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ARTICLE INFO ABSTRACT

Keywords: Mitochondria have been recognized as ancient bacteria that contain evolutionary endosymbionts. Metabolic
Virus pathways and inflammatory signals interact within mitochondria in response to different stresses, such as viral

Mitochondria infections. In this commentary, we address several interesting questions, including (1) how do mitochondrial
;Fherapy machineries participate in immune responses; (2) how do mitochondria mediate antiviral immunity; (3) what
mmune

mechanisms involved in mitochondrial machinery, including the downregulation of mitochondrial DNA
(mtDNA), disturbances of mitochondrial dynamics, and the induction of mitophagy and regulation of apoptosis,
have been adopted by viruses to evade antiviral immunity; (4) what mechanisms involve the regulation of
mitochondrial machineries in antiviral therapeutics; and (5) what are the potential challenges and perspectives
in developing mitochondria-targeting antiviral treatments? This commentary provides a comprehensive review
of the roles and mechanisms of mitochondrial machineries in immunity, viral infections and related antiviral
therapeutics.

1. Introduction immunity against viral infection and discuss the strategies adopted by

viruses to fight against antiviral immunity by modifying the function of

Viral infections induce antiviral immunity in human bodies. Many
organelles in virus-infected cells operate in conjunction with activated
immune effector cells to trigger optimal antiviral immune responses.
While facing immune defenses, viruses develop mechanisms to antag-
onize the immune machinery to ensure the successful production of
viral progenies. Diverse and complex mechanisms are involved in an-
tiviral immunity in host cells and immune evasion by viruses. Among
the organelles in virus-infected cells, mitochondria are crucial for
triggering antiviral immunity and represent critical targets that can be
manipulated by viruses to escape immune protection. In the following
section, we address the roles and mechanisms of mitochondria in innate

the mitochondrial machinery. Evidence supporting the benefit of cor-
recting dysfunctional mitochondria is based on the antiviral effects of
some medications. The challenges and perspectives of targeting virus-
modulated mitochondrial machineries are also discussed.

2. Viral infection and innate immunity

Viruses are obligatory intracellular organisms that require cellular
organelles and machineries to replicate and produce viral progeny.
However, the invasion of viruses alerts the immune system and elicits a
response. To detect the signals of invading pathogens and sense the
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danger from intracellular damage, cells adopt an alarm system using a
group of molecules called pattern recognition receptors (PRRs) [1].
PRRs are localized on the cell surface, in the endosome, or in the cytosol
and function to detect pathogen-associated molecular patterns (PAMPs)
present in microbial invaders and danger-associated molecular patterns
(DAMPs) exposed upon the occurrence of damage to cells [1]. The
compartmentalization of these PRRs provides spatial information for
better microbial detection. The accumulation of these receptor-medi-
ated signals leads to the development of optimal immunity against
pathogens. PAMPs are important structural components necessary for
the survival of microorganisms and appear to have been highly con-
served along the course of evolution. For example, in bacteria, PAMPs
are mainly found in the components of the cell wall. The recognition of
PAMPs mainly depends on 20-40 PRR proteins in the innate immune
system in mammals. Most opportunistic pathogens contain at least one
PAMP within their structural range, and evolutionary pressure drives
the human immune system to selectively recognize only the most pre-
valent and conserved PAMPs. Nevertheless, the recognition of only a
limited number of PAMPs bears risks because some pathogens can
evade immune detection through mechanisms such as losing PAMPs or
structural modification of PAMPs [2]. To overcome these challenges,
such defects can be compensated for by the development of more so-
phisticated recognition systems by the innate immune system [3]. Re-
cently, a recognition system of homeostasis-altering molecular pro-
cesses involving inflammasome components, such as NLRP3 (NOD-,
LRR- and pyrin domain-containing 3) and pyrin that integrate signals
from perturbations in cytoplasmic homeostasis has been shown to
promote great flexibility in the innate immune system, enabling this
system to sense evolutionarily novel infections [4].

There are four major groups of PRR protein families, including the
Toll-like receptor (TLR), C-type lectin receptor (CLR), NOD-like re-
ceptor (NLR) and retinoic acid-inducible gene 1 (RIG-I)-like receptor
(RLR) families. The importance of PRRs in viral infections has been
demonstrated in RIG-I-deficient mice in which viral infections fail to
induce a type I interferon (IFN) reaction [5]. RIG-I preserves several
critical regions, including the N-terminal caspase activation and re-
cruitment domains (CARDs), a DECH helicase, and a C-terminal do-
main. Together, these subunits sense signals and mediate downstream
signal transduction. The crystal structures of RIG-I reveal that the CARD
domain, which mediates CARD-CARD interactions, is sequestered by a
helical domain inserted between the two helicase moieties in the in-
active status. Once RIG-I binds the 5’-triphosphate double-stranded
RNA (5-ppp-dsRNA) of viruses through its C-terminal domain, the
CARD domain is exposed leading to its release from the helicase domain
and triggers downstream signaling [6].

