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Abstract: Mitochondria, dynamic organelles that undergo continuous cycles of fusion and fission, are the power-
houses of eukaryotic cells. Recent research indicates that mitochondria also act as platforms for antiviral immunity
in vertebrates. Mitochondrial-mediated antiviral immunity depends on activation of the retinoic acid-inducible gene |
(RIG-I)-like receptors signal transduction pathway and the participation of the mitochondrial outer membrane adaptor
protein “mitochondrial antiviral signaling (MAVS)”. Here we discuss recent findings that suggest how mitochondria

contribute to antiviral innate immunity.
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Introduction

Mitochondria are double-membrane organelles
with a wide variety of functions in eukaryotic
cells. Mitochondria contain their own genome,
mitochondrial DNA (mtDNA), which is essential
for their respiratory function to generate adeno-
sine triphosphate (ATP) [1]. In addition to serv-
ing as cell powerhouses via their aerobic respi-
ration, mitochondria are involved in numerous
crucial cellular processes, including apoptosis
[2], aging [3], calcium homeostasis [4], and
multiple cell signaling [5].

One of the most recent discoveries regarding
the novel functions of mitochondria is their role
in cellular innate antiviral immunity in verte-
brates, particularly in mammals [6]. In this re-
view, we discuss a better understanding of mito-
chondria, as a platform for antiviral immunity.

Antiviral innate immunity and mitochondria

Innate immunity against RNA viral infection in-
volves the activation of multiple signaling steps
that culminate in the rapid production of type |
interferons, such as IFN-a and -B, and other
proinflammatory cytokines that promote the
subsequent development of adaptive antiviral
immunity [7-9]. Two distinct pathways initiate

signal transduction [10] (Figure 1); one is medi-
ated by the endosomal Toll-like receptor 3 (TLR-
3), which targets RNA viruses entering the cell
by endocytosis; the other system is prompted by
retinoic acid-inducible gene | (RIG-I)-like recep-
tors (RLRs), which recognize cytoplasmic viral-
derived double-stranded (ds)RNA; both systems
ultimately activate intracellular signaling cas-
cades that result in the killing of viruses. Mito-
chondrial antiviral immunity depends on its acti-
vation of the RLR signaling pathway, and the
participation of the mitochondrial outer mem-
brane protein, mitochondrial antiviral signaling
(MAVS) [6] (also known as IPS-1 [11], VISA [12],
and Cardif [13]). MAVS cellular deficiency, ei-
ther generated in knockout mice [14, 15] or by
hepatitis C virus protease (NS3/4A) cleavage
[13, 16], abolishes the production of type | IFNs
and inflammatory cytokines, underscoring the
importance of the link between antiviral innate
immunity and mitochondria.

Mitochondrial antiviral signaling (MAVS)

MAVS, comprising 540 amino acids in humans,
is a mitochondrial integral outer membrane pro-
tein with a predicted molecular mass of 56 kD
(Figure 2A and B), and forms a supramolecular
(approximately 600 kD) assembly on the outer
mitochondrial membrane under physiologic con-



Mitochondria and antiviral innate immunity

ﬁ RNA virus

TLR-3 pathway RLR pathway

dsRNA

R|G-1/<g

MDA-5

TRIF IKKo / B TBK1/ IKKe
NF-«B IRF-3 / IRF-7
nucleus Y
_— —

proinflammatory EET——————m
cytokines type | interferons

ditions [17]. Structurally, MAVS contains an N-
terminal caspase activation and recruitment
domain (CARD) comprising six helices, three
(H1a, H3, and H4) that form a flat positively-
charged surface and two (H2 and H6) that form
an acidic negatively-charged surface on the op-
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Figure 1. Overview of innate immunity
against RNA viruses in mammals. Viral
infection of mammalian host cells is de-
tected by the cell's recognition of virus-
derived double-stranded RNA (dsRNA),

plasma which initiates two distinct signaling
membrane  pathways (TLR-3 and RLR).  Although

these two pathways differ with respect to
their initiating stimuli and downstream
effectors, they converge at the point of
transcriptional activation (NF-kB or IRF-
3/7), resulting in the rapid production of
type | interferons and proinflammatory
cytokines. Mitochondrial antiviral immu-
nity depends on activation of the RLR
signaling pathway.

posite side [18] (Figure 2C). The RLRs (RIG-I
and MDA-5), upstream of MAVS, also contain
tandem CARDs at their N-terminal [19] that in-
teract with the CARD of MAVS, resulting in the
activation of intracellular signaling cascades.

