analysis of the activa-
tion process suggests that after their translocation to and insertion
into the MOM,  Bim and tBid bind to the hydrophobic pocket in
Bax/Bak via their BH3-domain (Czabotar et al., 2013; Brouwer et al.,
2014). This changes the conformation of Bax and Bak in a way  that
their BH3-regions become exposed for dimeric interaction with the
hydrophobic pocket of another Bax or Bak molecule (Dewson et al.,
2009; Czabotar et al., 2013; Brouwer et al., 2014). For that pur-
pose the BH3-only protein has to dissociate from the hydrophobic
binding pocket, which explains why direct interaction between
BH3-only proteins and Bax/Bak is only transient and difficult to
detect biochemically. Presumably through an additional interac-
tion site in the rear part of the molecule, Bax/Bak dimers can then
assemble into multimers (Dewson et al., 2009). It is not yet clear
if these multimers form a protein pore or perturb the lipid bilayer
of the MOM  to rearrange into a lipid pore that may  be generated
by a hemifusion intermediate (Montessuit et al., 2010; Bleicken
et al., 2014; Borner and Andrews, 2014). Newest findings from lipid
nanodiscs and fluorescence measurements indicate that Bax/Bak
may  form pores of different sizes depending on whether they are
monomeric, di- or multimeric (Xu et al., 2013; Volkmann et al.,
2014). At one point the pores are large enough to allow the passage
of cytochrome c or even bigger molecules such as Smac and Omi  to
the cytoplasm.

The third subgroup of the Bcl-2 family is formed by the anti-
apoptotic proteins Bcl-2, Bcl-xL, Mcl-1, Bcl-w and A1 (Youle and
Strasser, 2008; Chipuk et al., 2010). They also contain BH1, BH2
and BH3 domains and some even have an additional BH4 domain
at the N-terminus. The 3-dimensional structure of these survival
factors looks very similar to that of Bax/Bak (Muchmore et al.,
1996; Suzuki et al., 2000). However, in contrast to Bax/Bak, they
are unable to undergo conformational changes to expose their BH3-
domain, multimerize and form pores, except under unphysiological
conditions such as low pH (Minn et al., 1997; Schendel et al., 1997).
Instead their hydrophobic binding pocket interacts with BH3-only
proteins in a high affinity manner. On one hand this inhibits the
pro-apoptotic action of BH3-only proteins. On the other hand, pre-
bound Bim, tBid and Puma can be released from the Bcl-2 survival
factors by other BH3-only proteins activated by apoptotic stimuli
such as Bik, Bad, Bmf, Hrk and Noxa (Borner and Andrews, 2014).
Bim, tBid and Puma can then directly activate Bax/Bak as described
above. This explains the effectiveness of BH3-mimetics in anti-
cancer therapy. These are small molecule compounds that bind
with high affinity to the hydrophobic pocket of Bcl-2 survival fac-
tors and thereby release pre-bound Bim, tBid and Puma for MOMP
activation (Oltersdorf et al., 2005; Happo et al., 2012). It turns out
that many cancer cells do not only upregulate Bcl-2 survival fac-
tors but also Bim, tBid and Puma, a mechanism called “addiction”
(Certo et al., 2006). This may  explain the high sensitivity of can-
cer cells to be killed by BH3-mimetics such as ABT-267, ABT-199
and others (Tse et al., 2008; Wilson et al., 2010; Vandenberg and
Cory, 2013). Apart from interacting with BH3-only proteins, Bcl-
2 survival factors also sequester accidently activated Bax and Bak
in healthy cells. Since active Bax/Bak expose their BH3-domain,
this region can interact with the hydrophobic pocket of Bcl-2 sur-
vival factors and hence Bax/Bak are inhibited (Chen et al., 2005;
Willis et al., 2005, 2007; Uren et al., 2007). This may  also consti-
tute one of the mechanisms by which MOM-inserted Bak is kept
in check by Bcl-2 survival factors. When large amounts of Bax/Bak

are bound by Bcl-2 survival factors, BH3-only proteins can displace
appreciable numbers of Bax/Bak molecules from Bcl-2 and there-
fore make more pore-forming proteins available for the activation
of MOMP  (Youle and Strasser, 2008; Borner and Andrews, 2014).
Since Bcl-2 survival factors are able to sequester both the “activa-
tors” (BH3-only proteins) and the “effectors” (Bax/Bak) of MOMP
and MOMP  triggers both caspase-dependent and -independent cell
death, overexpression of these survival factors is the most efficient
way to block apoptosis, even allowing clonogenic survival (which
caspase inhibitors are not able to do) (Borner, 2003).