Through the CARD-CARD interaction, RIG-I delivers a signal to a
critical adaptor molecule residing in mitochondria. This adaptor is
known as the mitochondrial antiviral signaling protein (MAVS), inter-
feron-beta promoter stimulator 1 (IPS-1), virus-induced signaling
adaptor (VISA) or CARDIF that has been identified by several groups
using different strategies [7]. In the resting status, MAVS exists in the
monomeric form, and there are multiple N-terminal truncated isoforms
of MAVS required to prevent full-length MAVS from spontaneous ag-
gregation and assembly into active prion-like filaments that propagate
signaling cascades [7,8]. Once activated by the RIG-I signal, MAVS
recruits several ubiquitin E3 ligase tumor necrosis factor (TNF) re-
ceptor-associated factor (TRAF) proteins, including TRAF2, TRAF5, and
TRAF6, via TRAF binding motifs. Then, the TRAF proteins recruit the
nuclear factor-kappaB (NF-kB) essential modulator to the MAVS sig-
naling complex, which induces the activation of inhibitor of kappaB
(IxB) kinase and TNF receptor-associated factor family member-asso-
ciated NF-kB-binding kinase 1 [9]. The posttranslational phosphoryla-
tion of MAVS at the conserved serine and threonine clusters in the
active domains by IkB kinase and/or TNF receptor-associated factor
family member-associated NF-kB-binding kinase 1 is required for MAVS
to serve as a binding site for downstream signaling molecules [10]. The
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stimulation of MAVS results in the activation of downstream signaling
pathways, such as NF-kB, mitogen-activated protein kinases (MAPKs)
and interferon regulatory factors (IRFs), leading to intense immune
responses and the production of IFNs, IFN-stimulated genes, proin-
flammatory cytokines, chemokines, and many inflammation-associated
mediators.

3. Mitochondria regulate metabolism and immunity

Mitochondria have their own genome, i.e., circular mitochondrial
DNA (mtDNA), which contains nonmethylated CpG motifs. The mi-
tochondrial genome shares similarities with bacterial DNA, and thus,
mitochondria exhibit many different features of bacteria. Mitochondria
are ubiquitously present in eukaryotic cells, and the number of mi-
tochondria in a single cell ranges from one to a few thousand.
Mitochondria are constantly in a dynamic status, and fission and fusion
processes (discussed below) continually occur throughout the cell cycle,
during the processes of generating young mitochondria and removing
old mitochondria and even during the process of cell death. As pre-
dicted, mitochondria may change their shape, size and number
throughout these processes. In addition, mitochondria can be trans-
ported from one location to a different location via microtubules.
Accordingly, mitochondria perform both anabolic and catabolic pro-
cesses requiring precise biogenesis, coordinated protein transportation,
and protein expression originating from both the mitochondria and
nuclear genomes. Expectedly, well-organized communication among
mitochondria, the nucleus and the cytosol is necessary to maintain in-
tact mitochondrial function and homeostasis. The breakdown of the
balance in the mitochondrial machinery is highly related to the devel-
opment of many human diseases, such as atherosclerosis, pulmonary
hypertension, cancer, and autoinflammatory disorders [11,12]. Mi-
tochondrial dysfunction leads to the development of autoinflammatory
diseases in humans through several mechanisms, such as the generation
of reactive oxygen species (ROS) in mitochondria, the release of
mtDNA, and the induction of autophagy, resulting in the activation of
the inflammasome pathway [12].

Accumulating studies have indicated that in addition to being effi-
cient cell powerhouses due to their roles in ATP production through
oxidative phosphorylation and the synthesis of critical cellular com-
ponents, such as nucleotides and amino acids, mitochondria can reg-
ulate the activation of the NLRP3 and NLRP6 inflammasomes, micro-
bial- and host-derived metabolites, the glycolysis process and
metabolism to affect immune responses [13]. Importantly, the activa-
tion of PRR programing sends signals to mitochondria, which, in turn,
undergo a metabolic switch from oxidative phosphorylation to glyco-
lysis to prepare the cells for defense against pathogens [14]. This effect
also places mitochondria in a frontier position in microbial-triggered
PRR activation and subsequent signal transduction. An earlier study
demonstrated that when cocultured with nonactivated Kupffer cells,
AH70 cells derived from a rat hepatoma cell line reduce mitochondrial
energization, which is likely a secondary mechanism to the release of
Kupffer cell-derived nitric oxide through membrane-to-membrane at-
tachment between Kupffer cells and tumor cells [15]. Enzymes involved
in metabolism are also in close approximation with immune regulators.
According to Cao et al., methylcrotonyl-CoA carboxylase 1, which is an
enzyme located in mitochondria, is constitutively associated with
TRAF6 and interacts with MAVS to induce antiviral immunity by in-
creasing type I IFN production [16]. Furthermore, many intermediates
involved in the Krebs cycle, such as succinate, fumarate and citrate,
participate in different processes that are highly related to immunity
and inflammation in both innate and adaptive immune cells [17].
Specifically, the individual immune effector cells, such as granulocytes,
dendritic cells, macrophages, T lymphocytes and B lymphocytes, all
play distinctive roles in interactions with metabolic signaling and
pathways [18]. Moreover, IFNs induce changes in the cellular meta-
bolism with increased fatty acid oxidation and oxidative
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Fig. 1. Regulation of mitochondrial machineries by viruses to antagonize im-
mune defense. Viral infection triggers antiviral immunity in host cells leading to
the production of antiviral IFNs. Mitochondria play crucial roles in antiviral
immunity. In order to evade antiviral immunity, viruses target interfering mi-
tochondrial function or causing mitochondrial elimination (mitophagy).
Several major strategies are developed by viruses to achieve the goals. These
include at least the disturbance of mitochondrial dynamics, the induction of
mitophagy, the suppression of mtDNA copy number or interfering mtDNA-
mediated effects as well as the regulation of apoptotic processes. § stands for
inducing and ] stands for suppressing.

phosphorylation through an autocrine effect on the type 1 IFN receptor-
dependent pathway [19].

