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Mitochondria have several quality control mechanisms by
which they maintain cellular homeostasis and ensure that the
molecular machinery is protected from stress. Mitophagy,
selective autophagy of mitochondria, promotes mitochondrial
quality control by inducing clearance of damaged mito-
chondria via the autophagic machinery. Accumulating
evidence suggests that mitophagy is modulated by various
microbial components in an attempt to affect the innate
immune response to infection. In addition, mitophagy
plays a key role in the regulation of inflammatory signaling,
and mitochondrial danger signals such as mitochondrial
DNA translocated into the cytosol can lead to exaggerated
inflammatory responses. In this review, we present current
knowledge on the functional aspects of mitophagy and its
crosstalk with innate immune signaling during infection.
A deeper understanding of the role of mitophagy could
facilitate the development of more effective therapeutic
strategies against various infections.
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INTRODUCTION

As the “powerhouses of the cell”, mitochondria are important
organelles that provide adenosine triphosphate (ATP) for
fundamental cell functions. Septic and damaged mitochon-
dria result in excessive production of reactive oxygen species

(ROS) and the oxidant peroxynitrite, and alter the electron
transport chain (Kurose et al., 1993; Taylor et al., 1995).
Increased tumor necrosis factor (TNF) levels during inflam-
matory conditions result in excessive mitochondrial damage
and oxidative stress, thereby dysregulating mitochondrial
function, altering mitochondrial morphology, and inhibiting
respiration (Schulze-Osthoff et al., 1992). Mitochondria play
critical roles in a variety of biological responses, including
inflammation, proliferation, and survival/death, and are thus
potential targets for various diseases (Cloonan and Choi,
2013; Dromparis and Michelakis, 2013).

Mitochondria undergo constant fission and fusion to
maintain important mitochondrial functions and maximize
oxidative capacity under stress conditions (Cloonan and Choi,
2013; Gomes and Scorrano, 2013; Youle and van der Bliek,
2012). By promoting complementation, the fusion of two
mitochondria helps rescue them from stress, whereas fission
is required for mitochondrial quality control via the removal
of damaged mitochondria. Such continuous changes are
functionally associated with mitochondrial metabolism and
dependent on mitophagy (Youle and van der Bliek, 2012).
Mitophagy is a selective form of autophagy that is critical for
mitochondrial quality control and function to prevent the
accumulation of potentially harmful mitochondria that could
cause excessive inflammatory responses (Tal and Iwasaki,
2011). Defective mitophagy is associated with inflammatory
cytokine secretion and dysregulation of immune cell homeo-
stasis, thus contributing to inflammatory and autoimmune
disease pathologies (Montava-Garriga and Ganley, 2020; Xu
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etal.,, 2019).

Various pathogens and their components modulate mito-
phagy to affect the innate immune response and promote
pathogen replication in host cells. However, little is known
about the crosstalk between mitophagy and xenophagy
during infection. Several cargo receptors, such as p62/
SQSTM1 and nuclear dot protein 52 kDa (NDP52), are
shared by the mitophagy and xenophagy pathways (Gkikas
et al,, 2018). Key regulators of mitophagy, such as PTEN-in-
duced putative kinase 1 (PINK1) and Parkin/PARK2, are also
important for controlling infection and inflammation (Gkikas
etal., 2018). In this review, we discuss recent findings on the
roles of mitophagy in the regulation of the innate immune
response and inflammation during infection. In addition, we
highlight the mechanisms by which pathogens modulate mi-
tophagy and consider the role of key mitophagy regulators in
antimicrobial responses.

OVERVIEW OF MITOPHAGY

Mitochondria are morphologically dynamic organelles; mi-
tochondrial quality is sustained through biogenesis of new
mitochondria, fusion and fission, and elimination of dam-
aged mitochondria via mitophagy (Yoo and Jung, 2018). Mi-
tochondrial fission is mainly regulated by a dynamin GTPase
protein, dynamin-related protein 1 (Drp1), whereas mito-
chondrial fusion is controlled by two large GTPases, mitofusin
(Mfn) 1/2 and optic atrophy type 1 (OPA1) (Cho et al., 2010).
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Mitochondrial fission can produce an impaired daughter mi-
tochondrion, which is eliminated by autophagosomal engulf-
ment (Yoo and Jung, 2018). Mitophagy removes damaged
mitochondria during infection, inflammation, and various
neurodegenerative diseases (Pickles et al., 2018; Xu et al.,
2019).

