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A B S T R A C T   

Mitochondria are multi-functioning organelles that participate in a wide range of biologic processes from energy 
metabolism to cellular suicide. Mitochondria are also involved in the cellular innate immune response against 
microorganisms or environmental irritants, particularly in mammals. Mitochondrial-mediated innate immunity 
is achieved by the activation of two discrete signaling pathways, the NLR family pyrin domain-containing 3 
inflammasomes and the retinoic acid-inducible gene I-like receptor pathway. In both pathways, a mitochondrial 
outer membrane adaptor protein, called mitochondrial antiviral signaling MAVS, and mitochondria-derived 
components play a key role in signal transduction. In this review, we discuss current insights regarding the 
fundamental phenomena of mitochondrial-related innate immune responses, and review the specific roles of 
various mitochondrial subcompartments in fine-tuning innate immune signaling events. We propose that specific 
targeting of mitochondrial functions is a potential therapeutic approach for the management of infectious dis-
eases and autoinflammatory disorders with an excessive immune response.   

1. Introduction 

Mitochondria are highly mobile organelles that produce the high 
energy-carrying molecule adenosine triphosphate (ATP) and are 
involved in maintaining various homeostatic processes in eukaryotic 
cells, such as apoptosis [1], calcium buffering [2], aging [3], and signal 
transduction [4]. Structurally, mitochondria are uniquely compart-
mentalized by two lipid bilayers that form a double-membraned struc-
ture (outer and inner membranes), and, except for chloroplasts in plants, 
mitochondria are the only organelles outside of the nucleus that main-
tain part of their own genome (mitochondrial DNA [mtDNA]), which 
encodes 13 proteins. The mitochondrial inner membrane (MIM) folds 
into a wrinkled shape that provides a large amount of surface area, and 
these folds, called cristae, are required for oxidative phosphorylation 
(Oxphos), which is directly linked to the generation of ATP [5]. 

In a seminal study, Chen and colleagues revealed a novel function of 
mammalian mitochondria in cellular innate antiviral immunity [6]. 
Following this extraordinary discovery, the important contribution of 
mitochondria to inflammatory cellular responses against environmental 
irritants was also identified [7]. These studies have provided useful in-
formation about the involvement of mitochondria in the regulation of 
innate immune signaling. Because mitochondria are believed to have 
evolved from an independent prokaryotic organism, such as 

α-proteobacterium, to a symbiont residing within the cytosol of primi-
tive eukaryotic cells [8], these newly discovered roles of mitochondria in 
host-cell defense are an unexpected, but highly intriguing, phenomenon. 
In this review, we discuss current insights regarding the fundamental 
features of mitochondrial-related innate immune responses, and focus 
on the roles of mitochondrial subcompartments for fine-tune signaling 
events. In addition, we review the mechanisms of known strategies of 
microorganisms (i.e., viruses) to manipulate mitochondrial functions 
that might be linked to the immune response. 

2. Innate immunity 

2.1. Pattern recognition receptors and pathogen-associated molecular 
patterns 

Innate immunity, which defends the host against infectious micro-
organisms, is an ancient and ubiquitous system in a wide range of or-
ganisms, from invertebrates to vertebrates [9]. This system initiates a 
rapid array of host defenses, whereas the adaptive immune system, 
which is referred to as acquired immunity in vertebrates, is slower to 
respond. Although each organism employs a variety of environment- 
specific adaptations to ensure host defense, several generalized fea-
tures among species underlie the innate immune response. First, 
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germline-encoded pattern recognition receptors (PRRs) of the host 
recognize (either directly or indirectly) broadly conserved microbial 
components known as pathogen-associated molecular patterns 
(PAMPs), including the lipopolysaccharides of gram-negative bacteria, 
β-1,3-glucans of fungi, peptidoglycans of gram-positive bacteria, and 
viral nucleotides [10–12]. For example, Toll-like receptors and 
nucleotide-binding oligomerization domain (NOD)-like receptors 
(NLRs) are well-characterized PRRs in mammals [12,13]. Second, 
stimulation of PRRs by PAMPs activates intracellular signal transduction 
cascades that result in transcriptional activation (e.g., nuclear factor κB 
[NF-κB] and interferon [IFN] regulatory factor [IRF] pathways). Finally, 
upstream signaling events ultimately drive the rapid expression of a 
large number of pro-inflammatory cytokines and IFN genes to quickly 
alert other cells and tissues of the disorder. These signaling events lead 
to the recruitment of additional innate immune cells toward the alerting 
sites and further activation of the adaptive immune system in verte-
brates [14–16]. 

