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Abstract

Many viruses regulate a crucial point in the apoptotic pathway by expressing viral Bcl-2 homologues, which have become useful tools to
investigate the mechanisms behind the control of the mitochondrial checkpoint of apoptosis. Concurrently, a number of viral inhibitors of innate
immune signalling have been instrumental tools in the discovery of key host pathways. Here we discuss how viral inhibitors of the apoptotic and
innate signalling pathways have further enhanced the understanding of both research fields and are beginning to shed light on how these two

pathways converge.
© 2009 Elsevier Masson SAS. All rights reserved.

Keywords: Apoptosis; Viral homologues; Inflammasome

1. Introduction

Viruses are intracellular parasites that require infected cells
to survive for the appropriate length of time to propagate and
thus ensure their successful transmission to the next host. For
many viruses inhibiting host cell death, at least temporarily, is
therefore paramount. For others, perhaps paradoxically, it is
crucial that they induce cell death, for instance to facilitate
viral exit or to eliminate cells that may hamper their propa-
gation within the host. Viral genomes reflect their specific
dependence on the induction or inhibition of cell death during
their life cycle, with viral proteins targeting many key steps in
cell death progression.

In response to the stress induced by viral infection, all
metazoan cells have the intrinsic capacity to sense virus
infection and restrict viral replication and spread. A staggering
number of viral inhibitors of innate signalling have been
discovered, and they have often been great tools in the
discovery of key host pathways. Here we review the strategies
that viruses employ to regulate a crucial point in the apoptotic
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pathway, the mitochondrial checkpoint, with an emphasis on
the role of viral Bcl-2 homologues, and how these proteins
remain useful in the investigation of the mechanisms of
apoptosis. Furthermore, we discuss how viral inhibitors
support the suggestion that the machinery that governs the
detection of and response to viral infection shares features
with cell death programs.

2. Inhibition of apoptosis: lessons learned from viral
Bcl-2-like proteins

Apoptosis is a highly conserved process in multicellular
organisms. Viruses employ strategies to regulate the mito-
chondrial checkpoint of apoptosis especially by altering the
balance of pro-apoptotic and pro-survival proteins, either by
producing pro-survival inhibitors to induce cellular death or
by expressing viral Bcl-2 homologues to maintain cellular
survival. Commitment to apoptosis can take place through two
distinct but interconnected pathways: the intrinsic and extrinsic
apoptotic pathways (see also Duprez et al. in this issue) [1].

The extrinsic apoptotic pathway is initiated by extracellular
receptor-ligand interactions. Ligands such as FasL. and TNFa
induce oligomerisation of their respective receptors and the
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formation of death inducing signalling complexes (DISCs) in
the cytoplasm, leading to association of fas associated death
domain (FADD) and the cysteine protease caspase-8. Proteo-
Iytic activation of caspase-8 leads to dissociation of the DISC
and activation of effector caspases (e.g. caspase-3,-6 and -7).
Viruses from many different viral families inhibit the extrinsic
pathway at different stages by mimicking TNF receptors and
acting as decoys (such as CrmB from cowpox virus and MT-2
from Myxoma virus), by mimicking cellular inhibitors of
caspase-8 activation (VFLIPs such as MC159 from Molluscum
Contagiosum virus), and by inhibiting the proteolytic activity
of caspase-8 (CrmA from cowpox virus) [2].

The intrinsic apoptotic pathway is activated by a variety of
stress signals, such as DNA damage, hormone deprivation,
unfolded protein response and pathogen infection. The
intrinsic pathway is regulated by the Bcl-2 family of proteins,
which control a checkpoint preventing the disruption of the
mitochondrial outer membrane (MOM). MOM permeabilisa-
tion leads to the release of several apoptogenic proteins from
the intermembrane space including cytochrome c. Upon
release from mitochondria cytochrome ¢ induces formation of
the apoptosome in association with Apaf-1 and pro-caspase 9,
leading to caspase-9 activation [1]. Direct inhibition of cas-
pases by cellular Inhibitors of Apoptosis (IAPs) has also been
found as a viral strategy although this seems to be limited to
insect cells. IAPs were first characterised in the Baculovirus
family, which express OpIAP and CpIAP [3]. Entomopoxvi-
ruses also express viral IAP’s such as MSEPV and AmEPV [4].