The recognition of target mitochondria by the autopha-
gosome occurs through interaction among microtubule-as-
sociated protein 1 light chain 3 (LC3) and LC3 adapters in
either an ubiquitin (Ub)-dependent or independent manner
(Fig. 1) (Pickles et al., 2018). The PINK1/Parkin pathway
regulates Ub-dependent mitophagy. Mutations in PINK1
and Parkin cause autosomal recessive Parkinson disease (PD)
(Klein and Westenberger, 2012). To date, several proteins
have been shown to be related to PD pathogenesis, including
a-synuclein (a-syn), PINK1, Parkin, DJ-1/PARK7, and leu-
cine-rich repeat kinase 2 (LRRK2) (Klein and Westenberger,
2012). Several mitophagy mechanisms in response to various
stresses have been reported in distinct cellular contexts. Gen-
erally, mitophagy can be classified into Parkin-dependent and
-independent pathways, which exhibit crosstalk (Pickles et
al., 2018). During normal cellular activity, the stability of mi-
tochondrial kinase PINK1 is regulated by presenilin-associated
rhomboid-like (PARL) protease, depending on mitochondrial
membrane potential (Jin et al., 2010). PINK1 accumulation
on the outer mitochondrial membrane (OMM) leads to the
recruitment of Parkin to sites with impaired mitochondria (Jin
etal, 2010; Shi and McQuibban, 2017). Accumulated PINK1
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Fig. 1. Mechanistic overview of mitophagy. Adaptor protein-mediated mitophagy is dependent on the PINK1/Parkin pathway. In
damaged mitochondria that have lost their mitochondrial membrane potential (AWm), PINK1 accumulates and phosphorylates ubiquitin,
which recruits the E3 ligase Parkin. Parkin ubiquitinates outer mitochondrial membrane (OMM) proteins such as Mfn1/2, MIRO, and
VDAC. The poly-ubiquitinated proteins serve as binding sites for selective autophagy adaptors including OPTN, p62, NDP52, TAX1BP1,
and NBR1. These proteins contain LC3-binding sites (LIR), leading to the encapsulation of mitochondria by the autophagosome. TBK1
phosphorylates OPTN, thereby enhancing its binding ability. Receptor-mediated mitophagy relies on other OMM proteins, including
BNIP3, NIX, and FUNDC1. In addition, inner mitochondrial membrane proteins, such as PHB2 and cardiolipin, function as receptors in the

response to mitochondrial damage.
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then phosphorylates Ub at serine 65 and activates Parkin to
trigger mitophagy via a feedforward mechanism (Narendra
et al.,, 2008; 2010). Notably, the phosphorylation of Parkin
increases its E3 ligase activity and affinity to enhance recruit-
ment of phospho-Ub (p-Ub), promoting ubiquitination of
OMM protein substrates including voltage-dependent anion
channel-1 (VDAC1), MFN 1/2, and Miro 1 on the surface of
mitochondria, and enhancing mitophagy (Gegg et al., 2010;
Geisler et al., 2010; Liu et al., 2012b). Ub-tagged OMM
proteins bind to several LC3-interacting region (LIR)-contain-
ing autophagy adapters, such as p62, optineurin (OPTN),
neighbor of BRCA1 gene (NBR1), NDP52, and TAX1 binding
protein 1 (TAX1BP1) (Choi et al., 2017; Geisler et al., 2010;
Heo et al., 2015; Hollville et al., 2014; Wong and Holzbaur,
2014), which interact with LC3 to engulf mitochondria via
the autophagosome. In addition, several deubiquitinating
enzymes (DUBs) have been reported to regulate mitophagy.
The formation of p-Ub or poly-Ub chains is consistently re-
versed by deubiquitinases, such as USP30 and USP35, which
reverse mitophagy by removing Ub chains generated by Par-
kin on the OMM (Bingol et al., 2014; Wang et al., 2015). Al-
though Parkin is a crucial regulator of mitophagy, accumulat-
ing evidence indicates that mitophagy can be induced even in
the absence of Parkin. PINK1 can also recruit receptors such
as OPTN and NDP52 by generating p-Ub on mitochondria to
trigger mitophagy directly in Parkin-deficient cells (Burman et
al., 2017, Lazarou et al., 2015), suggesting that Parkin is not
essential for mitophagy but rather amplifies the tagging sig-
nal.