Given the importance of the intrinsic mitochondrial pathway
for apoptosis induced by numerous stimuli, viruses have acquired
gene products which mimick the action of Bcl-2 survival factors
to potently inhibit MOMP  in their host cells. Functional homologs
of Bcl-2 are collectively called vBcl-2s. They are present in various
members of the Poxviridae (F1L, N1L, M11L, A179L, ORFV125), Her-
pesviridae (BHRF1, BALF1, vMIA, KSBcl-2, MHVBcl-2), Adenoviridae
(E1B-19K) and Birnaviridae (VP5) family of viruses (Fig. 2) (Benedict
et al., 2002; Galluzzi et al., 2008; Postigo and Ferrer, 2009). While
some of them like E1B-19K have extensive sequence homology
with cellular Bcl-2 survival factors in all regions (White, 1998),
others such as FPV039 from Fowlpoxvirus only retain sequence
homology with the BH1 and BH2 domains while ORFV125 of Para-
poxvirus is homologous in the BH1 and BH3 regions (Galluzzi et al.,
2008; Westphal et al., 2007; Banadyga et al., 2007). Other vBcl-2s
such as vaccinia virus F1L and N1L, myxoma virus M11L and vMIA
from cytomegalovirus do not even show any sequence homology
with mammalian Bcl-2 proteins (Galluzzi et al., 2008). However, the
crystal structure of some of these vBcl-2s reveals a close conserva-
tion of the Bcl-2 family structural conformation. Thus, it is not the
primary amino acid sequence and/or the conserved BH-domains
per se, which determine the function of a Bcl-2 survival factor but
the helical bundle structure that makes up the hydrophobic pocket
where BH3-only proteins and Bax/Bak are sequestered.

Other viral proteins inhibit the intrinsic, mitochondrial signaling
pathway by modulating Bcl-2 family members on the transcrip-
tional level or via post-translational modifications. The tumor
suppressor p53 is known to induce the transcription of the BH3-
only proteins Noxa and Puma in response to genotoxic stress (Oda
et al., 2000; Nakano and Vousden, 2001) and growth factor depriva-
tion (Jabbour et al., 2010) contributing to the elimination of stressed
and damaged cells (Fig. 2). Cells lacking functional p53 survive
and proliferate and accumulate gene mutations eventually leading
to cancer (Harvey et al., 1993). Also, p53-deficient mice are more
prone to certain viral infections, indicating that p53 is not only cru-
cial to prevent cancer but also to induce apoptosis of some infected
host cells. Therefore, viruses have evolved strategies to inactivate
p53. The SV40 large T antigen binds to p53 and sequesters it in
an inactive complex (Lane and Crawford, 1979; Linzer and Levine,
1979). The human papillomavirus (HPV) E6 protein and the aden-
ovirus E1B-55K protein induce the ubiquitination and proteasomal
degradation of p53 (Scheffner et al., 1990; Werness et al., 1990;
Steegenga et al., 1998; Querido et al., 2001). Also, the X protein of
hepatitis B virus (HBx) interacts with p53 and prevents its tran-
scriptional activation of target genes, thereby inhibiting apoptosis
(Wang, 1995) (Fig. 2). A similar strategy is used by the measles
virus V protein, which blocks apoptosis by sequestering the p53
homolog p73 (Cruz et al., 2006). A p53-independent mechanism to
inhibit MOMP  is exploited by the human T cell leukemia virus type I
(HTLV-1) which uses the Tax protein to activate the Bcl-xL promoter
and to repress the Bax promoter (Tsukahara et al., 1999). Moreover,
viruses can effectively block both the intrinsic mitochondrial and
the extrinsic death receptor signaling by engaging the transcription
factor NF�B (Sun and Cesarman, 2011). NF�B induces transcription
of the survival factor Bcl-xL, the caspase-8 inhibitor FLIP or inhibitor
of apoptosis proteins (IAPs), which often directly or indirectly act
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as caspase inhibitors (DiDonato et al., 2012). For example, herpes
simplex virus-1 (HSV-1), through its envelope glycoprotein D uses
a TNFR family member, herpes virus entry mediator (HVEM) for
host surface binding and infection. Activation of this receptor trig-
gers a signaling cascade that leads to NF�B activation and apoptosis
inhibition (Medici et al., 2003; Sciortino et al., 2008). Similarly, the
major B cell-transforming protein in EBV, LMP1, mimics activated
CD40 and engages TRADD and TRAFs, which are crucial adaptors
used by TNFR to activate NF�B. Thereby LMP1 prevents B cells from
localizing to the follicle and protects cells harboring latent virus
from interactions with T cells (Uchida et al., 1999). Finally, the Nef
protein of HIV (Wolf et al., 2001) and the U(S)3 protein kinase of
HSV-1 (Munger and Roizman, 2001) were found to mediate phos-
phorylation of the BH3-only protein Bad, thereby preventing it from
inducing apoptosis.