MAVS also contains a C-terminal transmem-
brane (TM) domain that is responsible for
proper mitochondrial localization [6] and
its self-association through the stacking
of aromatic residues (see next section)
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mitochondrial localization, dimerization,
and possession of the CARD domain,
seem to be the minimal requirements
for its in vivo function. Chen and col-
leagues demonstrated that overexpres-
sion of a MAVS mutant containing only
the CARD and TM domains (called mini-
MAVS) is sufficient to induce signal
transduction [6, 16].

Figure 2. MAVS structure. (A). A schematic view
of human MAVS, showing the location of the
CARD domain (CARD), proline-rich region (Pro-
rich), and the transmembrane segment (TM).
The amino acid positions are indicated above
the structure. (B). Schematic representation of
MAVS molecule on the mitochondrial outer
membrane. OM: mitochondrial outer mem-

6 brane, IM: mitochondrial inner membrane. (C).
A stereo view of the CARD domain crystal struc-
ture of human MAVS [18]. Basic potentials are
colored blue, and acid regions are red, respec-
tively.
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Aside from its CARD and TM domains, MAVS
also contains a proline-rich region (PRR) that is
involved in downstream signaling via its interac-
tion with the tumor necrosis factor receptor-
associated factor (TRAF) family, including
TRAF2, TRAF3, and TRAF6 [12, 21]. It remains
unclear, however, why a MAVS mutant lacking
the PRR retains its signaling capacity.

MAVS activation and inhibition

Upon RNA viral infection, the RNA helicases
(RIG-I or MDAbB) recognize dsRNA, which leads
to their activation [19] and recruitment to the
outer membrane of the mitochondria to interact
with MAVS following the recruitment of down-
stream signaling actors, such as TRAF family
members [9, 10, 22] (Figure 3). What is the
machinery that activates MAVS post RLR-
binding and how is it regulated? Two groups
revealed that MAVS leads to oligomerization,
which is essential for activating the transcription
factors, nuclear factor kB (NF-kB) and interferon
regulatory factor 3 (IRF-3) [20, 23]. Based on
fluorescence (FRET) and bioluminescence reso-
nance energy transfer (BRET) analyses, MAVS
forms specific self-interactions via TM domain
that is crucial for downstream signaling. Inter-
estingly, Wang and colleague observed that RLR
recruitment to MAVS enhances the self-
association of MAVS [23], providing a model for
the events upstream of the RLR signaling path-
way.

RIG-1 / MDA-5

Several negative regulators of MAVS-mediated
antiviral immunity (Figure 1) localizing to the
mitochondria have been identified. NLRX1, a
novel nucleotide oligomerization domain (NOD)-
like receptors (NLRs), is a ubiquitously ex-
pressed mitochondrial protein and inhibits
CARD-CARD interactions between RLRs and
MAVS, thereby preventing downstream signal
transduction [24]. Receptor for globular head
domain of complement Clq (gC1qR), is also
translocated to mitochondria and binds with
MAVS, resulting in the suppression of antiviral
immune responses [25]. In addition to these
negative regulators, Mitofusin 2 (Mfn2), a me-
diator of mitochondrial fusion, is also involved,
as described in the next section.

Mitochondrial dynamics and antiviral immunity

In many cell types, mitochondria have a tubular
morphology (Figure 4A) and undergo continuous
cycles of homotypic fusion and fission, opposing
processes that control organelle shape, copy
number, and mtDNA maintenance [26, 27].
Additionally, mitochondrial dynamics play an
important role in apoptosis [28]. Mitochondrial
dynamics are controlled by high molecular
weight GTPases, and mitofusins (Mfnl and
Mfn2) and OPA1l regulate fusion processes,
whereas Drpl is involved in mitochondrial fis-
sion [26, 27] (Figure 4B). In the last several
years, several reports have tried to shed light on
the connection between mitochondrial dynam-
ics and antiviral innate immunity.

