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Abstract

The innate immune system has a key role in the mammalian immune response. Recent research
has demonstrated that mitochondria participate in a broad range of innate immune pathways,
functioning as signalling platforms and contributing to effector responses. In addition to regulating
antiviral signalling, mounting evidence suggests that mitochondria facilitate antibacterial
immunity by generating reactive oxygen species and contribute to innate immune activation
following cellular damage and stress. Therefore, in addition to their well-appreciated roles in
cellular metabolism and programmed cell death, mitochondria appear to function as centrally
positioned hubs in the innate immune system. Here, we review the emerging knowledge about the
roles of mitochondria in innate immunity.

Following infection, microorganisms are initially sensed by pattern-recognition receptors
(PRRs) of the innate immune system, which bind conserved molecular patterns that are
shared by different classes of microorganisms. These pathogen-associated molecular
patterns (PAMPs) include microbial structural components, nucleic acids and proteins. The
list of PRRs known to sense PAMPSs is extensive, and is comprised most notably of four
families: Toll-like receptors (TLRs), nucleotide oligomerization domain (NOD)-like
receptors (NLRs), C-type lectin receptors (CLRs) and retinoic acid-inducible gene | (RIG-I)-
like receptors (RLRs)}3 (BOX 1). PRR ligation triggers multiple signalling pathways that
culminate in the activation of nuclear factor-xB (NF-xB), mitogen-activated protein kinases
(MAPKSs) and interferon regulatory factors (IRFs), which control the expression of pro-
inflammatory cytokines and chemokines, type | interferons (IFNs) and co-stimulatory
molecules!24. The resulting pro-inflammatory state is necessary for the generation of a
robust antimicrobial environment and for the proper activation of the adaptive immune
response.
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Box 1
Pattern recognition by TLRs, NLRs, CLRs and RLRs

Toll-like receptors (TLRs) are type | transmembrane proteins of the interleukin-1
receptor family that possess an amino-terminal leucine-rich repeat (LRR) domain for
ligand binding, a single transmembrane domain and a carboxy-terminal intracellular
signalling domain. TLRs are widely expressed by many cell types, although most cells
express only a specific subset of these receptors. Haematopoietically derived sentinel
cells, such as macrophages, neutrophils and dendritic cells (DCs), however, express the
largest complement of TLRs. TLR1, TLR2, TLR4, TLR5 and TLR6 localize to the
plasma membrane and mainly recognize bacterial pathogen-associated molecular patterns
(PAMPs), such as the cell wall components lipopolysaccharide (LPS) and lipoteichoic
acid, whereas TLR3, TLR7, TLR8 and TLR9 are predominately expressed in the
endocytic compartment of immune cells and recognize viral and bacterial nucleic
acids?4,

NOD-like receptors (NLRs) are cytosolic receptors that contain N-terminal caspase-
recruitment domains (CARDS), a central nucleotide oligomerization domain (NOD) and
a C-terminal LRR domain®®. NLRs recognize a wide variety of microbial PAMPs and
endogenous damage-associated molecular patterns (DAMPSs), and several notable
examples of this family are NOD1, NOD-, LRR- and pyrin domain-containing 3
(NLRP3) and absent in melanoma 2 (AlM2). Signalling via many NLRs activates
inflammasomes for subsequent engagement of caspase 1, the activity of which is crucial
for proteolytic processing of the pro-inflammatory cytokines interleukin-1f (IL-1f) and
I1L-18 (REFS 82,99).

C-type lectin receptors (CLRs) comprise a large family of soluble and transmembrane
proteins that possess one or more C-type lectin domain, which was initially characterized
as a calcium-dependent carbohydrate-binding domain in mannose-binding lectin
(MBL)3100, CLRs recognize a wide range of carbohydrate structures on pathogens,
although many CLRs also recognize self molecules and are therefore suggested to
participate in both innate immune responses and cell and tissue homeostasis'®. Notable
examples of this family include the soluble CLR MBL and the transmembrane proteins
dectin 1 (also known as CLEC7A) and DC-specific ICAM3-grabbing non-integrin (DC-
SIGN).

The RIG-I-like receptor (RLR) family comprises three members: retinoic acid-inducible
gene | (RIG-1), melanoma differentiation-associated gene 5 (MDAS) and laboratory of
genetics and physiology 2 (LGP2; also known as DHX58)*11, RLRs localize to the
cytosol, are expressed in both immune and non-immune cells, and are required for type |
interferon and pro-inflammatory cytokine production in response to viral infection. RIG-I
and MDAJ5 possess two N-terminal CARDs that are required for signalling, a DExD/H
box RNA helicase domain that detects viral RNA in the cytoplasm and a C-terminal
repressor domain. LGP2 lacks N-terminal CARDs and has been suggested to function as
both a negative and positive regulator of RIG-1 and MDAS signalling*12.
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Mitochondria are dynamic double-membrane-bound organelles that are involved in a wide
range of cellular processes, including ATP generation, programmed cell death and calcium
homeostasis, as well as the biosynthesis of amino acids, lipids, nucleotides and haem.
Although mitochondria possess their own genome (mitochondrial DNA (mtDNA)) that
encodes 13 proteins of the oxidative phosphorylation machinery, 2 ribosomal RNAs and 22
transfer RNAs essential for translation in the mitochondria, most of the ~1,500 proteins
comprising the mitochondrial proteome are nuclear encoded®. Many of these proteins
function in oxidative phosphorylation or other metabolic pathways, but they also include
those needed for replication and expression of mtDNA (that is, the mitochondrial
transcription and translation machinery). Consequently, coordination between the
mitochondrial and nuclear genomes is required for proper assembly and function of the
mitochondrial network, and cellular signalling cascades mediate crosstalk between
mitochondria and the nucleus®. The mitochondrial network forms a reticular branching
structure that, through association with the cytoskeleton, is motile and undergoes regular
fusion and division’. Mounting evidence suggests that mitochondrial dynamics regulate
many aspects of mitochondrial biology and are influenced by a variety of metabolic and
cellular signals’.

Mitochondrial regulation of apoptotic signalling has been appreciated for some time;
however, more recent evidence suggests that mitochondria also participate in various
additional signalling pathways’-8. For example, research over the past several years has
unveiled previously unappreciated roles for mitochondria in the innate immune response,
and it is becoming increasingly apparent that mitochondria participate in RLR signalling,
antibacterial immunity and sterile inflammation. Although mitochondrial control of
apoptosis during infection is an important aspect of the mammalian innate immune response,
this topic has been reviewed thoroughly by others®10 and therefore is not discussed further
in this article. Instead, we review and discuss the involvement of mitochondria in innate
immune signalling pathways and the mechanisms by which these organelles facilitate
effector responses of the innate immune system.

Mitochondria and antiviral immunity

The RLR family includes three members: RIG-1, melanoma differentiation-associated gene
5 (MDAGB) and laboratory of genetics and physiology 2 (LGP2; also known as DHX58)*11.
RLRs are expressed in the cytosol, are present in both immune and non-immune cells, and
are required for type | IFN and pro-inflammatory cytokine production in response to viral
infection. RIG-1 and MDAJS each possess two amino-terminal caspase-recruitment domains
(CARDs) that are required for signalling, a DExD/H box RNA helicase domain that detects
viral double-stranded RNA in the cytoplasm and a carboxy-terminal repressor domain.
Although LGP2 was initially suggested to function as a negative regulator of RIG-I and
MDAS5 signalling, a more recent study indicates that LGP2 positively regulates RIG-1- and
MDAS5-dependent antiviral responses®12,

In 2005, four laboratories independently identified a novel RLR adaptor molecule that is
essential for RLR signal transduction. This protein was termed mitochondrial antiviral
signalling protein (MAVS), IFNB promoter stimulator 1 (IPS1), CARD adaptor inducing
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IFNB (CARDIF) and virus-induced signalling adaptor (VISA)13-16, For convenience, we
refer to the protein as MAVS in this article. One of the most intriguing properties of MAVS
is its association with the outer mitochondrial membrane (OMM), a location that is required
for proper antiviral signalling by MAVS®, Subsequent research has yielded additional
insights into MAVS signalling downstream of RLRs, thereby demonstrating that
mitochondria are centrally positioned in the innate immune response against viral pathogens.