Another possibility for viruses to interfere with apoptosis signal-
ing is to block caspases. As pointed out above cowpox viruses can
effectively block initiator caspase-8 of the extrinsic death recep-
tor pathway because this pathway is strictly caspase-dependent
(Zhou et al., 1997). The major initiator and effector caspases of
the intrinsic mitochondrial pathway, caspase-9 and caspase-3/-
7 are held in check by cellular IAPs, in particular XIAP (Fig. 2)
(Deveraux and Reed, 1999; Shi, 2002). However, MOMP  also leads
to caspase-independent death signaling (Fig. 2). Therefore block-
ing caspase-9 and/or -3 by viruses may  not be sufficient to save
infected host cells from apoptosis. This explains why  an IAP-
ortholog strategy is infrequently used in mammalian viruses (in
contrast to baculoviruses infecting insect cells) (Taylor and Barry,
2006). Accordingly, although African swine fever virus and Ento-
mopoxviruses encode viral vIAP such as MsEPV and AmEPV these
proteins do not contribute to the virulence of these viruses (Neilan,
1993; Taylor and Barry, 2006) (Fig. 2).

3. Mechanisms by which the intrinsic, mitochondrial
apoptosis pathway is activated after viral infection

Since viruses have developed so many ways to oppose the intrin-
sic mitochondrial apoptosis pathway, the question arises, why  and
when this pathway is activated in infected cells. Three scenarios
are possible: (i) the infected cell is killed by an external apoptotic
signal, (ii) the infected cell “senses” virus entry or assembly and
mounts an antiviral stress response which does not only eliminate
the virus but also the infected cell or (iii) the virus actively induces
apoptosis of its host by using particular viral components expressed
in the infected cells (viral proteases, dsRNA, dsDNA, etc.).

3.1. Killing of virally infected cells by CTLs and NK cells

In addition to the activation of the Fas signaling pathway
(described above), CTLs and NK cells also kill virally infected
target cells via the perforin/granzyme pathway. After success-
ful activation, these cells release perforin and granzyme A and
B from their cytotoxic granules at the immunosynapse where
they contact the virally infected cell via MHC-I/peptide/TCR and
costimulatory molecular interactions (Chavez-Galan et al., 2009;
Ewen et al., 2012; Thiery and Lieberman, 2014) (Fig. 2). Perforin
oligomerizes into variously sized high molecular structures in the
target cell membrane (Metkar et al., 2015). Most likely through
membrane lipid perturbation, similar to what is proposed for Bax
and Bak on the MOM  (Bleicken et al., 2014), perforin forms a pore,
which allows the entry of the serine proteases granzyme A and B
(Metkar et al., 2015) (Fig. 2). While granzyme A provokes a still
not entirely identified caspase-independent death pathway and is
also responsible for inflammatory responses (Pardo et al., 2009a,
2009b; Joeckel and Bird, 2014), granzyme B induces classical