The Bcl-2 family of proteins is subdivided on the basis of
the structural conservation of the Bcl-2 Homology domains
(BH) domains. For instance, the pro-apoptotic BH3-only
proteins (including Bim, Bid, Bad, Bmf, Puma, Noxa) only
share homology with the rest of the Bcl-2 family of proteins in
the alpha-helical BH3 domain. These BH3-only proteins act as
sensors of the intrinsic pathway by responding to diverse
developmental and environmental death cues. The diversity of
BH3-only proteins, together with their tissue specific distri-
bution permits a variety of cytotoxic stress signals to initiate
apoptosis [1].

In contrast, the pro-survival members of the Bcl-2 family
(Bcl-2, Bel-X;, Bel-w, Mcl-1, Al and perhaps Boo) contain
a BH1, BH2 and BH3 domain, while some of these members
also contain a BH4 domain at the N-terminus. The pro-
survival proteins can interact with the BH3-only proteins in
order to inhibit apoptosis. Interactions between BH3-only and
pro-survival proteins are specific, implying that not all BH3-
only proteins can induce apoptosis by themselves. The
effectors of this pathway (Bak, Bax, and perhaps Bok) also
contain a BH1, BH2 and BH3 domain but have a pro-apoptotic
function. Following an apoptotic stimulus, BH3-only proteins
inhibit the pro-survival proteins, allowing for Bak and Bax to
kill the cell (Fig. 1) [1].

The structures of several cellular pro-survival members, as
well as Bak and Bax have been solved. These proteins are
characterised by a helical bundle structure in which a central
hydrophobic helix is secluded from the cytosol by a set of 7-8
amphipathic helices. Furthermore, coalescence of the helices

in the regions containing the BH1, BH2, and BH3 domains
creates an elongated hydrophobic groove that behaves as an
interaction domain with the various pro-apoptotic members of
the Bcl-2 family of proteins [1].

Viruses have successfully mimicked elements of the
intrinsic apoptotic pathway to either retain mitochondrial
integrity or lead to MOM permeabilisation, depending on the
viral life cycle, host, and the host immune response to the
virus (for a detailed review of this field see; Galluzi et al.
2008). Techniques to induce MOM permeabilisation by
interfering with pro-survival members of the intrinsic pathway
are predominantly found within the RNA viruses. Vpr from
Human immunodeficiency virus-1 (HIV-1) acts at mitochon-
dria to induce swelling and MOM permeabilisation in
lymphoid cells. Bcl-2 has been reported to inhibit Vpr induced
MOM permeabilisation, however this process seems to be cell
type dependent [5,6]. Severe acute respiratory syndrome
coronavirus (SARS-CoV) 7a protein has been reported to
directly inhibit Bcl-X; pro-survival activity, along with its
ability to bind all other pro-survival members (Fig. 1) [7]. Like
other intrinsic forms of cellular stress, viral proteins may lead
to BH3-only protein activation. Tat protein from HIV-1 is
capable of inducing apoptosis by causing the disassociation of
Bim from the cytoskeleton, where Bim is sequestered in
healthy cells (Fig. 1) [8]. Interferon 1 production in response
to vesicular stomatitits viral infection has been shown to
induce expression of pro-apoptotic Noxa [9].