MAVS is comprised of 540 amino acids that form three functional domains: an N-terminal
CARD (amino acids 10-77), a proline-rich region (amino acids 107-173) and a C-terminal
transmembrane segment (amino acids 514-535)1%17. The CARD of MAVS interacts with
the CARDs of RIG-I and MDADS, and this interaction is essential for the activation of
downstream NF-xB and IRF signalling pathways for pro-inflammatory cytokine and type |
IFN production13-15.18 However, the exact mechanisms by which cytosolic RLRs are
recruited to mitochondria to interact with MAVS following viral infection remain unclear,
and the interaction between these molecules at the mitochondrial surface has not been
demonstrated in vivol3-15, The proline-rich region has also been implicated in downstream
signalling via its interaction with TNF receptor-associated factor (TRAF) family members,
although a MAVS mutant lacking the proline-rich region retains signalling capacity when
overexpressed, suggesting that TRAF proteins may interact with additional regions of
MAVS1516.19 The C-terminal transmembrane domain of MAVS resembles that of other
OMM proteins (such as B cell lymphoma 2 (BCL-2), BCL-XL and translocase of the outer
membrane 20 (TOM20)), and a mutant MAVS protein lacking this region is mislocalized to
the cytosol and fails to signall®. Chimeric MAVS constructs that contain the transmembrane
domains of BCL-2 or BCL-XL, and therefore localize to the OMM, signal similarly to the
wild-type protein, demonstrating that OMM targeting is required for effective MAVS
signalling. The transmembrane domain also facilitates MAVS dimerization, a process
necessary for TRAF binding and subsequent downstream signalling2°.

MAVS adaptor molecules

It is well appreciated that MAVS activates NF-xB, IRF3 and IRF7 signalling cascades
during viral infection, but the mechanisms by which this occurs are not fully understood.
Although a thorough characterization of endogenous MAVS signalling complexes has not
been conducted, many common innate immune signalling molecules have been shown to be
downstream of MAVSY/ (FIG. 1a). First, several TRAF family members, including TRAF2,
TRAF3 and TRAF6, have been shown to bind TRAF-interaction motifs in the proline-rich
region of MAVS to facilitate NF-B, IRF3 and IRF7 signalling?®:16:19, TRAF5 has also
been suggested to participate in MAVS signalling by associating with dimerized MAVS
CARDs?L, Interestingly, the proline-rich region of MAVS is largely dispensable for NF-«xB
and IRF activation when MAVS is overexpressed but, as mentioned previously, the CARD
is essentiall®. Consistent with this observation, TRAF3 has also been shown to bind
dimerized CARDs (similarly to TRAF5), suggesting that the CARD, and not the proline-rich
region, mediates interactions between MAVS and TRAF proteins29-21, Although additional
research is required to fully understand TRAF-mediated MAVS signalling, it is apparent that
the differential use of TRAF family members by MAVS allows for robust NF-xB- and/or
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IRF3- and IRF7-mediated activation of pro-inflammatory cytokine and/or type | IFN
production. This is similar to the differential use of the signalling adaptors myeloid
differentiation primary response protein 88 (MYD88) and TIR-domain-containing adaptor
protein inducing IFNB (TRIF) by TLRs.

The adaptor TNFR1-associated death domain protein (TRADD) also interacts with MAVS
and recruits TRAF3 and TRAF family member-associated NF-«xB activator (TANK), which
then activate 1xB Kkinase-¢ (IKKe) and/or TANK-binding kinase 1 (TBK1), resulting in IRF3
and IRF7 activation?2. In addition, MAVS-TRADD signalling leads to the recruitment of
FAS-associated death domain protein (FADD) and receptor-interacting protein 1 (RIP1; also
known as RIPK1), which induce canonical NF-xB signalling!3:22, Furthermore, IKKa and
IKK, and IKKe, which are kinases responsible for NF-xB and IRF activation, respectively,
have also been identified as MAVS signalling partners, and IKKe colocalizes with
mitochondria following viral infection423, Finally, WDR5 (WD repeat-containing protein
5) was recently shown to regulate MAVS signalling during viral infection by facilitating the
assembly of active MAVS signalling complexes on the mitochondrial surface??.

Despite the identification of many cytosolic signalling molecules linking MAVS to the NF-
kB, IRF3 and IRF7 pathways, the regulation of MAVS signalling during viral infection is
not well understood. Furthermore, how cytosolic signalling molecules are recruited to
mitochondrial membrane-bound MAVS complexes during viral infection remains
undocumented. As the OMM contains numerous proteins that regulate many aspects of
mitochondrial biology — including protein import, nutrient and ion exchange, organelle
dynamics and apoptosis regulation — it is likely that mitochondrial proteins directly
influence MAVS signalling. Recently, several bona fide mitochondrial proteins have been
identified as MAVS binding partners, yielding new insight into the regulation of MAVS
signalling at the mitochondrion.

Mitochondrial cofactors for MAVS signalling

Nuclear DNA-encoded mitochondrial proteins are imported across the OMM via the TOM
machinery. The multi-protein TOM complex forms the translocation pore that recognizes
and localizes pre-proteins for import into the intermembrane space of the mitochondrion.
TOM20 and TOM70 serve as the primary pre-protein receptors and are anchored to the
OMM via N-terminal transmembrane segments, whereas the hydrophilic domains of these
proteins face the cytosol and bind mitochondrial targeting sequences (MTSs)2%. TOM20
mainly binds pre-proteins containing a classical N-terminal MTS, whereas TOM70 interacts
with proteins that possess internal hydrophobic targeting sequences, as well as chaperones
such as heat shock protein 90 (HSP90) that are required for the proper localization of some
pre-proteins to the TOM complex?.

Interestingly, HSP90 forms a complex with TBK1 and IRF3, and this complex is necessary
for the robust activation of IRF3 during viral infection; however, as discussed above, TBK1
and IRF3 do not directly interact with MAVS26. Analysis of immunoprecipitated MAVS-
containing complexes revealed that TOM70 directly interacts with MAVS and that the
association between these molecules via their transmembrane domains increases following
Sendai virus infection?”. TOM70 also binds TRAF6, TRADD, TBK1 and IRF3, and the
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interaction between TOM70 and TBK1-IRF3 is mediated by HSP90 (REF. 27). Consistent
with a role for TOM70 in RLR signalling, overexpression of TOM70 enhances the
production of antiviral molecules such as IFNP in response to viral infection or transfection
with polyinosinic—polycytidylic acid (polyl: C; a mimic of viral double-stranded RNA),
whereas small interfering RNA (siRNA)-mediated knockdown of TOM70 decreases
antiviral innate immune responses?’. Finally, overexpression of TOM70 reduces replication
of vesicular stomatitis virus (VSV) and Newcastle disease virus in human embryonic kidney
293 cells, and TOM70-deficient cells display increased viral replication and susceptibility to
infection2’. This study does not clarify exactly how TOM70 transduces signals from MAVS
to TBK1 and IRF3, and it remains unclear whether MAVS interacts with additional
members of the TOM complex. However, the discovery that TOM70 functions as a
mitochondrial adaptor in MAVS signalling is an important step towards characterizing the
MAVS signalosome at the OMM.