4. Viruses mediate immune evasion by regulating the
mitochondrial machinery

Due to the intensive immune response of host cells, viruses have
developed many different strategies to evade suppression, such as tar-
geting the antiviral cytokine IFN signaling pathways. A recent review
listed the ten most common mechanisms adopted by viruses to antag-
onize IFN effects and achieve the goals of immune evasion [20]. The
activation of the mitochondrial machinery may not necessarily be a
viral target and may be a side effect of triggering antiviral immunity. In
contrast, given the immune-regulatory roles of mitochondria in the
defense against viral infections, targeting mitochondrial machineries is
expected to be a strategy used by viruses to circumvent host immunity.
In the following sections, we discuss several major categories of events
occurring in the mitochondrial machinery in viral infections and ad-
dress how viruses have developed mechanisms, such as targeting these
events, to regulate mitochondria-associated antiviral immunity (Fig. 1).

4.1. Downregulation of mitochondrial DNA (mtDNA)

The sources of DAMPs are most likely derived from the plasma
membrane, nucleus, endoplasmic reticulum and other cytosolic orga-
nelles, such as mitochondria. Accordingly, the release of molecules or
components from mitochondria, including mtDNA, into the cytosol or
the extracellular milieu can potentially serve as potent DAMPs [17].
Certain PRRs are involved in the recognition of mtDNA in cell-type- and
context-dependent manners. By engaging PRRs expressed in different
cell types, mtDNA functions as a potent inducer of the antimicrobial
immune response, IFN production and possibly consequential im-
munopathologies [21]. Many clinical disorders, such as HIV infection
[22], trauma [23], sepsis and acute respiratory distress syndrome
[24,25], are associated with increased plasma mtDNA levels. In addi-
tion, the serum level of mtDNA can serve as a predictor of outcome in
severe sepsis patients in the emergency room [24] and a useful
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biomarker of mortality in intensive care unit patients [25].

Dengue virus (DENV) infection induces the release of mtDNA into
the cytosol, which upregulates TLR9 expression, binds TLR9 and
translocates together with TLR9 into lysosomes to trigger downstream
signaling events [26]. Interestingly, in response to the proinflammatory
characteristics of mtDNA and to prevent further damage to tissues or
organs, such as the lung, red blood cells can bind mtDNA through TLR9
to maintain homeostasis [27]. Another commonly recognized sensor of
mtDNA is cyclic GMP-AMP synthase (cGAS), which shares similarities
with the antiviral cytosolic double-stranded RNA sensor 2’-5’-oligoa-
denylate synthase (OAS1) [28]. The recognition of cytosolic mtDNA by
cGAS leads to the production of the noncanonical cyclic dinucleotide
2,5 ¢cGAMP, the activation of the stimulator of interferon genes
(STING) and IRF3, and the induction of type I IFN [28]. The manip-
ulation of the release of mtDNA or the mtDNA response has been
generally adopted by invading viruses in the defense against antiviral
immunity. Aguirre et al. demonstrated that the DENV non-structural
(NS)2B protein recognizes and guides cGAS to the lysosome for de-
gradation to suppress the mtDNA-mediated immune response [29]. In
addition, DENV nonstructural proteins adopt different mechanisms to
affect the mitochondrion-ER interaction and prevent the accumulation
of DENV proteins in that organelle and attenuate mtDNA leakage into
the cytoplasm [30]. Using a different strategy, Epstein-Barr virus (EBV)-
encoded latent membrane protein 1 (EBV-LMP1) induces DNA me-
thyltransferase 1 expression and promotes its mitochondrial transloca-
tion. Then, activated DNA methyltransferase 1 causes the activation of
AKT signaling and the hypermethylation of the mtDNA D-loop region,
leading to a reduction in oxidative phosphorylation complexes [31].

The mitochondrial single-stranded DNA binding protein (mtSSB) is
critical for facilitating mtDNA replication in the dynamic status. The
EBV B-ZIP transcription factor Zta, which is an immediate-early protein
of the virus, binds many DNA sequences containing methylated CG
dinucleotides with either 5-methylcytosine or 5-hydroxymethylcytosine
present in one strand of the DNA sequence [32]. Zta can stimulate viral
gene transcription and inhibit cell cycle proliferation. Weidmer et al.
showed that Zta interacts with mtSSB, causing the translocation of
mtSSB from the mitochondria to the nuclear compartment, attenuating
mtDNA synthesis and reducing mtDNA genome copy number [33]. Full-
length herpes simplex virus type 1 (HSV-1) UL12 localizes to the nu-
cleus and is responsible for promoting viral genome generation. UL12.5
preserves alkaline DNase activity and is mainly localized to the mi-
tochondrial matrix. UL12.5 can degrade the mitochondrial genome via
its exonuclease activity, resulting in mtDNA depletion and the sup-
pression of antiviral immunity [34]. Interestingly, Moren et al. ob-
served significant mtDNA depletion and decrease of mitochondrial
complex IV activity in human immunodeficiency virus (HIV-1)-infected
U1 promonocytic cells but not HIV-1-infected lymphoid cells, although
the mitochondrial apoptotic events measured by the voltage-depen-
dent-anion-channel-1 content and caspase-9 levels were equally af-
fected in these two cell lines [35]. Duguay et al. showed that although
infection by HSV-1 results in the rapid elimination of mtDNA from host
cells, this process does not appear to be required for the effective re-
plication of viruses in cultured Vero kidney epithelial cells [36].