If viral infection induces apoptosis, this must depend on the
recognition of viral molecules by cellular receptors. Recent
evidence indicates that it is often viral nucleic acids that can be
detected by these receptors (see also below) [10]. How such
recognition is linked to the induction of apoptosis is not well
understood but there is evidence that toll-like receptor 3 can at
least in some situations induce apoptosis that appears to depend
on caspase-8 activation, and the cytosolic receptors for viral
RNA, RIG-I and MDAS5, have recently been found to be capable
of inducing not only a pro-inflammatory but also a pro-
apoptotic response (Besch et al., J Clin Invest, in press) [11].
The role of this pro-apoptotic potential for viral propagation
and host defence will need to be worked out in the future.

Strategies to maintain MOM integrity have predominantly
evolved amongst DNA viruses by encoding functional homo-
logues of Bcl-2 proteins, collectively termed vBcl-2s. vBcl-2s
have been found in various members of the Poxviridae
(F1, N1, M11L, A179L, ORFV125, M11L), Herpesviridae
(BHRF1, BALF1, vMIA) Adenoviridae (E1B19K) and
Birnaviridae (VP5) families of viruses [9]. Interestingly, while
some vBcl-2s such as E1B19K are clear sequence homologues
of cellular Bcl-2-like proteins, others share little primary
sequence homology with their mammalian homologues.
However, the crystal structure of some of these functional
Bcl-2 homologues reveals conservation of the Bcl-2 family
structural conformation. Examination of the latter class of
vBcl-2 proteins now allows us to revisit the role of the
conserved amino acids in the BH1, BH2, and BH3 domains of
the pro-survival members as originally defined. The most
highly conserved of these regions is the BH3 domain present
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Fig. 1. Viral proteins target specific elements of the mitochondrial checkpoint of apoptosis. According to a prevalent model, upon an apoptotic stimulus the
BH3-only proteins (Bim, Noxa, Bid, Puma, Bmf, Bad) are induced or activated. They subsequently translocate to the mitochondria to inhibit the pro-survival
Bcl-2 proteins (Bcl-2, Bel-X;, Bel-w, Mcl-1). Upon sequestration of pro-survival Bcl-2 proteins by BH3-only proteins, the pro-apoptotic Bcl-2 proteins Bak
and Bax located in the outer mitochondrial membrane undergo structural rearrangements of their N-terminus, leading to their oligomerisation. The viral
activators (pink) and inhibitors (purple) of apoptosis sequestering this pathway target specific subsets of Bcl-2 proteins, for details see text. Black lines indicate
the cellular apoptotic pathway, red lines indicate viral inhibition, and red arrows indicate activation. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

in all members of the cellular Bcl-2 family of proteins. vBcl-
2s allow us to question the strict requirement for the Bcl-2 pro-
survival proteins to contain BH domains, including the core
BH3 domain, to function. For example, Adenovirus E1B19K
and African Swine Fever Virus (ASFV) A179L retain
homology to all BH domains [12]. In contrast, FPV039 from
Fowlpoxvirus only retains sequence homology with the BH1
and BH2 domains while Orf-125 of Parapoxvirus retains most
sequence homology at the BH1 and BH3 [9,13,14]. Other
vBcl-2’s such as Vaccinia virus F1 and N1, Myxoma virus
MI11L and vMIA from Cytomegalovirus do not retain any
significant homology to the BH domains found in mammalian
Bcl-2’s [9]. Therefore, vBcl-2s show that overall sequence
homologies, and the sequence of the BH domains, are not

strict requirements for the pro-survival function of Bcl-2 like
proteins. Rather, they emphasize the requirement for their
helical bundle structure.

vBcl-2s, like their mammalian counterparts, have been
shown to vary in their anti-apoptotic potency. The variation in
pro-survival potency of vBcl-2s and mammalian Bcl-2s has
been debated and there is still no agreement [15,16]. These
different results are possibly due to differences in cell types
used, protein expression levels or variations in apoptotic
stimuli used to assess pro-survival function. While proteins
such as Bcl-2, Bcl-X;, and E1B19K are considered strong
inhibitors of apoptosis, others such as N1, Bcl-w, and Al are
considered weak pro-survival members when over-expressed
[17]. Two studies that compared the pro-survival activity of
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cellular pro-survivals and vBcl-2s have contradicted each
other regarding the pro-survival activity of these proteins.
Huang et al. describe the vBcl-2 E1B19K and the mammalian
pro-survivals Bcl-2 and Bcl-X as functionally equivalent by
assessing different cell types and stimuli. In contrast, Cross
et al. define the vBcl-2s EIB19K and BHRF1 as more efficient
inhibitors of apoptosis than their mammalian homologues
Bcl-2 and Bel-X, [15,16].