Four recent reports have described a new modulator of MAVS signalling, which was
independently termed stimulator of interferon genes (STING), mediator of IRF3 activation
(MITA), endoplasmic reticulum interferon stimulator (ERIS) and MPYS28-31, For
simplicity, we refer to this protein as STING throughout this article. STING localizes to the
OMM and the outer endoplasmic reticulum (ER) membrane via four transmembrane
domains?8-30:32 Although the data more strongly support the notion that STING
preferentially localizes to the ER membrane, the ER is tightly juxtaposed to mitochondria in
areas termed mitochondria-associated membranes (MAMS), thereby making it difficult to
unequivocally assign its site of subcellular localization33-34,

Nonetheless, overexpression of STING induces NF-kxB and IRF3 signalling, as well as type
I IFN production and IFN-dependent gene transcription, and this results in potent restriction
of VSV replication?829, Conversely, knockdown or knockout of Sting decreases IRF3
activation and type | IFN production in response to VSV or herpes simplex virus type 1
infection (or cytosolic B form DNA) and consequently increases susceptibility to these
viruses. Interestingly, STING does not appear to be necessary for polyl:C-mediated type |
IFN production via MDAJ5, suggesting that STING functions to selectively enhance RIG-I-
mediated antiviral responses28. Indeed, STING directly interacts with RIG-1, MAVS and
TBK1, leading to the phosphorylation and activation of IRF3 (REF. 29). In addition,
interactions with components of the ER translocon-associated protein (TRAP) complex and
the SEC61 translocon are crucial for STING-dependent antiviral responses?8. Thus, it is
likely that STING functions at MAMSs, and this discovery highlights the importance of the
ER-mitochondrion interface as a critical new domain for RLR—-MAVS signalling32:33.

The elucidation of TOM70 and STING as mitochondrial cofactors for MAVS further
expands our understanding of RLR signalling, and the search for additional mitochondrial
proteins that influence MAVS will probably remain an active area of research in future
years.

Negative regulators of MAVS signalling

Two negative regulators of MAVS signalling have recently been identified and are proposed
to modulate the expression levels of MAVS during viral infection (FIG. 1b). Poly(rC)-

Nat Rev Immunol. Author manuscript; available in PMC 2015 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

West et al.

Page 7

binding protein 2 (PCBP2) is induced following viral infection and attenuates MAVS-
dependent NF-xB and IRF3 signalling by recruiting the E3 ubiquitin ligase atrophin-1-
interacting protein 4 (AlP4; also known as ITCH)32. PCBP2 serves as an adaptor molecule
that bridges MAVS and AlP4 and, once recruited, AIP4 conjugates lysine 48 (K48)-linked
polyubiquitin chains to MAVS, leading to its degradation by the proteasome. The 20S
proteasomal subunit PSMAY also inhibits MAVS signalling by inducing degradation,
although the mechanistic details of this process remain unclear36.

Some RNA viruses use mitochondrial membranes for genome replication, and therefore the
mitochondrial localization of MAVS might have evolved to concentrate innate immune
receptors and signalling cascades in proximity to the sites of viral PAMP generation3’.
However, many viruses possess the ability to evade detection and/ or suppress host innate
antiviral immune responses, and several reports have uncovered viral evasion strategies
involving suppression of MAVS signalling1%:38, For example, hepatitis C virus encodes a
serine protease, termed NS3—4A, that inhibits RLR signalling and IFNp production by
cleaving MAVS from the OMM and preventing the formation of MAVS-IKKze signalling
complexesl#23:39 Hepatitis A virus and GB virus B also encode proteases that disrupt the
mitochondrial targeting of MAVS, although these two proteases target different residues of
MAVS40.41 More recently, hepatitis B virus X protein was shown to inhibit MAVS
signalling and IFNP production by promoting polyubiquitin conjugation to residue K136 of
MAVS, an event that induces MAVS degradation?2.

Recent research has identified two negative regulators of MAVS that constitutively localize
to mitochondria. Receptor for globular head domain of complement component 1q (gC1gR;
also known as C1QBP, p33 and p32) is a 33 kDa protein that was initially identified as a
receptor for the globular heads of C1q, although subsequent research has shown that it
interacts with many additional intracellular and extracellular proteins®3. gC1gR localizes to
many cellular compartments, including the ER, nucleus, cell surface and mitochondria,
although more recent research suggests that gC1gR is predominantly found in mitochondria
and functions to regulate oxidative phosphorylation3-45.

A recent report suggests that gC1gR inhibits RLR-dependent NF-kB and IRF3 signalling by
interacting with MAVS at the OMMA6. This is suggested to occur as a result of the
interaction between gC1gR and the cytosolic domain of MAVS, which disrupts RIG-1-
MAVS interactions. gC1gR-deficient cells produce substantially more RLR-induced IFNp in
response to virus, and consequently are less susceptible to VSV infection, indicating that
gC1qR suppresses antiviral immune responses*6. However, gC1qR contains a classical N-
terminal MTS and is imported into the mitochondrial matrix, which is seemingly
inconsistent with OMM localization#447. Therefore, the mechanisms governing gC1gR
inhibition of MAVS signalling at the OMM during viral infection remain ambiguous, and
more investigation is required to determine the molecular details governing gC1qR
regulation of RLR signalling.

In 2008, two groups independently characterized a novel NLR family member, NLRX1
(also known as NOD?9), and demonstrated that it is predominantly expressed in mitochondria
and is targeted there by a putative N-terminal MTS4849, Moore et al. showed that NLRX1
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localizes to the OMM and interacts with the CARD of MAVS via its NOD-binding
domain“8. Overexpression of NLRX1 inhibits RLR- and MAVS-mediated NF-«xB and IRF3
activation, whereas knockdown of NLRX1 augments MAVS-dependent antiviral immune
responses. Furthermore, NLRX1 overexpression decreases the binding of RIG-1 and MAVS
during Sendai virus infection, suggesting that NLRX1 negatively regulates RLR signalling
by masking the CARD of MAVS?8. The second report demonstrated that NLRX1
overexpression augments reactive oxygen species (ROS) production, which potentiates NF-
kB and JUN N-terminal kinase (JNK) signalling in response to tumour necrosis factor
(TNF) stimulation and Shigella flexneri infection®®. Although this study did not examine
whether NLRX1 regulates MAVS signalling, a follow-up study from the same laboratory
demonstrated that NLRX1 constitutively localizes to the mitochondrial matrix and is not
present on the OMM, questioning the likelihood that NLRX1 negatively regulates MAVS at
the OMM by blocking CARD signalling®°.

Purification of NLRX1 complexes yielded a novel interaction partner, ubiquinol-
cytochrome c reductase complex subunit 2 (UQCRC?2), which is an integral component of
complex 111 of the oxidative phosphorylation machinery®0. UQCRC?2 is anchored to the
inner mitochondrial membrane (IMM), facing the mitochondrial matrix, which further
supports the notion that NLRX1 localizes to the IMM. At present, it is unclear exactly how
NLRX1 regulates MAVS signalling, which occurs at the OMM, although it is possible that
NLRX1 localizes to both mitochondrial membranes during viral infection.