2.2. Damage-associated molecular patterns and mitochondria 

The innate immune system evolved a strategy for discriminating 
“self” and “non-self” based on the recognition of PAMPs via PRRs. In 
some situations, however, damage-associated molecular patterns 
(DAMPs), which derive from endogenous host molecules by sterile in-
sults (i.e., host tissue damage), are also specifically recognized by PRRs 
depending on their structural similarity to the PAMPs of infectious mi-
croorganisms and trigger inflammatory responses within the host. 
Emerging evidence indicates that in some circumstances, mitochondria, 
the organism’s energy powerhouse, release “alarmins” in response to 
specific cellular stressors (i.e., infection or environmental irritants) to 
maintain homeostasis (Fig. 1). So far, the well-known mitochondria- 
derived DAMPs (mDAMPs) are mtDNA [17–20], mitochondrial reactive 
oxygen species (mROS) [7,21–23], cardiolipin [24,25], and N-formyl- 
peptides [18,26], all of which are molecules unique to mitochondria. 
The mROS are not only detrimental to the survival of invading micro-
organisms via free radical toxicity, but they also regulate cellular 
signaling directly and/or indirectly, as discussed in section 3.2. Although 
the precise mechanisms underlying how these mDAMPs leak from the 
mitochondria into the cytosol remain unclear, discrimination of these 
organelle components as “non-self” by the host innate immune system is 
consistent with the endosymbiotic theory for the origin of mitochondria. 

3. Mitochondria and inflammation 

Several studies have demonstrated that mitochondria act as a central 
hub for innate immune signaling [27–31]. The link between mito-
chondria and innate immunity is mediated by the activation of two 
distinct classes of PRR-mediated signal transduction pathways, namely 
the NLR family pyrin domain-containing 3 (NLRP3) inflammasomes 
[32] and the retinoic acid-inducible gene I (RIG-I)-like receptor (RLR) 
signaling pathway [33]. The following sections summarize how mito-
chondria are involved in the innate immune system. 

3.1. NLRP3 inflammasomes 

NLRP3 belongs to the NLR family [34], which possesses multidomain 
structures comprising 22 members in humans, and acts as scaffolding 
proteins in the cytosol that provide intracellular signaling platforms for 
regulating inflammatory responses. Among the NLR family members, 
NLRP3 and NLRX1 localize in mitochondria and function in the sub-
cellular compartments [35–37]. Under basal conditions, NLRP3 is 
weakly expressed in mainly immune cells such as macrophages and 
dendritic cells. Importantly, mutations in NLRP3 cause auto-
inflammatory disorders [38–40]. Activation of NLRP3 inflammasomes, 
which are involved in the early stages of the inflammatory response by 
sensing PAMPs and mDAMPs, is initiated by the formation of a multi- 
complex with an adaptor protein, apoptosis-associated speck-like pro-
tein containing a caspase recruitment domain (ASC), and procaspase-1 
[32,41]. The formation of this complex is followed by processing of 
the downstream signaling molecule procaspase-1 to convert it to its 
mature form (caspase-1), which ultimately leads to the secretion of 
inflammasome-dependent cytokines, such as interleukin 1β (IL-1β) and 
IL-18. The disease-related mutations in NLRP3 mentioned above are 
thought to result from chronic induction of high inflammasome activity 
in the absence of any PAMPs. A number of mitochondrial components 
play essential roles in the activation of NLRP3 inflammasomes (Table 1). 

Upon activating the NLRP3 inflammasomes, mitochondria basically 
have two distinct roles: (i) serving as platforms at the mitochondrial 
outer membrane (MOM) for activating/maturating signaling molecules, 
and (ii) releasing alarmins from the matrix (section 3.2). With regard to 
the first role, Germain and colleagues demonstrated that inactivated 
NLRP3 distributed in the cytosol colocalizes with mitochondria via a 
MOM protein, mitochondrial antiviral signaling (MAVS; described in 
detail in section 4) during inflammasome activation [37]. Another study 
reported that a mediator of mitochondrial fusion, mitofusin 2 (MFN2), 