apoptosis in the target cell by two pathways, (i) a direct cleavage
and activation of caspase-3 and (ii) the cleavage of Bid (similar
to what caspase-8 does) and the triggering of Bax/Bak-mediated
MOMP  (Pardo et al., 2009a, 2009b; Ewen et al., 2012; Thiery
and Lieberman, 2014). Viruses counteract the granzyme B killing
pathway by expressing vBcl-2 survival factors. Alternatively they
produce inhibitors of granzyme B, such as the L4-100K assembly
protein from adenovirus (Andrade et al., 2001), CrmA from cowpox
virus (which also inhibits caspase-8) (Komiyama et al., 1996) or
Serp2 encoded by the leporipoxvirus myxoma virus (Turner et al.,
1999) (Fig. 2). All these inhibitors clearly block granzyme B action
in cell free systems. But while the L4-100K protein also potently
inhibited granzyme B-mediated cell death (Andrade et al., 2001),
this could not be effectively observed with cells overexpressing
CrmA or Serp2 or infected with poxviruses (Müllbacher et al.,
1999; Barry et al., 2000; Screpanti et al., 2001; Pardo et al., 2009a,
2009b).

3.2. Recognizing/sensing viruses in endosomal and cytosolic
compartments and mounting an antiviral innate immune
response

In the following section we focus on RNA viruses (Fig. 3) but sim-
ilar mechanisms have either been reported or are expected to occur
for DNA viruses (Goubau et al., 2013; Unterholzner, 2013). Irre-
spective of whether virus replication and spread are blocked and
viruses are finally eliminated by non-apoptotic or apoptotic mech-
anism, the infected host cells first have to recognize, i.e. “sense” the
respective viruses. This places the molecular mechanisms of sens-
ing at the heart of all anti-viral effects, including the initation of
cell death. Virus spread is prevented if host cell apoptosis occurs
before a virus can form progeny, or if an infected cell is success-
fully eliminated by CTLs. If however the virus can inhibit cell death
by expressing own survival factors after infection or if it kills cells
after its reproduction, it can successfully propagate and evade the
immune system. The best known antiviral “sensing” mechanism
of hosts for RNA viruses triggers the so called type I interferon
response (Takeuchi and Akira, 2009; Ivashkiv and Donlin, 2014).
Type I interferons such as IFN� and IFN� are transcriptionally
induced after viral infections and play a critical role in mounting
innate responses against viruses (Fig. 3). They are secreted and bind
to specific interferon receptors on the same as well as on neighbor-
ing cells in order to ensure a spreading of the antiviral state to as
many cells as possible. Activated interferon receptors then trigger
a signaling cascade via the Janus protein kinase-signal transducer
and activators of transcription pathway (JAK-STAT) that results in
the induction of IFN-stimulated genes (ISGs) which can interfere
with the viral life cycle at different steps, induce host cell apoptosis
or both (Fig. 3) (Ivashkiv and Donlin, 2014). Two major components
of this IFN-induced signaling system are the RNA-dependent pro-
tein kinase (PKR) (Garcia et al., 2007) and the 2′,5-oligoadenylate
and RNase-L systems (Hovanessian, 2007). Activation of RNaseL
leads to the degradation of viral RNA therefore blocking further
RNA replication and transcription. On the other hand PKR activa-
tion inhibits host-cell protein translation via the phosphorylation of
elongation initiation-factor 2a (eIF2�) (Garcia et al., 2007) (Fig. 3).
In addition, active PKR was  proposed to induce host cell apopto-
sis via NF�B and IRF-1 activation, which then upregulated FasL
and TRAIL respectively (Tan and Katze, 1999; Jagus et al., 1999).
Although TRAIL is induced by IFNs in a variety of paradigms of viral
infections and may  indeed contribute to apoptosis of host cells, it
is unclear if this is really mediated via the PKR/NF�B axis (Allen
and El-Deiry, 2012). Also, NF�B often acts as a cell death protec-
tive rather than apoptosis-inducing transcription factor (DiDonato
et al., 2012). Moreover, we  recently reported that PKR was not
required for apoptosis induced by the RNA virus SFV although it
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Fig. 3. Innate immune and apoptosis signaling induced by RNA viruses. For details, see text.

was clearly activated and blocked protein synthesis via eIF2� phos-
phorylation (El Maadidi et al., 2014).