Mitochondrial dynamics govern antiviral signalling

The mitochondrial network in eukaryotic cells is highly dynamic, with both fusion and
fission events occurring regularly to regulate morphology and activity. Mitochondrial
dynamics determine the integrity of the mitochondrial network and maintain respiratory
capacity, but also participate in several other processes, including mammalian development,
neurodegeneration and apoptosis®1:52, Mitofusin (MFN) proteins are the best-characterized
fusion regulators, whereas mitochondrial fission protein 1 (FIS1) and dynamin-related
protein 1 (DRP1) control fission®. MFN1 and MFN2 are dynamin-related GTPases
expressed on the OMM that tether mitochondria together during fusion, although MFN2 is
also expressed on MAMs and regulates mitochondrial-ER tethering®3.

Recently, several studies have implicated mitochondrial dynamics in the regulation of RLR
signalling, introducing a new layer of complexity to mitochondrial antiviral immune
responses. First, MFN2 was shown to constitutively interact with MAVS in high molecular
weight complexes and to inhibit RLR signalling®*. Overexpression of MFN2 blocked NF-
kB and IRF3 activation downstream of RIG-I, MDAS and MAVS, whereas MFN2-depleted
cells displayed heightened MAVS signalling and generated considerably more IFN
following viral infection®. Interestingly, manipulating MFN1 expression levels did not
yield similar phenotypes, suggesting that MFN2 has a unique role in regulating MAVS
signalling independent of its function in mitochondrial fusion.

However, two additional reports directly implicate MFN1 in RLR signalling and
demonstrate a role for mitochondrial dynamics in antiviral responses. Castanier et al.
showed that MAVS interacts with MFN1 and that mitochondrial fusion is required for
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efficient RLR signalling, as inhibition of fusion by knockdown of either MFN1 or optic
atrophy 1 (OPA1) decreased virus-induced NF-«B and IRF3 activation32. Conversely, cells
depleted of one of the fission-inducing proteins DRP1 and FIS1 displayed elongated
mitochondrial networks and increased RLR signalling. The study further demonstrated that
elongated mitochondria promote ER—mitochondria interactions during viral infection, thus
enhancing the association of MAVS with STING to augment RLR signalling32 (FIG. 2). In
agreement with these findings, Onoguchi et al. also observed interactions between MAVS
and MFN1, and showed that MFN1 is required for efficient RLR signalling®®. They
discovered that RIG-I localizes around centres of viral replication that contain nucleocapsid
proteins and RNA, and that this leads to the recruitment of MAVS-enriched mitochondria
and subsequent downstream signalling. This process requires MFN1, further implicating
mitochondrial fusion as a requisite event in MAVS-dependent RLR signalling.

A more recent study demonstrated that fibroblasts deficient in both MFN1 and MFN2 (but
not cells lacking only one of these proteins) display markedly decreased RLR-dependent
antiviral responses. These double-knockout fibroblasts exhibit heterogeneous mitochondrial
membrane potential owing to a total absence of fusion, which the authors suggest may be
responsible for the reduced MAVS signalling observed in these cells®®. In addition,
treatment of cells with chemical uncoupling compounds that decrease mitochondrial
membrane potential reduces RLR signalling to NF-xB and IRF3 and lowers type | IFN
production, further implicating robust mitochondrial membrane potential as a necessary
component of MAVS signalling.

There are some discrepancies between the findings discussed above, but it is quite apparent
that MFNs interact with MAVS during RLR signalling, and additional research should
clarify the exact roles of MFN1 and MFN2 in this process. Taken together, these studies
detail a scenario in which mitochondrial fusion serves to enhance mitochondria—-MAMSs
interactions and RLR-MAVS signalosome formation around intracellular sites of viral
infection.

Mitochondrial ROS and antiviral signalling

A consequence of electron transport through mitochondrial oxidative phosphorylation
complexes is the generation of ROS (BOX 2). Although ROS can damage cellular proteins,
lipids and nucleic acids via oxidation, they are also crucial second messengers in various
redox-sensitive signalling pathways. As mitochondria are a significant source of ROS in
many eukaryotic cells, mitochondrial ROS (mROS) have been suggested to modulate
several signalling pathways®. Interestingly, ROS have been implicated as both positive and
negative modulators of RLR signalling®’-5°.

Box 2
Mitochondrial oxidative phosphorylation and ROS generation

The mitochondrial respiratory chain (which carries out oxidative phosphorylation)
comprises five multisubunit protein complexes localized on the inner mitochondrial
membrane (see the figure). Electrons (e™) are donated to complex | from NADH or to
complex Il from FADH> and are passed to coenzyme Q (CoQ; also known as
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ubiquinone), which then carries them to complex I11. Complex |11 then passes electrons
to cytochromec (Cyt c), which relays them to complex IV, where the electrons mediate
the combination of hydrogen ions (H*) and molecular oxygen (O,) to form water (H,0).
The movement of electrons across complex I, complex I1l and complex IV is also
coupled to H* pumping across the inner mitochondrial membrane from the matrix to the
intermembrane space. This generates an electrochemical gradient that is used by complex
V (also known as ATP synthase) to generate ATP from ADP and inorganic phosphate

(Py)-

Mitochondrial oxidative phosphorylation is a major cellular source of reactive oxygen
species (ROS), as approximately 1-2% of oxygen consumed during physiological
respiration is converted into superoxide (O»"") when electrons prematurely leak from the
electron transport chain and are aberrantly transferred to molecular oxygen19t. However,
under specific metabolic or stress conditions, more electrons can prematurely exit the
respiratory chain to further augment mitochondrial superoxide generation. Leakage
occurs at complex I, complex Il or complex I11, although complex | and complex 11 are
the major sites of superoxide generation within mitochondria®1-101. Superoxide from
complex I and complex |1 is released into the matrix, whereas superoxide from complex
111 can be produced on either side of the inner membraneb2. Superoxide can then cross
the outer mitochondria membrane via a voltage-dependent anion-selective channel
(VDAC) or can be converted into hydrogen peroxide (H>O52) in the matrix by superoxide
dismutase 2 (SOD2) or in the intermembrane space by SOD1 (REF. 102). H,0, can then
freely cross mitochondrial membranes (dashed arrows) or can be further detoxified by
additional mitochondrial antioxidant enzymes, such as glutathione peroxidase (GPX). In
the cytosol, superoxide is converted by SOD1 into H,0,, which is further detoxified by
the peroxisomal enzyme catalase.

), 0,
Catalase) , (5001

He

"
ADP+P,  ATP

H,0,——=H,0+ 0
GPX

5002

Autophagy-related gene 5 (ATG5) and ATG12 — which are crucial regulators of autophagy
and mitophagy (the specific removal of damaged mitochondria) — can inhibit RLR
signalling, and Tal et al. demonstrated that Atg5~/~ cells accumulate dysfunctional
mitochondria and exhibit increased mROS levels and increased type | IFN production in
response to polyl:C stimulation%:60, Treatment of Atg5~~ fibroblasts and primary
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macrophages with antioxidants reduces the production of type | IFNs to wild-type levels,
suggesting that aberrant ROS generation potentiates RLR signalling in these cells (FIG. 3a).
Furthermore, augmentation of mROS via exposure of cells to the oxidative phosphorylation
complex I inhibitor rotenone (which induces the production of mROS) increases polyl:C-
induced IFNp generation in both wild-type and Atg5~~ cells®. Therefore, increased RLR
signalling and subsequent antiviral responses in the absence of ATG5 are possibly the result
of heightened mROS generation from accumulated abnormal or damaged mitochondria in
these cells. Furthermore, mROS induction also potentiates RLR signalling in wild-type cells,
thus implicating mROS more broadly as important second messengers in RLR-MAVS
signalling®®.