It is in part because of their different characteristics that
vBcl-2s have proven useful tools in the dissection of the
intrinsic apoptotic pathway. Distinct abilities to inhibit the
different stages of the apoptotic pathway have been attributed
to the various vBcl-2s. vMIA exclusively inhibits Bax at
mitochondria by an interaction that does not depend on the
sequestration of the Bax BH3 domain but that involves
electrostatic interactions (Fig. 1) [18]. A recent report has
suggested a similar alternative interaction to the typical
sequestration of Bax BH3 domain for Bcl-X; [19]. Preferen-
tial inhibition of Bak has been reported for F1, although the
interacting domains between these two proteins are still
debated (Fig. 1) [20,21]. Apoptotic inhibition by the seques-
tration of BH3-only proteins by vBcl-2s has been reported for
A179L by binding both Bim and Noxa, and Orf-125 through
binding of all tested BH3-only proteins (Fig. 1) [9,12,13].

The mechanisms behind the activation of Bak and Bax have
been elucidated to an extent. Upon apoptotic signalling both
Bak and Bax undergo conformational changes at their
N-termini and oligomerise to permeabilise the MOM. Oligo-
merisation of Bax and Bak occurs via interactions involving
the BH3 domain of the Bax or Bak monomers in a process that
precedes, and directly allows for, the release of cytochrome ¢
[22,23]. E1B19K, BHRF1 and M11L have all been reported to
bind both Bax and Bak, but despite the observation that they
have the same binding partners, the stages at which these
proteins bind Bak and Bax are distinct [16,24]. M11L has been
reported to bind both Bak and Bax by sequestering their BH3
domain [24]. BHRF1 inhibits Bak and Bax N-terminal
exposure when both pro-apoptotic members are localised to
mitochondria (Fig. 1) [16]. N-terminal exposure of Bak and
Bax is a process that precedes the exposure of the BH3
domain, therefore suggesting an alternative form of binding
between the vBcl-2s and the pro-apoptotic members [22,23].
In contrast, EIB19K has been reported to inhibit the oligo-
merisation of Bak and Bax, a process that also involves Bak
and Bax BH3 domain sequestration (Fig. 1) [16].

Together, the distinct mechanisms behind the function of
the vBcl-2s show that interactions with the different pro-
apoptotic members of this family are unique to the different
proteins. Therefore, the targeted or combined use of vBcl-2s
with their distinct properties will continue to add to our
understanding of the modes of apoptotic inhibition involved in
maintaining MOM integrity in a cellular and viral context.

3. Virus sensing and immune evasion

Clearly, activation of cellular suicide programmes repre-
sents an efficient host strategy to limit virus replication and

spread. However, these programmes are merely one of the
cellular responses that follow the detection of an invading
virus: the innate immune system activates a variety of anti-
viral responses, both in the infected cell and in professional
immune cells [25]. This firmly places virus sensing at the
centre of all anti-viral “outputs”, including initiation of cell
death.

In order for the host cell to detect viruses, viral substrates
have to be recognised as non-self to activate the innate immune
system. It has become clear that viral recognition is achieved
through the recognition of pathogen associated molecular
patterns (PAMP). These specific pathogen protein and nucleic
acid signature patterns are recognised at distinct sub-cellular
locations by pattern recognition receptors (PRR) [25]. The term
PRR generally tends to be reserved for those viral sensor
proteins that signal to induce a transcriptional response. The
most notable induced anti-viral gene products include the
secreted type I interferons, which can induce apoptosis though
the intrinsic pathway as mentioned above. Interferon-induced
signalling pathways initiate an anti-viral transcriptional pro-
gramme of IFN-stimulated genes (ISG) in infected cells and
their neighbours, thus spreading an ‘“‘anti-viral state” [26].