In order for a host cell to sense a virus it has to recognize it
as non-self. This occurs through two principle mechanisms. First,
viruses are detected on the host cell surface by so-called pattern
recognition receptors (PRR) which bind to pathogen associated
molecular patterns (PAMPs) on the virus and other pathogens
(Pichlmair and Reis e Sousa, 2007; Kumar et al., 2011). A major
class of cell surface transmembrane PRR are the Toll-like recep-
tors (TLRs) whose PAMP-binding domains contain leucine-rich
repeats (LRR). TLR3, TLR7, TRL9 detect viral nucleic acid ligands
such as long dsRNA, ssRNA or CpG DNA, respectively, mostly in
the endosomal compartments (subsequent to endocytosis of the
virus). After binding, they recruit adaptor proteins such as TRIF
(for TLR3) or MyD88 (TLR7/TLR9), which bind specific members
of the TRAF adaptor and activate the IRAK kinase families. This
ultimately leads to the nuclear translocation of NF�B  and IRF3
and IRF7 transcription factors through respective phosphorylation
and activation of the IkB kinase (IKK) �,�,� and IKK�/TBK1 com-
plexes (Pichlmair and Reis e Sousa, 2007; Bowie and Unterholzer,
2008; Kawai and Akira, 2008; Kumar et al., 2011) (Fig. 3). NF�B
and IRF3/7 then cooperate to induce the transcription of IFN� and
IFN�.  Recently, it was reported that activation of the TLR3 pathway
by the synthetic dsRNA homologs polyIC can induce apoptosis by
recruiting caspase-8 to TLR3 (Weber et al., 2010; Estornes et al.,
2012). In an earlier report, TRIF, an adaptor for TLR3 was  shown to
induce apoptosis in a FADD/caspase-8-dependent manner (Kaiser
and Offermann, 2005) (Fig. 3). In all cases caspase-8 was acti-
vated by proximity-induced dimerization and then cleaved and
activated caspase-3 (Fig. 3). This defines a novel, death receptor-
and mitochondria-independent death signaling pathway involving
caspase-8.

Viruses evolved strategies to inhibit this signaling pathway
downstream of TLRs to avoid the transcription of type I interfer-
ons. For instance, the NS3-4A protease of hepatitis C virus (HCV)
cleaves the adaptor TRIF (Roy and Mocarski, 2007) while the NS5A
protein decreases the expression of TLR4 (Tamura et al., 2011). Vac-
cinia virus uses its A46 protein to inhibit all TLR-adaptors (MyD88,

MAL, TRIF, TRAM), the A52 protein to block TRAF6 and the protein
kinase IRAK2, the B14 protein to antagonize the IKK�,�,� complex
and the K7 protein to prevent the IKK�/TBK1 complex from acti-
vating IRF3/7 (Bowie and Unterholzer, 2008). The latter strategy is
also used by HCV NS3, rabies virus phosphoprotein and hantavirus
G1.