4.2. Disturbance of mitochondrial dynamics

Dynamic processes, namely, mitochondrial fission and mitochon-
drial fusion, occur constantly to maintain mitochondrial homeostasis.
Mitochondrial fission is a process guided by dysfunctional daughter
mitochondria to lysosomal digestion in order to properly adjust dis-
tribution of mitochondria and energy supply to daughter cells in mitosis
and to maintain energetic state of mitochondria. Mitochondrial fusion
requires the reorganization by mitochondrial exchange of mitochon-
drial components, mtDNA copies and matrix components of partially
impaired mitochondrion from two individual mitochondria to form
healthy and intact mitochondria. All events involved in both fission and
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fusion play roles in many aspects of immune-cell activation and are
tightly regulated by critical molecules [17]. The GTPase dynamin-re-
lated protein 1 (Drpl) plays critical roles in the mitochondrial fission
process. Drpl is mainly localized to the cytosol and is recruited to the
mitochondria to regulate the mitochondrial fission of both the outer
and inner mitochondrial membranes when the appropriate signal is
delivered.

The mitofusins (Mfnl and Mfn2) and optic atrophy 1 (OPA1) pro-
teins are three major players mediating the mitochondrial fusion pro-
cess. Mitofusins localized in the outer mitochondrial membrane co-
ordinate the fusion of the outer mitochondrial membrane. OPA1, which
is a GTPase localized on the inner mitochondrial membrane, is re-
sponsible for the fusion of the inner mitochondrial membrane. A defi-
ciency in either Mfnl or Mfn2 causes cells to retain low levels of mi-
tochondrial fusion, although the major cellular functions remain intact
[37]. Cells lacking both Mfn1 and Mfn2 cannot undergo mitochondrial
fusion and manifest severe cellular dysfunction, such as poor cell
growth, widespread mitochondrial membrane potential heterogeneity,
and decreased cellular respiration [37]. The introduction of OPA1 RNA
interference results in an interruption of mitochondrial fusion and si-
milar cellular defects [37]. Metabolic programming of the mitochondria
can indeed regulate T-cell fate. Buck et al. demonstrated that by mod-
ulating mitochondrial cristae morphology, fusion in memory T lym-
phocytes configures electron transport chain complex associations to-
ward oxidative phosphorylation and fatty acid oxidation; however,
fission in activated effector T cells causes cristae expansion, reduces
electron transport chain efficacy and promotes aerobic glycolysis [38].

To facilitate virus production by interfering with mitochondrial
function, viruses target mitochondrial dynamics. Recent studies have
suggested that the dysregulation of mitochondrial dynamics by the
upregulation of Drpl may favor viral production and play a role in the
viral persistence of HCV infection [39]. Similarly, HBV infection in-
duces Drpl phosphorylation, causes mitochondrial translocation of
Drpl and modulates mitochondrial dynamics toward fission [40].
While both the full-length HBV genome and HBx alone are capable of
achieving these effects, the deletion of HBx from the viral genome fails
to show such effects [40]. The EBV latent membrane protein 2A acti-
vates the Notch signaling pathway, upregulates Drpl expression and
elevates mitochondrial fission in both gastric and breast cancer cells
[41]. Studies with human cytomegalovirus infection reveal that dis-
ruption of the normal and well-organized reticular mitochondrial net-
work induces dispersed and punctate mitochondria [42]. Molecular
analyses have revealed that a 68-amino-acid antiapoptotic derivative of
the immediate-early (alpha) antiapoptotic UL37x1 gene product viral
mitochondrion-localized inhibitor of apoptosis (vMIA) localizes to the
mitochondria after viral infection and mediates the observed effects
[42]. The open reading frame 9b (ORF-9b) of severe acute respiratory
syndrome-coronavirus (SARS-CoV) activates the ubiquitin pathway and
induces Drpl degradation in a proteasome-dependent manner. In ad-
dition, ORF-9b targets the MAVS signalosome and causes the de-
gradation of MAVS, TRAF3, and TRAF6. Altogether, these effects sup-
press the IFN response [43]. The DENV NS2B3 protease complex
cleaves Mfnl and Mfn2 and jeopardizes antiviral responses and cell
survival [44]. Furthermore, the DENV NS4B protein induces mi-
tochondrial elongation that physically interacts with convoluted
membranes at the ER-mitochondria interface, inhibiting IFN responses
and promoting viral replication [45]. These examples illustrate the
mechanisms by which a viral infection dysregulates mitochondrial dy-
namics and, thus, may jeopardize mitochondrial function, leading to
reduced antiviral immunity and enhanced viral production.

4.3. Induction of mitophagy
Autophagy is a highly conserved and coordinated catabolic process

that occurs in response to energy or nutrient shortages or following
exposure to cytotoxic stimuli. Triggering the autophagic program helps
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prevent cell damage and provides a protective strategy for promoting
survival and maintaining homeostasis in eukaryotes [46]. During the
autophagic process in the cytosol, double-membraned structures form
and transport targeted content to the lysosome for degradation. Au-
tophagy can occur in a nonselective manner, such as through cell
starvation, to remove cytoplasmic material and supply the cell with
nutrients or in a selective manner, such as viral infections, in which
specific harmful targets are chosen to be degraded. The targeted sub-
strates of selective autophagy can be diverse, and depending on the
nature of the organelles, proteins or lipids can be used as targets [47].
Therapeutic approaches modulating autophagic processes (either in-
hibiting or inducing these processing) are gaining interest and have
been proposed as strategies for the treatment of various hematological
disorders [48].