Not only Ub-mediated LC3 adaptor proteins but also sev-
eral protein receptors have an LIR motif, which allows direct
binding to LC3 to promote mitophagy. BCL2-interacting pro-
tein 3 (BNIP3) and its homolog BNIP3-like (BNIP3L/NIX) can
also induce mitophagy in Parkin-deficient cells (Ney, 2015;
Novak et al., 2010; Quinsay et al., 2010). In addition, FUN14
domain-containing protein 1 (FUNDC1) is a mitophagy re-
ceptor that responds to hypoxia-induced mitophagy. The
phosphorylation of FUNDC1 by Src kinase and casein kinase Il
(CK2) inhibits its interaction with LC3 under normoxia (Chen
et al,, 2014, Liu et al., 2012a). However, under hypoxia,
FUNDCT1 is dephosphorylated by phosphoglycerate mutase 5
(PGAMD5) but can also be phosphorylated by Unc-51 such as
autophagy activating kinase (ULK) 1, which induces mitoph-
agy (Chen et al., 2014; Wu et al., 2014). However, Hirota et
al. (2015) also reported that inhibition of FUNDC1 does not
significantly affect hypoxia-induced mitophagy. In addition,
it was recently reported that prohibitin 2 (PHB2), an inner
mitochondrial membrane protein that contains an LIR motif,
functions as a mitophagy receptor through interaction with
LC3 during mitophagy (Wei et al., 2017).

OVERVIEW OF INNATE IMMUNITY AND INFLAMMATION
DURING INFECTION

The innate immune system is the primary host defense
against pathogenic microorganisms or dangerous stimuli
(Ishii et al., 2008). Therefore, pathogen-associated molecular
patterns (PAMPs) and damage-associated molecular patterns
(DAMPs) are major inflammatory stimuli. These patterns in-
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clude the bacterial cell wall, DNA, lipoproteins, and carbohy-
drates (Tang et al., 2012). Macrophages are major players in
innate immunity and exhibit phagocytosis, pro-/anti-inflam-
matory effects, and antimicrobial activity (Silva, 2011). Upon
infection, innate immune cells including macrophage subsets
recognize a variety of PAMPs through their pattern-recogni-
tion receptors, including Toll-like receptors (TLRs) and cyto-
plasmic nucleotide-binding oligomerization domain (NOD)-
like receptors (NLRs) (Ishii et al., 2008; Kawai and Akira,
2011; Martinon et al., 2009). PAMP or DAMP detection by
innate immune receptors triggers intracellular signaling path-
ways to activate the nuclear factor (NF)-xB pathway and syn-
thesis of proinflammatory cytokines and chemokines, leading
in turn to the recruitment of leukocytes in response to infec-
tion/inflammation and promotion of their effector functions,
as well as to the production of antimicrobial proteins (Ishii et
al., 2008; Murray and Wynn, 2011). A complicated signaling
network that is mediated via numerous types of innate im-
mune receptors can drive innate effector cells into a state of
inflammatory, antibacterial, or tissue repair responses (Ishii et
al., 2008; Murray and Wynn, 2011). In addition, much work
has been devoted to different types of inflammasome activa-
tion such as NLRs and absent in melanoma 2 (AIM2) inflam-
masomes (Cui et al., 2014). Several types of NLRs, including
the NLR family, pyrin domain containing 3 (NLRP3) and nu-
cleotide-binding domain, and leucine-rich repeat-containing
family caspase recruitment domain containing 4 (NLRC4),
activate an inflammatory caspase, resulting in maturation
and secretion of the pro-inflammatory cytokines interleukin
(IL-1p and IL-18. Inflammasome activation is an intrinsic host
defense mechanism that occurs in response to various patho-
gens; however, excessive and uncontrolled activation leads
to tissue damage and is harmful to the host (Cui et al., 2014;
Krakauer, 2019).

An extensive array of pathogens and their components
trigger or inhibit host autophagy/xenophagy of innate im-
mune cells during infection (Ogawa et al., 2011; Randow
and Munz, 2012; Sorbara and Girardin, 2015; Tang et al.,
2012). The activation of host autophagy and/or innate im-
mune pathways is a crucial effector mechanism against in-
tracellular pathogens and induces host defense mechanisms
while limiting unwanted tissue damage (Bento et al., 2015;
Hawn et al., 2015; Paik et al., 2018; Sumpter and Levine,
2010). In addition, several immune receptors or players, in-
cluding NOD1/2, NF-kB, TANK-binding kinase 1 (TBK1), and
interferon (IFN)-y, play a role in the regulation of autophagy/
xenophagy during infection to prevent an excessive response
or promote host antimicrobial activity (Krakauer, 2019; Pilli
et al., 2012, Sorbara and Girardin, 2015). Many pathogens
also exploit or modulate host innate immune responses by in-
teracting with the key signaling molecules of host cells to es-
cape immune control, membrane trafficking, and xenophagy
(Asrat et al., 2014; Colonne et al., 2016; Niller et al., 2017;
Pareja and Colombo, 2013). Numerous in-depth studies have
been carried out on autophagy and innate immune signaling,
and the functions and consequences of crosstalk between
the two pathways have been extensively reviewed in terms of
infection and inflammation. Nonetheless, the crosstalk of mi-
tophagy with innate immune signaling during infection has



not been well studied.