Fig. 1. Mitochondrial physiologic func-
tions in mammals. Mitochondria partici-
pate in a wide range of processes with vital 
roles in cellular function in a healthy state 
(left). The key function of mitochondria is 
to generate cellular energy, but the organ-
elles have many other roles, such as in 
signal transduction, metabolic control, and 
innate immunity. Under excessive stress/ 
damage or loss of its homeostasis (right), 
the MIM becomes depolarized and releases 
mitochondrial components (e.g., mtDNA, 
cardiolipin, N-formyl peptide, and mROS) 
into the cytosol by a mechanism not yet 
completely elucidated. In addition to 
PAMPs derived from microorganisms, 
mDAMPs are recognized as alarmins that 
trigger inflammatory responses within the 
host.   
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activates NLRP3 in response to viral infection [42]. Several lines of ev-
idence support the findings of these two reports. The most likely 
explanation for the discrepancy is that MAVS physically associates with 
MFN2, as has been observed in several different cell lines [43,44], 
paving the way for NLRP3 to associate with both adaptors at the MOM. 
In addition, MAVS and MFN2 are both enriched in mitochondria- 
associated endoplasmic reticulum (ER) membranes (MAM) [45,46], 
and a biochemical study from Tschopp’s group demonstrated the pres-
ence of NLRP3 inflammasomes in the MAM fractions [7]. It is possible 
that a subset of NLRP3 activators in the cytosol or MOM are required for 
NLRP3 relocation to the mitochondria without MAVS function, and 
further mechanistic studies are needed to evaluate the convergence of 
multiprotein complexes on the MOM surface. In fact, another MOM 
protein, mitochondrial E3 ubiquitin protein ligase 1 (MUL1), which is a 
modifier of MFN2 [47], was recently reported to modulate inflamma-
some activity via a post-translational modification, SUMOylation, of 
NLRP3 by MUL1 [48]. 

3.2. mDAMPs and inflammation 

mDAMPs trigger the activation of NLRP3 inflammasomes. High 
production of mROS caused by blocking the function of key enzymes in 
the electron transport chain via mitochondrial inhibitors (i.e., rotenone 
or antimycin) leads to the activation of NLRP3 inflammasomes, whereas 
a decreased level of mROS is correlated with attenuated NLRP3 acti-
vation [7]. Experiments in an in vivo model confirmed the role of mROS 
in the activation of NLRP3 inflammasomes [49]. Consistent with these 
observations, inhibition of mitophagy, which eliminates damaged or 
dysfunctional mitochondria (generating excess mROS), results in the 
activation of NLRP3 inflammasomes [50]. Releasing mtDNAs into the 
cytosol can also trigger the activation of NLRP3 inflammasomes [19,51]. 
Arditi and colleagues demonstrated that NLRP3 binds to an oxidized 
form of mtDNA released into the cytosol, and the association is critical 
for NLRP3-inflammasome activation [51]. Levels of mtDNA are 
increased in the body fluid of patients suffering from chronic inflam-
matory disorders such as rheumatoid arthritis [52], implying that 
mDAMPs trigger inflammatory disorders. 

In general, mutations in mtDNA enhance mROS production and a 
number of mitochondrial diseases [53]. It is important to investigate 
how those mutations affect the activation of NLRP3 inflammasomes as 
well as their involvement in autoinflammatory disorders other than 
mtDNA release. Table 1 summarizes the involvement of mitochondria in 
NLRP3 inflammasomes. 

4. Mitochondria and RLR-mediated antiviral innate immunity 

Apart from NLRP3-dependent inflammation, mitochondria act in 
host defense against RNA viruses via the RLR signaling pathway, which 
leads to the production of type I IFNs and pro-inflammatory cytokines 
[27–29]. In this signaling pathway, the mitochondrial adaptor MAVS 
(mentioned in section 3.1), a downstream molecule of RLRs, plays a key 
role in signal transduction (Fig. 2). 

4.1. Mitochondrial adaptor MAVS 

MAVS, also known as Cardif [54], IPS-1 [55], and VISA [56], is a 56- 
kDa membrane protein that is ubiquitously expressed in a variety of 
tissues and cell types [6,54,56]. Orthologs of MAVS are conserved 
throughout fish species [57]. MAVS is anchored at the MOM through its 
carboxy terminal single-spanning transmembrane region (C tail- 
anchored protein) containing an amino terminal caspase recruitment 
domain (CARD), which is needed for its interaction with RLRs [54–56]. 
Notably, anchoring of MAVS molecules at the MOM is essential for its 
proper signaling function [6]. As mentioned earlier, however, MAVS is 
also enriched in the ER-mitochondria contact site [46] with partial 
distribution in peroxisomes [58], consistent with its interconnectedness 
and interdependence with the cellular metabolism of the organelles. 