Mitophagy is a specific autophagic process used to remove dys-
functional or damaged mitochondria to maintain cellular homeostasis.
The induction of mitophagy differs from the induction of cell death by
viruses because mitochondria are not the major organelles used by
viruses to produce viral progeny. Inducing mitophagy is a mechanism
that also helps viruses escape from mitochondria-triggered antiviral
immunity and apoptotic signaling. Human parainfluenza virus type 3
(HPIV3) infection induces the translocation of the HPIV3 matrix protein
to mitochondria, where it interacts with mitochondrial Tu translation
elongation factor. Subsequently, the interaction between the matrix
protein, mitochondrial Tu translation elongation factor and LC3 pro-
teins regulates the formation of the autophagosome, the induction of
mitophagy and the inhibition of the type I IFN response [49]. Re-
spiratory syncytial virus (RSV) activates the autophagocytic program
and induces mitophagy through a mechanism that decreases the release
of cytochrome C and blocks the apoptotic mechanism [50]. Measles
virus infection activates SQSTM1/p62-mediated mitophagy and de-
creases mitochondrion-tethered MAVS, leading to the suppression of
the innate immune response in non-small-cell lung cancer [51]. Mice
with deficiencies in cytosolic receptor interacting serine/threonine ki-
nase 2 (RIPK2) are susceptible to the virulent influenza A/PR/8/34
(PR8) HIN1 virus infection. Ripk2(—/—) cells are defective in mito-
phagy, resulting in an increased production of superoxide, the accu-
mulation of damaged mitochondria, the activation of the NLRP3 in-
flammasome and the increased production of interleukin-18 [52].
Molecular investigations suggest that RIPK2 regulates mitophagy by
phosphorylating the mitophagy inducer ULK1. The results also de-
monstrated that compared to wild-type animals, the defective mito-
phagy program in Ripk2(—/—) mice does not cause concomitant in-
creases in virus production in the lungs. Interestingly, coxsackievirus B
infection induces mitophagy and the viruses are released from the cell
and disseminate through the formation of an autophagosome-bound
mitochondrion-virus complex [53]. This mechanism serves as a new
evasive manner for viruses to escape antiviral immunity.

4.4. Regulation of apoptosis

Apoptosis is a naturally occurring process in which organisms and
tissues execute the cell death program without inciting overwhelming
inflammatory reactions causing unwanted damage. Viral infections
have both positive and opposite effects and outcomes on the apoptotic
process. Turning on cellular apoptosis can shut down antiviral im-
munity, such as IFN production. However, premature apoptosis in in-
fected cells may limit the production of viral progeny. To prevent
overwhelming immune responses leading to damage to infected hosts,
the appropriate regulation of nucleases and apoptosis-associated cas-
pases is also needed in the course of viral infections. Mitochondria are
capable of releasing cytochrome C to mediate apoptosis through a
process that is tightly regulated by the permeabilization of the outer
mitochondrial membrane and the Bcl-2 family proteins.

The HPV type 16 E1 empty set E4 protein binds mitochondria and
induces the detachment of mitochondria from microtubules. The
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subsequent events result in a reduction of the mitochondrial membrane
potential and the induction of apoptosis [54]. By inhibiting Mfn2 ex-
pression, HIV Vpr interferes with the Mfn2-mediated ER-mitochondria
interaction and structural integrity of the outer mitochondrial mem-
brane, causing host cell death [55]. HIV Vpr also binds adenine nu-
cleotide translocase, which is critical for forming the inner membrane
channel of the mitochondrial permeability transition pore and converts
it into a proapoptotic pore [56]. The HIV gp120 protein binds CXCR4,
which is a G protein coupled receptor that mediates viral infection in
CD4+ T cells, to form the complex gp120-CXCR4. This complex binds
mitochondria and causes mitochondrial membrane depolarization and
cytochrome C release. Subsequently, caspases are activated, and the
apoptotic program is turned on [57]. The human T-cell leukemia virus
type 1 p13(Il) protein preserves mitochondrial targeting sequence tar-
gets, accumulates in the mitochondrial inner membrane and induces
the influx of K(+). Then, the mitochondrial matrix volume expands and
becomes fragmented, and apoptosis induced by ceramide and the Fas
ligand is promoted [58].

For long-term benefit, establishing and maintaining latency is also
critical for viral survival in an infected cell. Therefore, viruses may
target the mitochondrial machinery to inhibit proapoptotic pathways
and promote prosurvival signals to facilitate viral production. The
vaccinia virus F1L protein localizes to the mitochondria and prevents
cellular apoptosis by inhibiting inner mitochondrial membrane poten-
tial loss and cytochrome cytochrome c release [59]. Cytomegalovirus
encodes the cell death suppressor vMIA, which binds Bax, sequesters
Bax at the mitochondria as a vMIA-Bax complex and prevents Bax-
mediated mitochondrial membrane permeabilization and -cellular
apoptosis [60]. To maintain cell survival, Kaposi’s sarcoma-associated
herpesvirus (KSHV) upregulates the expression of the antiapoptotic
proteins Bcl-2 and Mcl-1 to promote the survival of virus-infected B
cells. KSHV also encodes the viral Bcl-2 homolog KsBcl-2, which in-
hibits mitochondria-mediated apoptosis and promotes cell survical
[61]. Epstein-Barr nuclear antigen 3C binds Gemin3, which is an RNA
helicase regulating DNA transcription, recombination and repair, and
RNA metabolism, to increase its stability and promote its interaction
with p53, causing antiapoptosis and cell proliferation [62]. The anti-
apoptotic mechanisms mediated by the antiapoptotic gene UL36 in
cytomegalovirus infection also play critical roles in cytomegalovirus
transmission across primate species barriers [63]. These examples
suggest a bi-directional mechanisms (both apoptotic and antiapoptotic)
operated by viruses to ensure viral production whereas host cells are
undergoing apoptotic program.