Recent advances have identified the Toll-like receptor
family (TLR) and the Rig-like helicases (RLH) as PRRs.
TLRs are classical single pass transmembrane proteins whose
PAMP-binding domains contain leucine-rich repeats (LRR).
Viral nucleic acid ligands, including long dsRNA, ssRNA or
CpG DNA, are detected by a subset of TLRs (TLR3,7-9) that
survey the endosomal compartment. Upon ligand activation,
TLRs recruit adaptor proteins such as MyD88, TRIF or
TRAM, which activate specific members of the TRAF adaptor
and the IRAK kinase families. These signalling pathways
ultimately lead to phosphorylation and nuclear translocation of
the NF-kB and IRF3,7 transcription factors through respective
activation of the IkB kinase (IKK) a,B,y and IKKe/TBK1
complexes [25,27].

It is vital for viruses to inhibit the signalling pathways
downstream of TLRs (and RLHs, see below), and the viral
evasion and subversion of these pathways continues to amaze.
Inhibition occurs proximal to the TLR, as well as at every
level towards transcription. For instance, Hepatitis C virus
(HCV) NS3-4A blocks TLR3 mediated endosomal detection
of dsRNA by cleaving the adaptor TRIF [28]. Vaccinia virus
blocks TLR signalling through A46, an inhibitor of the adaptor
proteins MyD88, MAL, TRIF and TRAM, while HCV NS5
inhibits MyD88. TRAF6, an adaptor downstream of MyD88
and IRAK, is inhibited by vaccinia A52, which in addition
targets the kinase IRAK2 [27]. The IKK «,B,y complex is also
antagonized by viral proteins, such as vaccinia virus B14.
HCV NS3, rabies virus phosphoprotein and hantavirus Gl
protein all target the IKKe/TBK1 complex, while vaccinia K7
prevents the complex from activating IRFs by targeting the
Dead-box protein 3 (DDX3) protein [27].

While TLRs predominantly recognise viral PAMPs within
endosomes, cells also contain viral sensors in the cytosol [25].
The Rig-like helicase (RLH) family includes RIG-I, MDAS,
and LGP-2. RIG-I and MDAS both contain two caspase
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recruitment domains (CARDs), an ATPase and a helicase
domain. Both use their helicase domains to recognise distinct
viral nucleic acids. MDAS is the main cytoplasmic receptor
for longer viral dsRNA molecules. RIG-I on the other hand
can be activated by short dSRNA fragments, as well as ssSRNAs
that have a 5’ triphosphate [25]. Interestingly, these charac-
teristics appear to explain why host RNAs are not recognised
by either sensor protein: host RNA either have their 5 capped
or contain monophosphates, and long dsRNA is only present
in the context of viral infection. After binding of the RNA with
their helicase domain, activated RIG-I and MDAS5 use their
CARD domains to bind the mitochondrion-located adaptor
protein IPS-1 (also known as MAVS, VISA or Cardif).
Recently, an additional adaptor protein localised to the ER and
mitochondrial outer membrane, called MITA (or STING), was
identified to recruit TBK1 and IRF3 to IPS-1 and thus enhance
RIG-I specific signalling [29]. Via IPS-1 RLH signalling
converges with the IKK o,B,y and IKKe/TBK1 complexes
leading to activation of the NF-kB and IRF3,7 transcription
factors.

Unsurprisingly, the RIG-I and MDAS pathways are heavily
policed by viral inhibitors. Influenza NS1 binds the RIG-I/
IPS1 complex to interfere with it’s signalling. MDA-5 is
inhibited by the paramyxovirus V proteins, while poliovirus
interferes with MDAS function by inducing its cleavage.
Furthermore, HCV NS3-4A abrogates IPS1 signalling by
cleaving it from the mitochondrial membrane. In addition,
hepatitis A virus 3ABC is targeted to the mitochondria where
it degrades IPS1 [27].