4.2. MAVS signaling at the MOM 

Upon viral infection, cytoplasmic virus-derived RNA that gains entry 
into the host cell is initially recognized by RLRs, and the protein- 
nucleotide complexes translocate to the mitochondria by association 
with MAVS (through CARD-CARD interactions), leading to drastic 
conformational changes in the adaptor and the formation of activated 
high-ordered MAVS oligomers (Fig. 2, inset on the right) [59–61]. Once 
MAVS is activated, it recruits various downstream signaling effectors (i. 
e., tumor necrosis factor receptor-associated factor [TRAF] family, TRAF 
family member-associated NF-κB activator [TANK]-binding kinase 1 
[TBK-1], and inhibitor of NF-κB kinase subunit epsilon [IKKε], etc.) on 
the MOM to orchestrate a supramolecular signal-transducing complex, 
the so-called “MAVS signalosome”, which is essential for the immune 
response. During the assembly of the MAVS signalosome, many acces-
sory proteins are ubiquitinated and phosphorylated by specific enzymes, 
and the mitochondria provide a surface platform (i.e., MAVS acts as a 
scaffold) for performing these post-translational modifications [27,28]. 
The importance of MAVS as a scaffolding protein localizing at the MOM 
is also highlighted by the fact that several viral-delivered proteases, such 
as NS3/4A of the hepatitis C virus (HCV) or 3ABC of the hepatitis A virus 
(HAV), cleave MAVS from the mitochondrial surface, ultimately abol-
ishing the RLR signaling pathway [54,62,63]. 

While the prominent function of the MAVS signalosome is precisely 
regulated upon viral infection, MAVS signaling is also subjected to 
control in a quiescent state by several negative regulators under a non- 
infected environment or promptly terminated once an antiviral response 
occurs. A receptor for the globular head domain of complement C1q 
(gC1qR) [64], NLRX1 [35,65], Polo-like kinase 1 (PLK1) [66], and 
MFN2 [43] physically binds with MAVS to prevent downstream 
signaling. Poly(rC) binding protein 2 (PCBP2) navigates MAVS protea-
somal degradation via K48-linked polyubiquitination [67]. These 
regulation systems suggest that a balanced abundance of MAVS and its 
topology on the MOM is crucial for potentiating the RLR signaling 
pathway. 

4.3. MAVS signaling at sub-mitochondrial compartments 

Although activation of the MAVS signalosome is precisely regulated 
by a plethora of cytosolic and mitochondrial proteins at the MOM, as 
described above, our recent studies revealed that conditions in the sub- 
mitochondrial compartments (MIM and intermembrane space [IMS]) 
are indispensable for fine-tuning the signaling events. For example, 
mitochondrial membrane potential (Δψm), a proton gradient across the 
MIM as a key indicator of mitochondrial activity, is required for acti-
vating MAVS-mediated antiviral signaling [68]. The physiologic rele-
vance of the phenomenon was confirmed by the finding that the 
influenza A virus (IAV; an RNA virus of the Orthomyxoviridae family) 
protein PB1-F2, which translocates into the IMS, attenuates the Δψm and 
thereby suppresses the RIG-I signaling pathway [69,70]. The magnitude 
of Δψm involved in MAVS signaling has also been evaluated through the 

Table 1 
Mitochondrial components involved in inflammation.  

Mitochondrial 
components 

Possible mechanisms involved in 
inflammation 

References 

MAVS (MOM protein) mitochondrial adaptor for NLRP3 
(activation) 

[37] 

MFN2 (MOM protein) mitochondrial adaptor for NLRP3 
(activation) 

[42] 

MUL1 (MOM protein) NLRP3 sumoylation (inactivation) [48] 
mROS NLRP3 inflammasome activation [7,49] 
mtDNA binds to NLRP3 (activation) [51] 
cardiolipin binds to NLRP3 (activation) [24] 
N-formyl-peptides neutrophil chemotaxis (activation) [18]  
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activity of Oxphos (chemiosmosis), which facilitates the antiviral im-
mune response [71]. Interestingly, Lin and colleagues reported that 
downregulation of glucose metabolism in cells, which is thought to shift 
cellular bioenergetics toward the Oxphos (oxidative) condition, pro-
motes RLR-induced type I IFN production [72]. 