In addition to the above findings, several other lines of evidence support the notion that
mROS participate in RLR signalling. First, the negative regulator of MAVS signalling
gC1gR localizes to the mitochondrial matrix and regulates the activity of oxidative
phosphorylation complex I, complex 111, complex IV and complex V4. Knockdown of
gC1qgR results in the dysregulation of these complexes, a process that can lead to heightened
mROS generation81:62, Therefore, it is possible that depletion of gC1qR potentiates MAVS
signalling by altering oxidative phosphorylation protein abundance and increasing mROS
generation?®. Some viruses can directly modulate oxidative phosphorylation complexes to
potentially reduce mRQOS generation, and it is possible that viral infection might upregulate
gC1gR to limit mROS generation, and thus MAVS signalling#®:63,

In addition, NLRX1 regulates ROS generation and binds a core component of oxidative
phosphorylation complex 111, a major site of MROS generation4®20, Hence, it is tempting to
speculate that NLRX1 may modulate RLR signalling by altering mROS production, in
addition to interacting with MAVS at the OMM?#8:50, Finally, Koshiba et al. showed that
mitochondrial uncoupling, either pharmacologically or by overexpression of uncoupling
protein 2 (UCP2), potently decreases RLR—-MAVS signalling®6. Mild uncoupling decreases
mROS generation and, as such, the reduced MAVS signalling and RLR-dependent antiviral
responses induced by uncoupling may be due in part to lowered mROS generation465,

Collectively, these data indicate that mROS may have a central role in the regulation of
RLR-MAVS signalling during viral infection, although additional research is needed to
definitively delineate the mechanisms by which this occurs. It remains unclear which aspects
of the RLR pathway are sensitive to mROS, and whether viruses directly manipulate mROS
levels during infection to control RLR signalling is unknown. As such, this area of research
will probably expand significantly in the future.

Mitochondrial ROS and antibacterial responses

The phagocytic response of the innate immune system is crucial for the effective clearance
of microbial pathogens and is indispensable for host defence. This response is initiated
following microbial contact with host phagocytes (mainly macrophages and neutrophils) and
results in the engulfment and killing of microorganisms within phagosomes. Phagocytosis is
associated with the production of ROS via the respiratory burst, a necessary effector
response for the destruction of intracellular microorganisms86:67. Although ROS are
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primarily produced by the NADPH oxidase system in phagocytes, mitochondrial oxidative
metabolism is also a major source of cellular ROS. The production of mROS has
traditionally been considered a deleterious consequence of electron transport, but mounting
evidence indicates that mROS also facilitate antibacterial innate immune signalling and
phagocyte bactericidal activity (FIG. 3b). Below we summarize the most convincing
evidence in support of this hypothesis.

Mitochondrial UCPs and biogenesis factors in mROS generation

UCP2 is a member of a family of mitochondrial uncoupling proteins that are homologous to
UCP1 (REF. 65). Although UCP2 shares 60% sequence identity with UCP1 and both
proteins localize to the IMM, UCP2 exhibits a broad tissue distribution and is abundantly
expressed in monocytes and macrophages®8, whereas UCP1 expression is restricted to
brown adipose tissue. UCP2 has been shown to induce mild mitochondrial uncoupling,
which increases the rate of respiration and is thought to reduce electron leak from oxidative
phosphorylation complexes, thereby decreasing mitochondrial superoxide generation®.

To investigate the role of UCP2 in immune responses, Arsenijevic and colleagues®
generated Ucp2~/~ mice and challenged them with the intracellular pathogen Toxoplasma
gondii. Strikingly, Ucp2~/~ mice are significantly more resistant to T. gondii-induced
lethality and display decreased brain cyst formation compared with wild-type animals. In
addition, Ucp2~/~ macrophages exhibit heightened toxoplasmacidal activity, increased
killing of intracellular Salmonella enterica subsp. enterica serovar Typhimurium and higher
basal and T. gondii-induced ROS levels®4. A subsequent study detailed similar phenotypes,
demonstrating that Ucp2~/~ mice are more resistant to Listeria monocytogenes and display
higher splenic ROS levels than wild-type mice®.

Additional studies support the notion that UCP2 regulates antibacterial innate immune
responses by suppressing mROS production through mitochondrial uncoupling. For
example, macrophages overexpressing UCP2 produce substantially lower levels of cellular
ROS than wild-type macrophages when stimulated with the bacterially derived TLR4
agonist lipopolysaccharide (LPS), suggesting that mROS contribute to the total oxidative
burst of activated macrophages’®. LPS stimulation also appears to decrease macrophage
UCP2 expression, indicating that the abundance of UCP2 in the cell regulates mROS
generation during TLR4 signalling’L. Furthermore, the increased mROS levels in
macrophages from Ucp2~/~ mice result in heightened activation of ROS-sensitive NF-xB
and MAPK signalling pathways, and consequently augment pro-inflammatory cytokine
production’1=73, These reports not only indicate that UCP2 participates in macrophage
mROS regulation, but more broadly implicate mROS as important components in innate
immune responses against intracellular bacteria and parasites.

Oestrogen-related receptor-a (ERRa; also known as ERRL1) is a nuclear orphan receptor that
acts coordinately with the transcriptional co-activators peroxisome proliferator-activated
receptor-y co-activator 1a (PGC1) and PGC1p to control numerous aspects of
mitochondrial biology and oxidative metabolism, including mitochondrial biogenesis, fatty
acid oxidation and oxidative phosphorylation’4. Recently, it was demonstrated that IFNy
induces an ERRa- and PGC1B-dependent transcriptional programme in macrophages that
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promotes mitochondrial function and mROS production during bacterial infection’®.
Exposure of macrophages to IFNy triggers increased ERRa—PGC1p transcriptional activity,
leading to heightened respiration, increased mitochondrial membrane potential and
augmented mROS generation. Consequently, ERRa- or PGC1p-deficient mice, and
macrophages from these mice, produce less ROS following challenge with L.
monocytogenes and display a reduced ability to clear these bacteria. The heightened
susceptibility of these knockout mice to bacterial challenge occurs in the presence of normal
NADPH oxidase-dependent ROS generation and is not due to impairments in mitochondrial
function or ATP generation’®. Collectively, these results indicate that ERRa and PGC1p act
coordinately downstream of IFNy signalling to control mROS production and macrophage
bactericidal activity, further bolstering the notion that mROS are integral participants in
innate immune responses.