The first evidence of the role of mito-
chondrial dynamics in antiviral immu-
nity was the discovery that Mfn2, which
mediates mitochondrial fusion, inhibits
the RLR pathway through MAVS-binding

Y
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[17]. An increased abundance of Mfn2
is proposed to sequester MAVS in a

Figure 3. MAVS-mediated antiviral signal-

=
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<

ing to its translocation to the mitochondria,
and the RLRs associate with MAVS via a
CARD-CARD interaction. MAVS activation
is then triggered by its self-associations,

gCWQR which leads to downstream signaling. Mito-

chondrial membrane potential (AWm) is
capable of supporting MAVS signaling.
MAVS-mediated signal transduction can be
inhibited by several mitochondrial proteins

signaling
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through direct interaction with MAVS.
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Fusion

(Mfn1, Mfn2,
OPA1)

nonproductive state for propagating a down-
stream antiviral response, and reducing or oblit-
erating IFN-B expression as well as IRF-3 dimeri-
zation. In contrast, loss of endogenous Mfn2
enhances the virus-induced production of IFN-3
and thereby decreases viral replication. Inter-
estingly, we have not observed this inhibitory
phenotype with the Mfn2 homolog protein,
Mfn1, with an approximately 60% sequence
identity [17]. Adding to the story of the connec-
tion between innate immunity and mitochon-
drial dynamics, Arnoult and colleagues reported
that activation of the RLR pathway via the de-
fective Sendai virus (SeV) strain H4 induces
mitochondrial elongation [29]. They also dem-
onstrated that knockdown of either Mfnl or
OPA1, which blocks mitochondrial fusion, de-
creases virus-induced activation of the tran-
scription factors, nuclear factor kB (NF-kB) and
interferon regulatory factor 3 (IRF-3). Con-
versely, knockdown of Drpl, which depletes
mitochondrial fission, increases RLR signaling.
Another study reported that viral infection in the
host cell triggers MAVS re-distribution on the
outer mitochondrial membrane, and the translo-
cation is regulated by Mfn1 because knockdown
of the gene abolishes this rearrangement [30].
Furthermore, the authors proposed a model of
viral entrapment by mitochondria via a RIG-I-
MAVS complex [30].

Based on these studies, Mfnl or Mfn2 appear
to be considerably involved with MAVS and its
ability to function in the RLR pathway. Together,
these findings suggest that Mfn1 is involved in
eliciting the antiviral response, while Mfn2 has
an inhibitory effect on MAVS.

Mitochondrial function and antiviral immunity

We recently demonstrated MAVS-dependent
signaling in cells with null mutations in both
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Figure 4. Mitochondria are dynamic
organelles. (A). Mitochondrial mor-
phology in wild-type mouse embryonic
fibroblasts (MEFs). Mitochondria are
visualized by staining with a mono-
clonal antibody against mtHsp70

Fission (green). Scale bar, 10 mm. (B). A
(Drp-1, Fis1, schematic model of mitochondrial

Mff) dynamics in mammals. Mitochondria
are dynamic organelles that undergo
continuous cycles of fusion and fis-
sion. Molecules involve in mitochon-
drial fusion and fission are indicated.

Mfn1 and Mfn2 [31]. Such Mfns-null cells have
completely fragmented mitochondria, show no
detectable mitochondrial fusion [32, 33], and
display impaired RLR signaling. Chan and col-
leagues reported that the vast majority of Mfns-
null cells show widespread heterogeneity of
mitochondrial membrane potential (AWm), a
physiologic function of mitochondria [33]. Inter-
estingly, treatment of normal cells with CCCP, a
protonophore that dissipates AWm, suppresses
the antiviral response [31]. In the present
study, increasing the abundance of uncoupling
protein-2, which induces mitochondrial proton
leakage [34], the extent of AWm dissipation
correlated with the defect in RLR-induced antivi-
ral responses (Figure 3). Taken together, these
data provide a framework for understanding
how the physiologic functions of mitochondria
are coupled with its functions in antiviral immu-
nity.

Conclusions

Mitochondria are the well-known powerhouses
of eukaryotic cells, and recent studies reveal
that they also act as a platform for the first line
of antiviral defense. Recent studies of mito-
chondrial mediated-antiviral immune responses
suggest a deep interconnection with other or-
ganelles, such as the endoplasmic reticulum
(ER) and peroxisomes [35, 36]. Further studies
are needed to understand the basic physiology
of mitochondria and how these organelles col-
lectively achieve antiviral immunity.
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