Despite the accumulation of evidence for functional coordination 
between the RLR pathway and the events surrounding the MIM region, 
further mechanistic studies are necessary to address how the two sepa-
rated membranes communicate, because MAVS is anchored at the MOM 
with only few amino acids facing into the IMS [6]. With regard to this 

Fig. 2. Overview of innate immunity against RNA viruses in mammals (RLR pathway). Viral infections (cytosolic virus-derived RNAs) of mammalian cells are 
initially detected by the host PRRs (RIG-I and MDA-5) and initiate the RLR-mediated signaling pathway. MAVS acts as adaptors of the PRRs, which activate NF-κB or 
IRF-3/7, resulting in the rapid production of proinflammatory cytokines and type I interferons (early phase). In this pathway, mitochondria serve as a signaling 
platform at the MOM, which activates/regulates various kinds of downstream molecules. In addition, dynamic mitochondrial properties (i.e., Δψm, OxPhos activity, 
mitochondrial-related metabolites, etc.) under the MOM also contribute to fine-tune signaling events (right dashed box). A topologic gap between MAVS and the 
mitochondrial properties is filled by PHB complexes that construct a bridge between the MOM and MIM upon viral infection [74]. At longer times post-infection 
(~24 h: late phase), some miRNAs are upregulated in the cells (bottom red box), and many modulate the immune response. miR-146a, miR-302b, miR-372, 
miR-485, and miR-576-3p undergo sequential negative regulation of antiviral responses following viral infection, a process that is critical for terminating excess 
RLR signaling (left red box). Mitochondria are also involved in activating the cGAS/STING signaling pathway. MDA-5, melanoma differentiation-associated gene 5. 
NEMO, NF-κB essential modulator. RISC, RNA-induced silencing complex. Δψm, mitochondrial membrane potential. 

K. Yasukawa and T. Koshiba                                                                                                                                                                                                                



BBA - General Subjects 1865 (2021) 129839

5

issue, one possible model is that prohibitins (PHBs), ubiquitously 
expressing MIM proteins that form ring-like PHB complexes comprising 
multiple PHB1 and PHB2 subunits [73], act as mitochondrial scaffolds 
and fill the topologic gap between MAVS at the MOM and MIM, and 
might invoke mitochondrial-mediated antiviral innate immunity (Fig. 2, 
inset on the right, highlighted in pink) [74]. Indeed, proteome data [74] 
reveal that both MAVS and PHBs associate with many mitochondrial 
contact sites and cristae-organizing system (MICOS)-containing sub-
complexes, which are crucial for connecting MIM and MOM at contact 
sites [75], and caseinolytic peptidase B protein homolog (CLPB). 
Because the bacterial homolog clpB acts as a chaperone involved in the 
disaggregation of misfolded proteins [76], the role of CLPB in mammals 
might contribute to the rearrangement of high-ordered MAVS oligo-
mers, ultimately leading to an activated conformation. The exact phys-
iologic functions of CLPB remain elusive, but CLPB variants are reported 
in humans with autosomal recessive mitochondrial disorders [77]. 

4.4. MAVS signaling and microRNAs 

MicroRNAs (miRNAs) may provide a unique immune controlling 
system by post-transcriptional regulation. miRNAs are short non-coding 
RNAs that suppress multiple genes and are associated with various 
biologic functions, including cell proliferation, differentiation, devel-
opment, and apoptosis [78,79]. Approximately 2000 miRNAs have been 
identified in the human genome to date, many of which are implicated in 
diseases (i.e., cancers) and are prospective novel therapeutic targets 
[80]. Recent studies revealed the involvement of a couple of miRNAs in 
antiviral innate immunity [81–83]. Fontoura and colleagues found that 
miR-576-3p, which is induced in the cell response to an RNA virus 
(vesicular stomatitis virus [VSV]) infection, targeted both MAVS and 
TRAF3 mRNAs and reduced the immune response to avoid excessive 
inflammation via a feedback mechanism [82]. In macrophages, the 
expression of miR-146a is upregulated by VSV infection and negatively 
regulates VSV-triggered type I IFN production, thereby promoting VSV 
replication in macrophages [84]. Ingle et al. reported that miR-485 
targets RIG-I mRNA, which leads to gene degradation and inhibition 
of the RLR pathway [83]. In that study, the authors unexpectedly found 
that miR-485 has dual functions in that it also anneals to an IAV PB1 
gene (an RNA-dependent RNA polymerase), thereby inhibiting virus 
replication [83]. Further, we reported in a recent study that miR-302b 
and miR-372 potentially attenuate viral-triggered induction of IFN-β 
and pro-inflammatory cytokines by manipulating a cellular function, 
mitochondrial metabolism via an aspartate-glutamate transporter, 
SLC25A12 [85]. Intriguingly, introducing miR-302b and miR-372 
mimics into cells decreases the mitochondrial oxygen consumption 
rate and ultimately leads to cellular metabolic changes from the citric- 
acid cycle to glycolysis, followed by increased lactate production [85]. 
Because lactate acts as a negative regulator of the MAVS-mediated 
innate immune response [72], both miRNAs might affect innate im-
munity through the actions of lactate modulation. 