5. Viral targeting of specific mitochondrial molecules

Viral infection results in mitochondrial dysfunction in various as-
pects; the identification of the specific mitochondrial targets of the virus
may help narrow the therapeutic options and effectively restore mi-
tochondrial function. There are four mitochondrial subcompartments,
the outer membrane, the intermembrane space, the inner membrane,
and the matrix. The molecules in these different subcompartments may
be up- or down-regulated, translocate to different subcompartments
and participate in virus-induced antiviral immunity, virus-mediated
immune evasion and the prevention of overwhelming immune re-
sponses. The mitochondrial outer membrane is enriched in phospholi-
pids, and the inner membrane is enriched in protein content. The
phospholipid content regulates mitochondrial function, affects biogen-
esis and modulates protein translocation. Among the negatively
charged phospholipids, including cardiolipin, phosphatidylethanola-
mine, and phosphatidylglycerol, cardiolipin plays a crucial role in re-
suming the mitochondrial membrane architecture and recruiting so-
luble components to the membrane to maintain mitochondrial
dynamics [64,65]. Cardiolipin also interacts with several mitochondrial
fusion- and division-associated molecules, including OPA1, Mfn, and
Drpl, to regulate the function of these dynamin-related GTPases. In
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addition, different with the general concept that ROS is required for the
inflammasome activators to induce inflammasome signaling, Lyer et al.
found that the oxazolidinone antibiotic linezolid, a NLRP3 agonist,
activates the NLRP3 inflammasome independently of ROS, whereas
mitochondrial cardiolipin is required for NLRP3 inflammasome acti-
vation [66]. Under cardiolipin deficiency, mitophagy is defective likely
due to the impairment of MAPK signaling and the reduced activation of
the protein kinase C pathway [67].

Viral interferon regulatory factor 1 (vIRF-1) is encoded by human
herpesvirus 8 (HHV-8), which through direct interactions with cardio-
lipin targets the mitochondrial detergent-resistant membrane fraction.
vIRF-1 downregulates MAVS-mediated antiviral responses, promotes
the productive replication of the virus and inhibits the development of
cellular apoptosis [68]. By analyzing clinical samples, Martinez et al.
demonstrated that a significant correlation exists among the level of
anti-cardiolipin antibodies, the plasma HIV load and the cell-associated
DNA level in HIV-infected patients presenting with slow disease pro-
gression [69]. This study highlights the possibility of direct or indirect
involvement of cardiolipin in HIV infection-mediated pathogenesis.

Given the crucial roles of MAVS in antiviral immunity, this adaptor
has been a common target of many viruses to antagonize the immune
defense mechanism. Through association with the N-terminal CARD-
like domain and the C-terminal transmembrane domain of MAVS, the
DENV NS4A protein prevents MAVS binding to RIG-I and suppresses the
downstream activation of IRF3 and NF-kB and IFN production [70]. By
translocating to the mitochondrial inner membrane subcompartment,
binding to MAVS and decreasing the mitochondrial membrane poten-
tial, the influenza A virus protein PB1-F2, which is a 90-amino-acid
protein expressed by the PB1 gene of some influenza A viruses, induces
mitochondrial fragmentation, inhibits IFN production and mediates
immune evasion [71,72]. Hepatitis C viral NS3-4A protease is capable
of targeting MAVS from the outer mitochondrial membrane for clea-
vage and inhibiting MAVS signaling complex formation and IFN pro-
duction to counteract antiviral immunity [73,74]. The Borna disease
virus X protein colocalizes and interacts with MAVS in the mitochon-
dria and exerts antiapoptotic effects [75]. Interestingly, this apoptosis
blockage process is independent of type I IFN production and NF-kB
activity. In response to viral infection, receptor for globular head do-
main of complement component 1q (gC1qR), which is an RNA-binding
protein critical for mitochondrial translation, translocates to the outer
mitochondrial membrane, interacts with MAVS and prevents the in-
teraction between MAVS and RIG-I/MDAS to block antiviral immunity
and promote viral replication [76]. Poly(C)-binding protein 2 (PCBP2),
which is encoded by the PCBP2 gene, functions as a translational reg-
ulator of poliovirus, human papillomavirus and hepatitis A virus RNA.
PCBP2 is induced after viral infection and interacts with MAVS to re-
cruit the HECT domain-containing E3 ligase atrophin-1-interacting
protein 4 (AIP4) to polyubiquitinate and degrade MAVS. Subsequent
experimental results have suggested that the stabilization of MAVS in
AlIP4-deficient (Itch(—/—)) mouse embryonic fibroblasts results in
exaggerated and prolonged antiviral responses [77]. Another molecule,
i.e., PCBP1, uses similar mechanisms as PCBP2 to ubiquitinate and
cause the degradation of MAVS. The synergistic effect on MAVS is ob-
served when the combined effects of both PCBP1 and PCBP2 are si-
multaneously blocked [78]. Furthermore, by enhancing the ubiquiti-
nation of MAVS, HBx attenuates the antiviral response [79].
Collectively, these examples illustrate the mechanisms by which dif-
ferent viruses target and inhibit MAVS-mediated effects to antagonize
antiviral immunity.