TLR signalling and mROS production

Although the studies described above strongly implicate mROS as necessary components of
the innate immune response to intracellular pathogens, the possibility that PRR signalling
directly regulates mRQOS production has remained unexplored. In addition, these reports did
not address whether perturbations in mROS levels alone are sufficient to alter bactericidal
activity. A recent report from our laboratory provides new insight into these outstanding
questions’®. We show that signalling via of a subset of TLRs (TLR1, TLR2 and TLR4)
directly augments mROS generation in macrophages. This response involves the
translocation of the TLR signalling adaptor TRAF6 to mitochondria, where it engages
ECSIT (evolutionarily conserved signalling intermediate in Toll pathways), a previously
characterized TRAF6-interacting protein implicated in oxidative phosphorylation complex |
assembly’778, Interaction between these proteins at the mitochondrial surface leads to the
TRAF6-dependent ubiquitylation of ECSIT, which is necessary for concomitant increases in
mitochondrial and cellular ROS generation following TLR1, TLR2 or TLR4 ligation.
Consistent with a role for mROS in bactericidal responses, ECSIT- or TRAF6-deficient
macrophages exhibit decreased levels of TLR-induced ROS and are impaired in their ability
to kill S Typhimurium. In addition, the reduced macrophage mROS levels in MCAT mice
(which transgenically overexpress the antioxidant enzyme catalase in mitochondria) result in
inhibited bacterial killing, similarly to ECSIT depletion. Consequently, ECSIT-deficient and
MCAT mice display increased bacterial burdens in the liver and spleen when challenged
intraperitoneally with S. Typhimurium. Our results have therefore revealed a novel pathway
by which macrophages generate ROS in response to bacteria by coupling TLR1, TLR2 and
TLR4 signalling to complex | via TRAF6 and ECSIT. Although future research is needed to
determine the exact mechanism by which ECSIT controls mROS generation from oxidative
phosphorylation complexes, our study bolsters the conclusion that, in addition to NADPH
oxidase-derived ROS, mROS have an important role in macrophage-associated antibacterial
immune responses.

Mitochondria and cellular damage responses

In addition to recognizing a diverse array of microbial PAMPs, it is now well appreciated
that PRRs of the innate immune system sense cellular damage and stress in the absence of
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microbial infection”9-81, Sterile tissue injury and cellular necrosis, for example, elicit robust
responses characterized by pro-inflammatory cytokine production and leukocyte
recruitment, and are triggered by PRR-dependent sensing of damage-associated molecular
patterns (DAMPs). DAMPs are endogenous molecules that are usually sequestered within
intracellular compartments of healthy cells but are released during pathological insult. This
so-called ‘hidden-self” recognition serves to alert the host to cell and tissue dysfunction,
leading to containment of the injury and promotion of tissue repairé®81, TLRs and NLRs
both sense DAMPs in various contexts, although many DAMP receptors remain
uncharacterized’9-82, Recently, mitochondrial constituents have been implicated as DAMPs,
triggering responses to necrosis and cellular stress (TABLE 1). In addition, two independent
reports suggest that mROS activate the NOD-, LRR- and pyrin domain-containing 3
(NLRP3) inflammasome, a cytosolic signalling complex that responds to various cellular
stresses. In the following section, we discuss the emerging roles of mitochondria in the
activation of the cellular damage response.

Mitochondrial DAMPS

Because of their bacterial origin, eukaryotic mitochondria share several features with
bacteria, including a double-membrane structure, a circular genome that replicates
independently of nuclear DNA and N-formylated proteins. The innate immune system
evolved to recognize conserved bacterial molecules that are largely foreign to host cells.
However, owing to the many similarities between mitochondrial and bacterial constituents,
it has been hypothesized that mitochondria might contain sequestered DAMPs that could
trigger innate immune responses during pathological insult (FIG. 4a). For example, mtDNA
contains hypomethylated CpG motifs that resemble bacterial CpG DNA, which is a potent
activator of TLR9 (REF. 2). In support of the mitochondrial DAMP hypothesis, Collins et
al. demonstrated that injection of purified mtDNA into the joints of mice induces
inflammation and arthritis, and that exposure of splenocytes to mtDNA, but not nuclear
DNA, augments pro-inflammatory cytokine secretion83. In addition, mtDNA was shown to
directly activate neutrophils via TLR signalling84:85. Furthermore, mtDNA is released into
circulation during trauma and haemorrhagic shock, and in vivo administration of
mitochondrial extracts containing mtDNA causes systemic lung and liver inflammation84.85,

Bacterial protein synthesis initiates at the N-formyl-methionine residue, and bacterial
protein-derived N-formyl peptides (such as N-formyl-methionyl-leucyl-phenylalanine)
activate the innate immune response®6. N-formyl peptides bind to G protein-coupled formyl
peptide receptors (FPRS) that are expressed by neutrophils, leading to intracellular calcium
mobilization, MAPK activation and cell migration®6. Translation of mtDNA-encoded
proteins also initiates at the N-formyl-methionine residue and evidence suggests that
mitochondrial N-formyl peptides possess immunostimulatory activity. N-formyl peptides
derived from mitochondrially encoded oxidative phosphorylation proteins promote FPR1-
mediated neutrophil calcium flux, chemotaxis, oxidative burst and cytokine
secretion®-87-90_|n addition, release of mitochondrial transcription factor A (TFAM) —a
homologue of the DAMP high-mobility group protein B1 (HMGB1) — by necrotic cells
potentiates mitochondrial N-formyl peptide-induced secretion of CXC-chemokine ligand 8
(CXCLS; also known as 1L-8) from monocytes¥1. These results collectively demonstrate that
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mitochondrial constituents can serve as DAMPs, and moreover illustrate that cell or tissue
trauma and necrosis elicit the release of these molecules to activate PRR-dependent sterile
inflammatory responses.

Mitochondria and inflammasome activation

NLRP3 is a well-characterized member of the cytosolic NLR family that functions
coordinately with the adaptor molecule apoptosis-associated speck-like protein containing a
CARD (ASC) and the cysteine protease caspase 1 (REFS 82,92). These molecules comprise
the NLPR3 inflammasome, which, when assembled, promotes the activation of caspase 1
and its subsequent processing of the cytokines pro-1L-1p and pro-1L-18 into mature and
secreted forms82. The NLRP3 inflammasome is activated by a variety of endogenous and
exogenous stimuli, such as microbial infection, bacterial poreforming toxins, monosodium
urate, extracellular ATP, asbestos and the adjuvant alum92. Although it is appreciated that
the NLRP3 inflammasome responds to many agents of cellular stress, the exact mechanisms
leading to its activation by such divergent stimuli remain poorly understood. Recent data
suggest that many NLRP3 stimuli lead to ROS production, and mounting evidence points to
a crucial role for ROS in NLRP3 inflammasome activation®2,

A recent study demonstrates a role for mitochondria in NLRP3 inflammasome activation®3.
Exposure of primed macrophages to the mitochondrial fraction of necrotic cells leads to
caspase 1 activation and IL-1f secretion in an NLRP3- and ASC-dependent manner. In
addition, intraperitoneal injection of mitochondria from pressure-disrupted cells promotes
NLRP3-dependent neutrophil recruitment into the peritoneal cavity. Extracellular ATP is
known to contribute to NLRP3 activation via the purinergic receptor P2RX7, and the
authors of this study demonstrated that NLRP3 activation in response to mitochondria from
necrotic cells is partially P2RX7 dependent®3. The presence of additional DAMPs in
mitochondrial preparations could account for the P2RX7-independent activity observed, as
mtDNA has been recently shown to potentiate inflammasome-regulated IL-1f and 1L-18
secretion®. Nonetheless, this study suggests that intact extracellular mitochondria that
produce ATP can serve as DAMPs to promote innate inflammatory responses via the
NLRP3 inflammasome (FIG. 4a).