Taken together, these findings contribute to our understanding of 
how miRNAs modulate the innate immune response by altering 
mitochondrial-mediated signal transduction. In addition to revealing the 
mechanistic actions of potential miRNAs, these findings may help to 
elucidate the unexpected role of miRNAs as a therapeutic target for 
attenuating excess inflammation, such as a cytokine storm because of 
their high potency for downregulating pro-inflammatory cytokines (i.e., 
miR-485, miR-302b, and miR-372). Therefore, a major challenge in 
applying the miRNA-based therapies is delivering these compounds to 
the infected site in controlled amounts without inducing toxicity. 

4.5. Host evasion mechanisms 

Multiple viruses develop their unique systems that target mito-
chondria for evading host immunity upon infection. Here we review the 
mechanisms of known strategies of viruses to manipulate mitochondrial 

functions that might be linked with immune responses. As mentioned 
earlier, both the HCV serine protease, NS3/4A, and the HAV cysteine 
protease, 3ABC, potently suppress antiviral immunity by cleaving pu-
tative cellular targets (mitochondrial component) as an evasion strategy 
[54,62,63]. Likewise, hepatitis B virus X protein promotes MAVS ubiq-
uitination to lead proteasome-mediated degradation, resulting in 
downregulation of the RLR pathway [86]. 

Several viruses modulate mitochondrial functions by altering the 
mitochondrial morphology and metabolism. The IAV protein PB1-F2 
translocates into the IMS via translocase of the outer mitochondrial 
membrane (TOM) complex, and its accumulation accelerates mito-
chondrial fragmentation due to reduced Δψm, suppressing the RIG-I 
signaling pathway and inactivating NLRP3 inflammasomes [69,70,87]. 
Dengue virus (DENV) protease NS2B3 targets mitochondrial fusion 
mediators, MFN1 and MFN2, which alter the mitochondrial morphology 
toward fragmentation, and attenuate antiviral responses by facilitating 
cell death [88]. Interestingly, another DENV nonstructural protein, 
NS4B, inhibits the function of a mitochondrial fission mediator, Drp1, 
which induces mitochondrial elongation, leading to attenuation of 
antiviral innate immunity [89]. Severe acute respiratory syndrome 
coronavirus (SARS-CoV) open reading frame-9b protein can also cause 
mitochondrial elongation by triggering ubiquitination and proteasome- 
mediated degradation of Drp1 [90]. SARS-CoV nonstructural protein 2 
impairs mitochondrial integrity by arresting PHB1 and PHB2 functions 
[91], although mechanistic insight into how the viral protein trans-
locates into the IMS remains elusive. Details and perspectives on the 
current knowledge regarding the involvement of SARS-CoV-2 in 
mitochondrial-related immunity are described elsewhere [92]. 

5. Concluding remarks 

Mitochondria function as the headquarters of cellular metabolism in 
eukaryotes, and recent studies revealed that the organelles also act as a 
platform for the first line of host defense. In this review, we described 
some of the roles in which mitochondria are directly involved in immune 
responses against RNA viruses following sterile insult. The indirect 
involvement of mitochondria together with other interconnected or-
ganelles, such as ER, peroxisomes, and Golgi bodies is essential for 
producing a broad range of immune responses against other types of 
microorganisms, including DNA viruses or sterile inflammation [30,31]. 
A major breakthrough in this field was the finding that mitochondria are 
involved in activating the cyclic guanosine monophosphate synthase 
(cGAS)-sitmulator of interferon genes (STING) signaling pathway 
[93–97]. The key roles of mitochondria in immunity are established, but 
additional studies are needed to elucidate the basic physiology of 
mitochondria and how they achieve both cellular metabolism and novel 
host defense. Patients with mitochondrial disorders and dysfunctions 
may be more vulnerable to viral infections and excessive immune 
response. Therefore, we propose that specific targeting of mitochondria 
is a potential therapeutic approach for the management of infectious 
diseases and autoinflammatory disorders related to an excessive im-
mune response. 
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