6. Antiviral therapeutics that preserve the effects of
mitochondrial function regulation

Over the past few decades, significant progress has been achieved in
the treatment of viral infections, and many therapeutic options are
continually emerging. These achievements include the development of
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antiviral small molecules, vaccines, and protease inhibitors and epige-
netic therapeutic approaches [80,81]. However, scientists still face
great challenges regarding many viral infections. The presence of
complicated mechanisms, such as persistent and recurrent viral infec-
tions, are even more challenging [82]. Given that mitochondria govern
many different aspects of antiviral immunity, small-molecule carniti-
noids have been suggested to offer a promising opportunity for epige-
netic treatment of persistent viral infections [83]. Carnitinoids are mi-
tochondria-localizing novel acylcarnitine esters that regulate
antioxidant and cytoprotective genes and mitophagic pathways while
inhibiting histone deacetylase activity [83]. A phase II study in-
vestigating the mitochondria-targeted antioxidant mitoquinone has
demonstrated benefits in patients with hepatitis C virus infection [84].

By examining limited postmortem brain samples from patients with
herpes simplex encephalitis, Wnek et al. observed a preferential re-
duction in mitochondrial genome encoded transcripts in the genome-
wide transcriptomic study [85]. There is also a preferential loss of
mitochondrial function among mtDNA encoded components in primary
human astrocytes infected by HSV-1 [85]. Strikingly, the results show
that the dysfunction of the mitochondrial enzyme cytochrome C oxidase
(CO, composed predominantly of mtDNA encoded subunits) precedes
that of succinate dehydrogenase (composed entirely of nuclear encoded
subunits). Treatment with minocycline leads to increases in the CO1
transcript abundance, sustained CO activity and cell viability [85]. This
study highlights the significance of mitochondrial damage that occurs
during the very early stages of HSV-1 infection and demonstrates the
usefulness of minocycline as a potential therapeutic agent for patients
with herpes simplex encephalitis.

Many commercially available drugs preserve mitochondria, and by
protecting the function of mitochondria or improving mitochondrial
dysfunction, their therapeutic effects are achieved. For example, alis-
porivir, which is an analog of cyclosporine, functions as a non-
immunosuppressive cyclophilin inhibitor, inhibiting HCV replication.
Alisporivir also inhibits mitochondrial permeability transition by
binding cyclophilin D. Furthermore, alisporivir blocks several HCV
protein-mediated detrimental effects on mitochondria, such as reduc-
tion in cell respiration, collapse of mitochondrial membrane potential,
overproduction of ROS and overloaded calcium in mitochondria [86].
The antiviral drug amantadine has been evaluated in combination
therapies among HCV-infected patients. Quarato et al. demonstrated
that amantadine prevents and rescues HCV protein-mediated mi-
tochondrial dysfunction through several different mechanisms, in-
cluding the correction of mitochondrial Ca*>* overload, disturbed re-
spiratory chain activity and oxidative phosphorylation, reduced
mitochondrial membrane potential and overproduced ROS [87]. To
overcome the disadvantage of direct-acting antiviral treatment with
sofosbuvir, which may lead to symptoms such as fatigue and migraine,
Kim et al. screened several ginsenoside compounds exhibiting antiviral
activity in a cell culture system and identified the compound ginseno-
side Rg3 (G-Rg3), which shows promising anti-HCV effects. The treat-
ment rescues HCV-induced mitophagy by restoring the HCV-induced
Drpl-mediated aberrant mitochondrial fission process, achieving anti-
viral activity and suppressing persistent HCV infection [88].

Targeting the regulation of mitochondrial calcium fluxes may serve
as another therapeutic approach. The regulation of calcium uptake into
the mitochondrial matrix is important for cellular function, and this
process may also affect energy production and trigger cell death.
Mitochondria do not necessarily play a role as a dynamic buffer of
cytosolic calcium under physiological conditions. Nevertheless, a pro-
longed increase in intracellular calcium levels may stimulate mi-
tochondrial calcium uptake by up to 10- to 1000-fold and affect the
intracellular calcium dynamics [89]. The mitochondrial calcium uni-
porter, which is a mitochondrial luminal redox sensor, is the major
transporter of calcium into mitochondria. The overload of calcium in
mitochondria affects redox homeostasis [90]. The HBV HBx protein
activates cytosolic calcium-dependent proline-rich tyrosine kinase-2 by
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targeting mitochondrial calcium channels to elevate the cytosolic cal-
cium levels and viral replication [91]. Compounds, such as cyclosporine
A and SDZ NIMS811, block the mitochondrial permeability transition
pore and reduce cytosolic calcium signaling to inhibit HBV replication.
In contrast, reagents that increase cytosolic calcium levels rescue the
replication of an HBx-deficient HBV mutant in human hepatoblastoma
cell line HepG2 cells [92]. Altogether, these examples help evaluate the
weight of the restoration of dysregulated mitochondrial function in the
overall benefits of antiviral therapeutics.