As mentioned above, ROS production is common to many activators of the NLRP3
inflammasome, and pharmacological blockade of ROS can inhibit inflammasome activation
by several stimuli®2:92, The cellular sources of the ROS responsible for NLRP3
inflammasome activation have remained unclear, although several reports have convincingly
excluded the NADPH oxidase isoforms NOX1, NOX2 and NOX4 (REFS 95,96). Two
recent studies suggest that mROS are a crucial activator of the NLRP3 inflammasome (FIG.
4b). Treatment of macrophages with inhibitors of oxidative phosphorylation that augment
mROS generation results in increased NLRP3-dependent caspase 1 activation and
heightened IL-1p and IL-18 secretion®97. Furthermore, oxidative phosphorylation-deficient
cells and those treated with mitochondrial antioxidants display decreased responses to
NLRP3 stimuli®4. NLRP3 and ASC translocate to mitochondria and MAMs when exposed
to inflammasome activators, a process that probably localizes inflammasome components
proximal to sources of mROS, thus facilitating signalling®’. Finally, both reports show that
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mitophagy serves as a brake on inflammasome signalling by removing dysfunctional,
mROS-generating mitochondria, a finding that parallels previous observations regarding
mitophagy and control of RLR signalling by mROS reduction®497.98, These studies do not
define the mechanisms by which mROS specifically signal to the inflammasome, although it
is possible that NLRP3 or ASC undergo redox-dependent alterations, in a similar manner to
caspase 1 (REF. 95). Nonetheless, these studies demonstrate that mROS are potent
activators of the NLRP3 inflammasome downstream of several diverse stimuli, implicating
mitochondria as important modulators of the inflammatory response to cellular stress.

Conclusions and future perspectives

In the years since the discovery of MAVS as a mitochondria-anchored adaptor molecule
involved in RLR signalling, additional research has shown that mitochondria are also
intertwined in the innate immune response to bacterial pathogens and cellular damage. Thus,
in addition to their well-established roles in cellular metabolism and apoptosis regulation,
mitochondria appear to function as centrally positioned hubs for innate immune signalling
and the subsequent generation of effector responses. As innate immune activation requires
increased cellular energy output and significant metabolic reprogramming, the incorporation
of mitochondria into this arm of immunity may have evolved to enhance crosstalk between
metabolic and innate immune pathways. Furthermore, many intracellular pathogens directly
modulate mitochondrial programmed cell death responses to enhance their survival and
replication. Thus, the intersection of mitochondria and innate immune signalling may have
arisen to augment the host’s ability to sense this major microbial virulence mechanism.

Future research should reveal additional details surrounding the nucleation of RLR
signalling at the interface between mitochondria and MAMSs and will probably identify new
mitochondrial molecules that regulate MAVS signalling. In addition, further investigation
into the regulation of MROS during microbial infection and cellular stress is warranted, as
these molecules appear to influence several important aspects of the innate immune
response. A more detailed understanding of the mechanisms by which mROS function as
both signalling molecules and antimicrobial effectors will promote a clearer characterization
of the interplay between mitochondria and the innate immune system.
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Glossary
Programmed cell A common form of cell death that is also referred to as apoptosis.
death Many physiological and developmental stimuli cause apoptosis,

and this mechanism is frequently used to delete unwanted,
superfluous or potentially harmful cells, such as those undergoing
transformation
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The metabolic pathway that occurs at the inner mitochondrial
membrane and uses an electrochemical gradient created by the
oxidation of electron carriers to generate ATP

Mitochondrial dynamics refers to the movement of mitochondria
along the cytoskeleton and the regulation of mitochondrial
morphology and distribution mediated by tethering, and fusion
and fission events

Inflammation that results from trauma, ischaemia—reperfusion
injury or chemically induced injury that typically occurs in the
absence of any microorganisms

A typical pathway of NF-xB activation that involves
phosphorylation and degradation of the prototypical NF-xB
inhibitor, IxBa

The translocase of the outer membrane (TOM) is a complex of
proteins localized to the outer mitochondrial membrane that
recognizes and imports nuclear-encoded mitochondrial proteins
into the intermembrane space

(HSP). A member of a class of functionally related proteins that
function as molecular chaperones and have crucial roles in protein
folding and intracellular trafficking

(MAMs). Regions of the endoplasmic reticulum that are closely
juxtaposed to mitochondria and support communication between
the organelles via calcium and phospholipid exchange

An enzyme that is required to attach the molecular tag ubiquitin to
proteins. Depending on the number of ubiquitin molecules that are
attached and the positioning of the links between them, the
ubiquitin tag can target proteins for degradation in the
proteasomal complex, sort them to specific subcellular
compartments or modify their biological activity

An outer mitochondrial membrane protein that regulates
mitochondrial fusion and ER—mitochondrial interactions by
tethering adjacent organelles

A term referring to the selective removal of mitochondria by
macroautophagy under conditions of nutrient starvation or
mitochondrial stress

A process involving the disassociation of mitochondrial
respiration from ATP generation that is characterized by increased
permeability of the inner mitochondrial membrane to protons and
subsequent dissipation of mitochondrial membrane potential
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Respiratory burst A large increase in oxygen consumption and reactive oxygen
species generation that accompanies the exposure of neutrophils to
microorganisms and/or inflammatory mediators
NADPH oxidase A plasma membrane- and phagosomal membrane-bound enzyme
complex that transfers electrons from NADPH to molecular
oxygen, promoting the generation of the reactive oxygen species
superoxide
Necrosis The premature death of living cells or tissue, resulting in the
release of cellular constituents that promote inflammatory
responses
Haemorrhagic A condition often caused by traumatic injury that results in
shock reduced tissue perfusion and leads to inadequate delivery of
oxygen and nutrients to cells and tissues
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Figure 1. Mitochondrial antiviral signalling pathways
a | Cytosolic viral RNA is recognized by the RIG-I-like receptors (RLRs) retinoic acid-