It is worth noting that TLRs have also been shown to
induce apoptosis in response to viral detection. TRIF, an
adaptor for TLR3 and TLR4 signalling, has been shown to
induce apoptosis via the extrinsic pathway in a FADD/cas-
pase-8-dependent and mitochondrion-independent pathway
[30]. This pathway could further be inhibited by the viral
inhibitors of the extrinsic apoptotic pathway or novel inhibi-
tors, but the mechanisms behind this remain beyond the scope
of this review (For review see: Kaiser et al. 2005).

Another family of cytosolic PRRs are the so-called Nod-
like receptors (NLR), sub-divided into three families on the
basis of their N-terminal protein-protein interaction domains.
The CARD domain NOD family, the pyrin domain (PYD)
NALP family and the baculovirus inhibitory repeat (BIR)
domain NAIP family [31]. These proteins are thought to
maintain an auto-inhibitory interaction between a NOD
domain and a C-terminal LRR domain to prevent spontaneous
activation. Upon PAMP binding to their LRR domains, the
NLR proteins oligomerize and expose their N-terminal
domains to recruit effector proteins. The NOD family proteins
recruit the kinase RICK via their CARD domains, leading to
MAPK and NF-«kB activation. The NALP family proteins
recruit the adaptor ASC to their PYD domain, leading to the
recruitment of pro-caspase-1 and it’s processing to caspase-1.
Caspase-1 recruitment by ASC association has also been
shown to be further induced by the interferon HIN-200 family
member AIM2 (abscent in melanoma 2), due to its newly
described NALP-like activity [32]. Caspase-1-activating

complexes are called inflammasomes, and each inflammasome
is designated according to the NLR within it [33]. The NLR
system appears to in part work in concert with other pathogen
detectors. For instance, PAMPs may engage the TLR- NF-kB
pathway leading to pro-IL-1B production. Pro-IL-1f is then
cleaved to IL-1B, a strong pro-inflammatory cytokine, by
caspase-1 produced by inflammasome activation [34]. In
addition, inflammasome activation can also contribute to
pathogen-induced cell death in ways that are not well
characterised (e.g. pyroptosis, see Duprez et al. in this issue)
[35,36].

Although some herpesviruses may subvert IL-1f activity,
only poxviruses encode known inhibitors of inflammasome
signalling [27]. Vaccinia virus CrmA (B13R) is an inhibitor of
caspase-1, although its role in vivo appears to be predomi-
nantly anti-apoptotic [37], Vaccinia also encodes the soluble
IL1BR inhibitor B15, which largely prevents pyrogenic
responses in vivo [28]. Another poxvirus, myxoma virus,
encodes MI3L, a PYD domain containing inhibitor of
caspase-1 activation [38]. M13L is thought to compete with
PYD-containing NLRs by binding ASC. Curiously, many
NLR ligands are bacterial PAMPs, yet despite the fact that
viral infection can induce IL-1f processing, few viral PAMPs
that activate inflammasomes have thus far been discovered
[27]. Mirroring this, few viral NLR or inflammasome inhibi-
tors are known to date. Is this perhaps an indication of
a fundamental difference in the way bacteria and viruses are
sensed by inflammasomes? Even though it could establish
a fundamental difference, it is more likely that we are still to
uncover the diverse ways in which viruses modulate the
inflammasome and NLR signalling.

4. Cell death and virus sensing: similarities revealed by
viral inhibitors?

Subsequent to sensing of viral infection most cells will
attempt to wundergo cell death whilst also producing
pro-inflammatory cytokines to spread the alarm amongst their
neighbours. Recent advances indicate that some elements of
the machineries governing cell death and the innate immune
response overlap. In particular, viral inhibitors are providing
insights into this overlap.