In addition to the recognition of viruses in the endosomal com-
partment, cells also contain viral sensors in the cytosol (Pichlmair
and Reis e Sousa, 2007; Kawai and Akira, 2008; Takeuchi and Akira,
2009). These are the RIG-like helicases (RLH) RIG-I, MDA5 and LGP-
2 (Yoneyama et al., 2004; Kato et al., 2006). RIG-I and MDA5  both
contain two  caspase recruitment domains (CARDs), an ATPase and
a helicase domain (Fig. 3). The helicase domain is used to recog-
nize different kinds of nucleic acids. While MDA5 mainly senses
long viral dsRNA molecules, RIG-I is often activated by short dsRNA
fragments and ssRNAs that have a 5′ triphosphate (Pichlmair and
Reis e Sousa, 2007). This concept ensures that cellular RNAs whose
5′ ends are either capped or contain monophosphates, are not rec-
ognized by RLHs. Activated RIG-I and MDA5 then use their CARD
domains to interact with the mitochondria-located adaptor pro-
tein MAVS (also known as IPS-1, VISA or Cardif) (Kawai et al., 2005;
Meylan et al., 2005; Seth et al., 2005; Xu et al., 2005) (Fig. 3). MAVS in
turn then triggers IKK�,�,� as well as IKK�/TBK1 phosphorylation
that activate NFkB and IRF3 and IRF7 transcription factors for IFN�
and IFN� induction (Takeuchi and Akira, 2009). Similar to TLR3
signaling, sensing through RIG-I/MDA5/MAVS is heavily antago-
nized by viruses. Influenza NS1 binds the RIG-I/MAVS complex
and thereby interferes with its signaling. Moreover, paramyx-
ovirus V and polivirus are able to inhibit the function of MDA5.
Finally, HCV NS3-4 abrogates MAVS signaling by cleaving it from
the mitochondrial membrane. Similarly, MAVS is degraded by
mitochondria-targeted hepatitis A virus 3ABC protein (Bowie and
Unterholzer, 2008). The latter examples show that MAVS functions
on mitochondria and suggests that this organelle either plays a
so far unrecognized role in antiviral type I interferon signaling or
that MAVS also mediates apoptosis and thereby crosstalks with
Bax/Bak-induced MOMP.  Indeed, Besch et al. reported that both
RIG-1 and MDA5 could induce apoptosis of human melanoma cells
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in a type I interferon-independent manner, i.e. at a step before
IFN�/� induction (Besch et al., 2009). The molecular mechanisms
of this new death signaling pathway had however not been defined
at that time.

Recently, we published new insights into the mechanisms of
host cell apoptosis induced by a single stranded, positive-sense RNA
virus which does not encode for any cell death protective proteins
(El Maadidi et al., 2014). Semliki Forest virus (SFV) is a neurotropic
virus that kills mice during the first 21 days of their life, probably
due to the induction of apoptosis of immature neurons (Strauss and
Strauss, 1994). It also causes encephalitis in various animals but is
mostly apathogenic for humans (Fazakerley, 2002). We  and others
however found that SFV induces effective apoptosis of a variety
of human and mouse cells in vitro via the intrinsic mitochon-
drial pathway, i.e. requiring Bax/Bak and the induction of MOMP
(Ubol et al., 1994; Grandgirard et al., 1998; Murphy et al., 2001;
Urban et al., 2008). After infection, SFV produces high amounts
of dsRNA during the RNA replication cycle, and although it is not
entirely clear whether dsRNA is the trigger for SFV-induced apopto-
sis and how it could activate Bax/Bak (via which BH3-only protein?,
see below) (Fig. 3), we reported that SFV-induced apoptosis is
clearly RNA replication dependent (Urban et al., 2008). Moreover,
Bax/Bak double knock-out cells are not entirely protected from SFV-
induced apoptosis but exhibit a Bax/Bak-independent cell death
that still requires caspases but does not involve death-receptor
signaling. We  then found that this novel Bax/Bak-independent
death signaling pathway requires a MDA5-mediated activation of
MAVS on mitochondria (El Maadidi et al., 2014). MAVS recruits
caspase-8 from the cytosol to mitochondria forming a novel death
inducing signaling complex that is capable of processing and
activating caspase-3 and inducing apoptosis (Fig. 3). Our results
indicate that not only the TLR3/TRIF axis can induce apoptosis
in addition to activating NF�B, IRF3/7 and an antiviral type I
interferon response (Kaiser and Offermann, 2005; Weber et al.,
2010; Estornes et al., 2012), but the same can be achieved by
the MDA5/MAVS pathway (El Maadidi et al., 2014). Both Bax/Bak-
and death receptor-independent death signaling pathways use the
initiator caspase-8 on novel death platforms (TLR3/TRIF/caspase-
8 or MAVS/caspase-8) to activate caspase-3/-7 (Fig. 3). Whether
this innate immune signaling pathway also accounts for interferon
responses and/or apoptosis in response to DNA viruses, which use
TLR9 (Hemmi et al., 2000) and other intracellular sensors such as
cGAS/STING (Sun et al., 2013) or DAI (Takaoka et al., 2007) remains
to be determined. Interestingly, it was recently shown that IPS-
1/MAVS may  also mediate innate immune signaling in response
to DNA viruses (Zhang et al., 2011; Unterholzner, 2013). Thus, this
novel mitochondria-associated pathway may  be used as a general
defence mechanism of host cells against viruses.