7. Challenges and perspectives

Tight interactions exist among different machineries and molecules
in mitochondria after a viral infection [93]. For example, the mi-
tochondrial fission process can be associated with mitophagy based on
the concomitant observation that the decreased length of mitochondria
helps in the engulfment by autophagosomes and avoidance of the fusion
between damaged mitochondria and healthy mitochondria, which
could jeopardize their function [94]. The regulation of mitochondrial
dynamics, such as enhancing mitophagy and inhibiting apoptosis, may
modify the fate of the mitochondrial machinery. HCV infection induces
Drpl expression and phosphorylation at Ser616 [95]. Then, phos-
phorylated Drpl translocates to mitochondria, interferes with the mi-
tochondrial dynamics and promotes mitochondrial fission. Subse-
quently, the mitophagy program is triggered, HCV-induced apoptosis is
inhibited and viral production is increased [95]. Silencing Drpl en-
hances antiviral immunity and inhibits viral production; concomitantly,
cellular glycolysis and the ATP levels decrease. The results suggest that
the virus triggers mitochondrial fission and the mitophagy program,
which can help inhibit the apoptotic process, resulting in persistent
HCV infection [95]. These examples illustrate the close interaction
among mitochondrial machineries such as dynamics, mitophagy and
apoptosis in viral infections. In addition, autophagy-related proteins
can affect innate immune responses by reducing mtDNA release medi-
ated by the NALP3 inflammasome [96]. Furthermore, mitochondrial
apoptotic signaling can activate the NLRP3 inflammasome, and, in turn,
NLRP3 secondary signal activator ATP induces mitochondrial dys-
function and apoptosis, leading to the release of oxidized mtDNA into
the cytosol, where it binds and activates the NLRP3 inflammasome
[97]. Accordingly, the interaction among different mitochondrial ma-
chineries may complicate the therapeutic strategies and the final out-
comes.

The interaction between mitophagy and apoptosis is of special in-
terest. The accumulated studies suggest that virus may modulate mi-
tophagy to block cellular apoptosis [93]. Huang et al. showed that HBx
can enhance phosphatase and tensin homolog (PTEN)-induced kinase 1
(PINK1)-Parkin signaling and mediate mitophagy in starvation status
and this effect concurrently reduces mitochondrial apoptosis in starved
hepatoma cells [98]. Studies suggest that the triggering of mitochon-
drial damage after virus infection may result in the release of a great
volume of ROS into the cytosol. Subsequently, the integrity of healthy
mitochondria is threatened and a vicious cycle is established finally
leading to cell death [93,99]. Thus, initiating a rapid clearance me-
chanism to get rid of toxic factors like ROS is very critical to prevent cell
death after mitochondrial injury to maintain cell survival and to es-
tablish the status of viral persistency. Accordingly, the inhibition of
mitophagy results in a surge in mitochondrial apoptotic signaling fol-
lowed by death of HBV-infected hepatocytes [40]. In supportive, in the
model of heart failure, the induction of mitophagy by activating
AMPKalpha2-PINK1-Parkin signaling pathway results in mitochondrial
depolarization, removal of damaged mitochondria, reduction of ROS
production, improvement in mitochondrial function as well as decrease
of apoptosis of cardiomyocytes [100]. Nevertheless, the consequences
of mitophagy or apoptosis may be complicated. For example, the pro-
cess of mitochondrial depolarization triggers polyubiquitination of
many mitochondrial outer membrane proteins in a Parkin- and PINK1-
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dependent manner leading to mitophagy. However, Parkin, a ubiquitin
E3 ligase, can sensitize cells toward apoptosis induced by mitochondrial
depolarization but not by proapoptotic stimuli that cannot activate
Parkin [101]. Molecular analysis reveals that Parkin-dependent apop-
tosis induced by mitochondrial depolarization is through promoting
degradation of Bcl-2 family protein Mcl-1 and can be inhibited by
knockdown of Bax and Bak [101]. The results suggest that Parkin may
function as cytoprotective (mitophagy) or cytotoxic (apoptosis) de-
pending on the degree of mitochondrial damage.

Given the roles of mitochondria in immune activation and viral
immune evasion, the benefits/risks of the correction of dysfunctional
mitochondrial machineries after viral infection are also complicated.
The dysfunction of mitochondria can be explained as an evasion me-
chanism by which the virus counteracts antiviral activity; however, the
dysfunctional mitochondria can also be regarded as a self-saving me-
chanism in virus-infected cells to prevent the development of over-
whelming immune responses. Therefore, treatment targeting mi-
tochondria serves two main purposes. First, this treatment can restore
the dysregulated function of mitochondria after viral infection and
prevent the deterioration of the dysfunctional mitochondria. Second,
this treatment can prevent the sustainable activation of the mitochon-
drial system to avoid possibly overwhelming immune activation after
viral infection.

Thus far, no medications targeting mitochondrial molecules or mi-
tochondrial function-related machineries are market available or cur-
rently undergoing clinical investigation. Nevertheless, some observa-
tions may bring some hopes in this regard. Given that mitochondria
fragmentation induced by cisplatin treatment reduces renal levels of
sirtuin 3, a soluble protein located in the mitochondrial matrix, and
results in acute kidney injury, Morigi et al. demonstrated that restora-
tion of sirtuin 3 with the AMP-activated protein kinase agonist AICAR
recovers mitochondrial function in cultured human tubular cells and
improves renal function in cisplatin-treated animals [102]. A hy-
poglycemic agent metformin, also a mitochondrial complex I inhibitor,
exerts antiatherosclerotic effects through inhibiting Drpl-mediated
mitochondrial fission in an AMP-activated protein kinase-dependent
manner [103]. Meanwhile, metformin treatments reduce mitochondrial
fragmentation, mitigate mitochondrial-derived superoxide release and
inhibit atherosclerosis in streptozotocin-induced diabetic ApoE(—/—)
mice [103]. These examples, although not investigated as antiviral
therapeutics, suggest the benefit of targeting mitochondrial specific
component in restoration of mitochondrial function. Uncovering the
crucial characteristics of mitochondrial machineries in both antiviral
immunity and viral evasion from immune defense has a high potential
for opening a new door for designing and manufacturing effective an-
tiviral therapeutic agents. A clearer understanding of the mechanisms
involving mitochondria in viral infections is needed.
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