It is becoming increasingly evident that mitochondria are
not merely regulating the metabolic status of the cell but are
also a hub for signalling pathways that regulate cell death and
innate immunity. The mitochondrial checkpoint for apoptosis
is heavily targeted by vBcl2 anti-apoptotic proteins and, as
discussed above, these viral proteins continue shedding light
on the molecular nature of this checkpoint. In RLH signalling,
the IPS1-associated complex recruits TBK1 and IRF3 via the
adaptor MITA, which like IPS1 is localised to the outer
mitochondrial membrane and the ER. In fact, the recent
discovery that HCV cleavage of IPS1 off the mitochondria
renders it non-functional proved that IPS1 functions at the
mitochondria and represents a great example of viral proteins
providing insights into host biology [27]. The central position
of the mitochondria in both RLH and cell death signalling is
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intriguing: are mitochondria merely a convenient scaffold to
attach signalling pathways onto or could it indicate that that
these pathways are functionally interlinked?

It is thought that cell removal by apoptosis is the preferred
cell death pathway as it prevents over-activation by the
immune system. However, recent evidence suggests that, at
least under certain conditions, anti-viral immunity could
benefit from infected cells dying by other programmed, but
non-apoptotic forms of cell death that lead to release of pro-
inflammatory cell content into the extracellular milieu. [36].
NLR proteins have emerged as regulators of such infection-
induced, pyrogenic forms of cell death, in part through
inflammasome-mediated caspase-1 activation [35]. Caspase-1
processing produces mature IL-183, but its substrates in the
mediation of non-apoptotic cell death remain unclear.
Interesting further similarities and cross-talk between inflam-
masome and cell death components have been described. For
instance, the inflammasome shares characteristics with the
apoptosome structure made up of Apaf-1 and caspase-9
(Fig. 2). Apaf-1 is maintained in an inactive state through the
auto-inhibitory interactions of its C-terminal WD40 domains
with the nucleotide-binding domain (NBD). Following
cytochrome ¢ release from the mitochondria the inhibition is
relieved and Apaf-1 and pro-caspase-9 form the heptameric

wheel-like apoptosome structure [35]. NLR proteins are
structurally similar to Apaf-1, with C-terminal LRR domains
instead of WD40 repeats, and are similarly activated by the
release of an auto-inhibitory interaction [35].

Furthermore, direct interactions between cell death and
inflammasome components have been reported. The adaptor
ASC, an essential component of the inflammasome, facilitates
pS3-dependent cell death through activation of Bax, possibly
at the mitochondria (Fig. 2) [39]. It is worth noting however,
that the involvement of BH3-only proteins like Bim and Puma,
which are also induced by p53, was not assessed in these
studies (Fig. 2) [1]. Lastly, the pro-survival proteins Bcl-2 and
Bcl-Xp have recently been found to bind the NLR protein
NALPI and thus suppress the NALP1 inflammasome, leading
to reduced caspase-1 activation and IL-1f production (Fig. 2)
[40]. While it is not yet known which sub-cellular pool of
these Bcl-2 proteins is involved in inflammasome interactions,
it certainly raises the prospect of the NLR signalling pathway
being regulated from the mitochondria (Fig. 2). Future work
will undoubtedly elaborate on the role the Bcl-2 family plays
in NLR signalling, especially since the ASC-Bax and
Bcl-2-NALPI1 interactions suggest competing roles of the
Bcl-2 proteins in the regulation of the inflammasome. As
discussed, many viruses contain sequence and structural Bcl-2
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Fig. 2. Cell death and innate immunity are intimately linked. ASC induction by p53 is capable of inducing Bax dependent apoptosis, hence leading to the formation
of the apoptosome along with formation of the inflammasome. Similarities in the diagrammatic representation of the inflammasome and apoptosome are suggestive
of the structural similarities between both molecular complexes. Indications of the BH3-only proteins (Bim, Puma, and Noxa) p53 mediated transcriptional control
and possible interactions with Bax (depicted by the dashed arrow) highlight weaknesses in the ASC/Bax interaction pathway (see text). Bcl-2 plays a direct role in
the inhibition of Bak/Bax activation and inflammasome formation by Nalpl. Findings regarding the innate and apoptotic inhibitory effect of vBcl-2s raise the
question of whether these proteins may also be able to inhibit the inflammasome cascade. Black lines indicate the cellular apoptotic pathway, red lines indicate
viral inhibition, and dashed lines indicate discrepancies or possibilities raised in the text. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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homologues. Given the obvious scarcity of known viral
inhibitors of the inflammasome complex and NLR signalling
in general, could some of these vBcl-2s represent such
inhibitors?