3.3. Host cell apoptosis induced by ER stress caused by viral
overload

Another possibility how cells can sense and react to virus infec-
tion is by mounting an ER-stress response (Li et al., 2013a, 2013b).
This is particularly the case for RNA viruses such as alphaviruses
where the envelope proteins are co-translationally inserted into
the ER membrane and travel through the exocytotic system to the
cell surface for virus budding (Li and Stollar, 2004; He, 2006; Barry
et al., 2010; Jheng et al., 2014). In this case the high amount of ER-
localized viral proteins induce a classical unfolded protein response
(UPR). While UPR responses are often cell protective by triggering
the transcriptional upregulation of chaperones such as BiP/grp78
which help in the folding of the massive amount of proteins, a per-
sistent, prolonged UPR response, for example via the IRE�/XBP1
pathway can also lead to apoptosis of the infected host cells (Lin
et al., 2007; Sano and Reed, 2013; Lu et al., 2014). In this case, the

transcription factor CHOP1 is activated which upregulates the BH3-
only proteins Bim and Puma, leading to Bax/Bak activation and
MOMP  via the intrinsic mitochondrial pathway (Reimertz et al.,
2003; Puthalakath et al., 2007; Ghosh et al., 2012). Viruses would
then counteract host cell death by the expression of Bcl-2 orthologs
(vBcl-2s).

3.4. Viral components that directly impinge on the host cell
apoptotic machinery

Some viruses have developed strategies to actively kill their
infected hosts, probably to avoid the presentation of viral anti-
gens to the adaptive immune system. If this happens viruses have
replicated and assembled into new virions so that host cell apo-
ptosis does not eliminate the virus as well. Both the activation
of the extrinsic as well as the intrinsic apoptosis pathways have
been observed. Targeting the extrinsic pathway, the Nef protein
of HIV downregulates CD4 and MHC-1 from the cell surface by
crosslinking these proteins to the endocytic compartment (Piguet
et al., 1999). As a consequence membrane-bound TNF� and LIGHT
are constitutively expressed on the surface of T cells, potentially
contributing to the cytotoxic effects of HIV on infected T cells and
uninfected bystander lymphocytes (Lama and Ware, 2000). More-
over, HCMV and reoviruses were shown to actively induce the
expression of TRAIL (Sedger et al., 1999; Vidalain et al., 2000) and
HSV and HCMV can enhance the expression of FasL (Raftery et al.,
1999, 2001). This mechanism is thought to constitute another viral
immune evasion tactic to eliminate infiltrating immune cells such
as CTLs and DCs by counterattack.

To activate the intrinsic mitochondrial pathway, the Vpr protein
from HIV-1 induces swelling of mitochondria and MOM  permeabi-
lization in lymphoid and transformed cells (Stewart et al., 1999;
Jacotot et al., 2000; Muthumani et al., 2002; Deniaud et al., 2004).
Severe acute respiratory syndrome coronavirus (SARS-CoV) 7a pro-
tein can directly inhibit Bcl-xL and other survival factors (Tan et al.,
2007). Although to date viruses have not been found to express
BH3-only orthologs, there is increasing evidence that they some-
how activate cellular BH3-only proteins to engage the Bax/Bak pore
machinery on the MOM.  However, the exact molecular mechanism
how this is done has remained enigmatic. The Tat protein of HIV-
1 was  shown to release Bim from its inhibitory contraints on the
cytoskeleton so that it can directly activate Bax/Bak (Puthalakath
et al., 1999; Chen et al., 2002). Whether Bim indeed is held in check
at the cytoskeleton is largely debated. Moreover the mechanism of
release has not been investigated. IFN�/� production in response
to vesicular stomatitis viral infection has been shown to induce
expression of Noxa (Galluzzi et al., 2008), but the transcription fac-
tors involved were not identified. Based on the finding that viruses
can activate p53 and its homologs such as p73 (Kaelin, 1999), it
is possible that Noxa, and maybe also Puma are transcriptionally
induced by these factors in response to certain infections (Cruz
et al., 2006; Liu et al., 2014). Alternatively, virus-specific protein
kinases could phosphorylate BH3-only proteins, as it was  shown
for the U(S)3 protein kinase of HSV-1 on Bad (Munger and Roizman,
2001).