inducible gene I (RIG-I) and melanoma differentiation-associated gene 5 (MDADS), which
activate mitochondrial antiviral signalling protein (MAVS) through caspase-recruitment
domain (CARD)-CARD interactions. MAVS then recruits various signalling molecules to
transduce downstream signalling, such as TNF receptor-associated factor 6 (TRAF6) and
TRAF5. TRAF6, along with TNFR1-associated death domain protein (TRADD), activates
canonical nuclear factor-xB (NF-xB) signalling via receptor-interacting protein 1 (RIP1)
and FAS-associated death domain protein (FADD). Canonical NF-kB signalling occurs as
the IxB kinase (IKK) complex — consisting of IKKa, IKKf and IKKy — phosphorylates
NF-xB inhibitor-a (IkBa), resulting in the proteasomal degradation of 1xBa and thus
liberating NF-xB to translocate into the nucleus and initiate pro-inflammatory cytokine gene
expression. MAVS also interacts with various molecules that activate interferon regulatory
factor (IRF) signalling (such as stimulator of interferon genes (STING)). These molecules,
together with the translocon-associated protein (TRAP) complex and the SEC61 translocon,
mediate the activation of TANK-binding kinase 1 (TBK1), which phosphorylates IRF3 and
IRF7. In addition, MAVS interacts with translocase of the outer membrane 70 (TOM70),
which also interacts with heat shock protein 90 (HSP90) and thereby localizes TBK1 and
IRF3 in proximity to the MAVS signalosome. Finally, MAVS binds TRAF2 and TRAF3
and, through TRADD and TRAF family member-associated NF-«xB activator (TANK)
interactions, promotes IKKe- and/or TBK1-mediated phosphorylation of IRF3. This
promotes IRF3 nuclear translocation, leading to the expression of type | interferon (IFN)
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genes. b | MAVS signalling can also be inhibited by various molecules. For example,
hepatitis C virus (HCV) encodes a serine protease, termed NS3—4A, that inhibits MAVS by
cleaving it from the outer mitochondrial membrane and preventing the formation of MAVS—
IKKe signalling complexes. Hepatitis A virus (HAV) and GB virus B (GBV-B) also encode
proteases that disrupt the mitochondrial targeting of MAVS, and hepatitis B virus (HBV) X
protein was shown to promote polyubiquitin conjugation to MAVS, leading to its
degradation. Endogenous molecules such as poly(rC)-binding protein 2 (PCBP2) and the
20S proteasomal subunit PSMAY can negatively regulate MAVS signalling during viral
infection by promoting its degradation. Other molecules, such as mitofusin 2 (MFN2),
receptor for globular head domain of complement component 1q (9gC1gR) and NLR family
member X1 (NLRX1) are also thought to inhibit MAVS signalling by direct interaction,
although gC1gR and NLRX1 are thought to localize predominately to the mitochondrial
matrix. Therefore, the mechanisms by which these molecules inhibit MAVS signalling
remain under investigation (dashed lines). ER, endoplasmic reticulum; MAM, mitochondria-
associated membrane.
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a | During infection, retinoic acid-inducible gene I (RIG-1) and mitochondrial antiviral
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signalling protein (MAVS)-enriched mitochondria are recruited around centres of viral
replication to promote MAVS signalling. This occurs as mitofusin 1 (MFN1) and MFN2
induce fusion of the mitochondrial network, which also serves to increase MAVS
interactions with downstream signalling molecules. Mitochondrial MFN1 and MFN2 also
interact with endoplasmic reticulum-localized MFN2, which promotes interactions between
MAVS and stimulator of interferon genes (STING) at mitochondria-associated membranes
(MAMS). b | Fragmentation of the mitochondrial network — which is induced by viral
infection, mitofusin deficiency or overexpression of fission-promoting molecules — results
in decreased mitochondrial membrane potential and blocks interactions between MAVS and
signalling molecules such as STING. This leads to reduced signalling by nuclear factor-xB

(NF-xB), interferon regulatory factor 3 (IRF3) and IRF7.
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Figure 3. Mitochondrial ROS and innate immune responses
a | Mitochondrial distress and/or rotenone treatment augment mitochondrial reactive oxygen

species (MROS) generation from oxidative phosphorylation complexes, and this potentiates
RIG-I-like receptor (RLR)-mitochondrial antiviral signalling protein (MAVS) signalling to
nuclear factor-xB (NF-xB) and interferon regulatory factor 3 (IRF3) and IRF7. This
increases the production of type I interferons (IFNs) and pro-inflammatory cytokines, which
limit viral replication. NLR family member X1 (NLRX1) and receptor for globular head
domain of complement component 1q (gC1gR) interact with oxidative phosphorylation
complexes and may increase MROS generation, whereas uncoupling protein 2 (UCP2)
decreases mROS production. Mitophagy mediated by autophagy-related gene 5 (ATG5) and
ATG12 also decreases mROS production and subsequent RLR-MAVS signalling by
removing dysfunctional, mROS-generating mitochondria. b | Phagocytized bacteria activate
Toll-like receptor 1 (TLR1), TLR2 and TLR4, and this promotes the translocation of TNF
receptor-associated factor 6 (TRAF6) to mitochondria, where it engages ECSIT
(evolutionary conserved signalling intermediate in Toll pathways) to potentiate mMROS
generation from oxidative phosphorylation complexes. This leads to increased ROS-
dependent bactericidal responses and/or activation of NF-xB and mitogen-activated protein
kinase (MAPK) signalling to augment pro-inflammatory cytokine production. IFNy
signalling can also promote mROS generation and increased antibacterial innate immunity
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by engaging oestrogen-related receptor-a (ERRa) and the co-activator peroxisome
proliferator-activated receptor-y co-activator 1 (PGC1p), which upregulate mitochondrial
biogenesis and the expression of nuclear-encoded oxidative phosphorylation genes. UCP2 is
a negative regulator of mROS generation, whereas NLRX1 can enhance mROS production
under certain circumstances. RIG-I, retinoic acid-inducible gene I.
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Figure 4. Mitochondrial involvement in cellular damage responses
a | Cellular injury and necrosis release damaged mitochondria into the extracellular space,

where they leak mitochondrial damage-associated molecular patterns (DAMPS) such as
mitochondrial DNA (mtDNA), N-formyl peptides and mitochondrial transcription factor A
(TFAM). Leukocytes, such as macrophages and neutrophils, detect mtDNA through Toll-
like receptor 9 (TLR9), N-formyl peptides via formyl peptide receptor 1 (FPR1), and TFAM
through TLRs or an uncharacterized receptor, leading to leukocyte activation and
transcription of pro-inflammatory cytokine genes. Necrotic cells can also release intact
mitochondria that secrete ATP. This ATP engages the leukocyte purinergic receptor P2RX7,
which promotes NOD-, LRR- and pyrin domain-containing 3 (NLRP3) inflammasome
activation and the subsequent processing and secretion of the cytokines interleukin-103
(IL-1B) and IL-18. b | Exposure of leukocytes to inflammasome activators — such as
lipopolysaccharide (LPS) and ATP, rotenone, monosodium urate (MSU), alum and nigericin
— leads to mitochondrial dysfunction and mitochondrial ROS (mMROS) generation. mROS
promote inflammasome activation at mitochondria-associated membranes (MAMSs) of the
endoplasmic reticulum (ER), by nucleating and activating a complex of NLRP3, ASC and
caspase 1. This induces the proteolytic processing of pro-IL-1 and pro-1L-18 into mature
and secreted forms. mROS also promote the release of mtDNA into the cytosol, and this
DNA engages the absent in melanoma 2 (AIM2) inflammasome or other receptors to further
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augment IL-1p and IL-18 processing and secretion. Mitophagy serves as a brake on
inflammasome activation by mediating the clearance of damaged, mROS-generating
mitochondria.
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DAMP Location of action Receptor Inflammatory activity Refs
mtDNA Endosomal TLR9 . Monocyte and macrophage activation ~ 83-85
. Neutrophil Ca* mobilization,
degranulation and chemotaxis
. Cytokine secretion
. Arthritis promotion when injected
into joints
. Systemic lung and liver inflammation
and shock when injected
intravenously
Intracellular AIM2 and other Caspase 1 activation and cytokine secretion 94
uncharacterized
receptor(s)
N-formy! peptides Extracellular FPR1 . Monocyte activation 85, 87-91
. Neutrophil Ca* mobilization,
degranulation, oxidative burst and
chemotaxis
. Cytokine secretion
. Systemic lung and liver inflammation
and shock when injected
intravenously
Mitochondrial TFAM  Extracellular Uncharacterized Monocyte activation and cytokine secretion 91
(functions in
combination with N-
formyl peptides)
Mitochondrial ATP Extracellular P2RX7 and NLRP3 . Caspase 1 activation and cytokine 93
inflammasome secretion
. Neutrophil migration when injected
intraperitoneally
mROS Intracellular NLRP3 inflammasome Caspase 1 activation and cytokine secretion 94,97

AIM2, absent in melanoma 2; DAMP, damage-associated molecular pattern; FPR1, formyl-peptide receptor 1; mtDNA, mitochondrial DNA;
mROS, mitochondrial reactive oxygen species; NLRP3, NOD-, LRR- and pyrin domain-containing 3; P2RX7, P2X purinoceptor 7; TFAM,
mitochondrial transcription factor A; TLR9, Toll-like receptor 9.
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