Recent reports have revealed a further sequel to the story of
vBcl-2 proteins. Myxoma virus M11L and vaccinia virus F1
and N1 all encode functional Bcl-2 homologues that directly
target Bak (F1), Bax (N1) or both (M11L). As mentioned these
poxvirus proteins share a helical bundle structure that includes
a BH3-binding groove, but do not share sequence similarity
with other vBcl-2s or their mammalian counterparts.

Graham et al. have solved the structures of the vaccinia virus
TRAF6/IRAK2 inhibitor A52 and the IKKp inhibitor B14.
Intriguingly, these inhibitors of TLR and RLH signalling have
the same structural helical bundle fold as the Bcl-2 family while
neither have anti-apoptotic activity [41]. In line with this
feature, B14 and A52 do not contain a hydrophobic groove that
could accommodate BH3 peptides from pro-apoptotic Bcl-2
proteins. Both proteins belong to a family that includes vaccinia
proteins A46, N1, C6, C16 and K7, some of which are proven
innate signalling inhibitors, and it was proposed that these may
all have a Bcl-2 structural fold [41]. Indeed, the structure of K7
was recently shown to have such a fold [42].

N1, a recognised vBcl-2, has an unusual, largely open
hydrophobic groove when compared to other vBcl-2s and their
mammalian counterparts. N1 has weak anti-apoptotic activity
and is localised to the cytosol, where it is thought to bind Bax
[41]. Possibly its weak apoptotic activity is explained by
vaccinia-induced apoptosis being predominantly Bak-depen-
dent, though this remains unexplored. Interestingly, N1 is also
an inhibitor of TRAF6 and the IKKe/TBK1 complex, making
it the only known vaccinia Bcl-2-like protein that inhibits both
the intrinsic apoptotic pathway and some of the innate
immunity pathways [43].

Based on the sequence divergence between these vaccinia
Bcl-2-like proteins and their host counterparts Graham et al.
propose that ancestral poxviruses have acquired a Bcl-2-like
protein whose helical scaffold has been re-used to target
multiple pathways [41]. In light of recent novel roles for both
Bcl-2 proteins and the mitochondria in innate immunity
signalling it remains however a fascinating possibility that
vBcl-2s have shown us the way towards novel functions
played by cellular Bcl-2 proteins.

5. Concluding remarks

Our understanding of the ways in which infection leads to
cell suicide and induction of the innate immune system
continues to undergo rapid advances. Viruses have evolved to
counteract the effects of these anti-viral responses by inhib-
iting signalling cascades or mimicking intrinsic inhibitors of
these pathways. The discovery of these innate immunity and
apoptotic inhibitors have led to better understanding of viral
biology, but have also produced considerable insight into the
field of cellular biology. Viral modulators of cell death and
innate signalling will continue to provide us with insights into
the path from initial virus sensing to viral clearance.

In addition these viral proteins suggest that the two host
programmes regulating the two so-far distinct pathways
governing cell death and innate immunity are intimately
linked. In a broader context, it is not surprising that these two
pathways have evolved to intimately cooperate with each
other. By integrating these pathways, metazoans have devel-
oped a finely tuned system allowing infected cells to warn the
organism of infection and altruistically commit suicide to limit
the parasitic requirements of viruses.
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