We  have recently shown that Bim phosphorylation on three
sites by JNK1/2 enhances its proapoptotic activity toward Bax/Bak
activation (Geissler et al., 2013). Moreover, we  have obtained
evidence that dsRNA produced by SFV does not only trigger a
Bax/Bak-independent death signaling pathway involving the for-
mation of a mitochondrial MAVS/caspase-8 complex (see above)
(El Maadidi et al., 2014) but also uses a so far unknown BH3-
only protein to activate Bax/Bak and MOMP  (Papaianni et al.,
submitted) (Fig. 3). How dsRNA links to such a BH3-only pro-
tein is currently investigated in our lab. Finally, it is possible that
virus-encoded proteases may  cleave BH3-only proteins such as



52 S. Neumann et al. / Virus Research 209 (2015) 45–55

Bid. These proteases are required for the viral life cycle because
they process large non-structural and structural polypeptide pre-
cusors into mature viral proteins (Strauss and Strauss, 1994). Since
they often show degenerate substrate specificity, they could cleave
important components of apoptosis signaling and thereby acti-
vate them. For example, PLV viruses express proteases (2Apro and
3Cpro), which activate caspase-dependent apoptosis (Barco et al.,
2000; Goldstaub et al., 2000; Calandria et al., 2004). In addition,
HIV-encoded protease is known to process and activate caspase-8
both in vitro and in T cells, which then leads to Bid cleavage and
mitochondria-mediated apoptosis (Nie et al., 2002). Indeed Bcl-2
overexpression protects cells from the pro-apoptotic effects of the
HIV-protease and prevents apoptosis induced by HIV-1 infection of
human lymphocytes (Strack et al., 1996).

4. Concluding remarks and outlook

There is increasing evidence that innate immune signaling via
TLRs and intracellular PRRs do not only trigger an antiviral inter-
feron response and other mechanisms to limit the replication,
assembly and spread of viruses, but they also cooperate with the
intrinsic Bax/Bak-mediated mitchondrial pathway to induce apo-
ptosis of the infected host cells. As discussed above, some viruses
have clearly evolved strategies to counteract both the intrinsic as
well as the innate signaling branch so that they can effectively
replicate and reproduce. However, other viruses, such as SFV and
other alphaviruses, do not express any cell survival factors and may
therefore use these pathways to kill their host cells after their suc-
cessful reproduction, e.g. to evade detection by the immune system.
While we clearly understand how virus-encoded decoy receptors,
caspase-8 and other caspase inhibitors as well as Bcl-2 orthologs
work to inhibit apoptosis of infected cells, we need to further under-
stand how viruses manage to activate BH3-only proteins and/or
directly perturb the balance between Bcl-2-like survival factors and
pore-forming Bax/Bak proteins on the MOM.  Further challenges
will be to identify all the components of the TLR3/TRIF/caspase-8
and MAVS/caspase-8 complexes, which seem to constitute novel
DISCs enhancing Bax/Bak-mediated MOMP  and to investigate if
other viruses such as DNA viruses also use innate signaling strate-
gies to kill their hosts. Irrespective of whether viruses use apoptotic
or anti-apoptotic mechanisms to win their competition with the
host, a better understanding will continue to provide considerable
insight into both viral and cellular biology, from initial virus sens-
ing to viral clearance or persistence. It is the hope that this will
ultimately lead to the generation of more effective vaccines against
viruses.
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