In this review, we provide an overview of the functions of
mitophagy during infection and discuss current knowledge of
the strategies used by microbes to manipulate mitophagy in
host cells and escape innate effectors. We propose that recip-
rocal regulation between mitophagy and innate immunity is a
critical determinant of the host defense response to infection
and forms the basis of a larger interacting network consisting
of mitochondrial homeostasis, antimicrobial immunity, and
metabolic reprogramming. Understanding the regulatory
mechanisms incorporating these pathways is crucial for de-
veloping effective antimicrobial immunotherapies.

CROSSTALK BETWEEN MITOPHAGY AND INNATE
IMMUNITY

The innate immune response to pathogens may influence or
perturb mitochondrial homeostasis, including mitochondrial
dynamics (Jin et al., 2017a; Mohanty et al., 2019). Upon
infection or inflammation, autophagy and innate immune
pathways can be integrated to promote the host antimicrobi-
al response and prevent excessive inflammation. The PINK1/
Parkin pathway plays a crucial role in the activation of mitoph-
agy and regulates innate immune responses during infection.
Mitophagy and xenophagy are regulated by common cargo
receptors, including NDP52 and p62. In addition, mitophagy
activation is regulated by multiple players in innate immune
signaling, suggesting that mitophagy and the innate immune
response are closely interconnected. Dysregulated mitophagy
can provide feedback on the inflammatory response to serve
as an amplification loop for exuberant inflammasome activa-
tion. An understanding of the crosstalk between mitophagy
and the innate immune response will facilitate the manip-
ulation of mitochondrial function to control host defense,
immunity, and inflammation.

Functions of the PINK1/Parkin pathway in infection

In response to lipopolysaccharide (LPS) stimulation, the loss
of mitochondrial membrane potential leads to calcium/calm-
odulin-dependent protein kinase | activation and mitophagy,
which is mediated by PINK1/Parkin and DJ-1-dependent
mechanisms (Zhang et al., 2017). In a model of polymicro-
bial sepsis, pink1 or park2 deficiency led to increased host
sensitivity and inflammasome activation, suggesting that the
PINK1/Parkin pathway is critical for host protection during
systemic inflammation (Kang et al., 2016). In addition, Parkin
protected against sepsis-induced cardiac contractility and
maintained mitochondrial metabolic function by activating
cardiac mitophagy (Piquereau et al., 2013). The ability of
DJ-1, an ROS scavenger that binds to p47phox of the NA-
DPH oxidase complex, to clear bacteria is impaired during
sepsis (Amatullah et al.,, 2017). Although that study did not
demonstrate a mitophagic role for DJ-1 during sepsis, a high-
er circulating DJ-1 level may suppress host response to sepsis
(Amatullah et al., 2017).

Several viruses and microbes induce mitochondrial fission,
which can promote mitophagy during infection. The influen-
za A viral protein PB1-F2 induces mitochondrial fragmenta-
tion, which attenuates retinoic acid-inducible gene | (RIG-I)
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signaling activation and impairs the NLRP3 inflammasome
pathway (Yoshizumi et al., 2014). RIG-I like receptors (RLRs)
function as cytoplasmic sensors of PAMPs within viral RNA
to initiate and modulate antiviral immunity. Therefore, mi-
tochondrial stress in response to pathogens and danger sig-
nals induces mitophagy through the PINK1/Parkin pathway
(Zhang et al., 2017).

Pathogen infection has been reported to inhibit the ability
of PINK1/Parkin to modulate antiviral responses. Viral infec-
tion inhibits PINK1, which mediates RLR signaling, by inter-
acting with TNF receptor-associated factor (TRAF) 3 and in-
hibiting its degradation (Zhou et al., 2019b). Although these
data suggest a key role for PINK1 in RLR immunity, the role of
mitophagy in RLR signaling requires further elucidation. No-
tably, PINK1 deficiency disrupted the control of inflammation
(Sliter et al., 2018). Following exhaustive exercise, Parkin™
and pink1” mice exhibited excessive inflammation, which
was completely abrogated by the loss of STING, a key regu-
lator of the type I IFN response after sensing cytosolic DNA
(Sliter et al., 2018). Thus, the orchestration of mitophagy
mediated by PINK1 and Parkin promotes host innate defense
and inhibits pathologic inflammation during infection. Inter-
estingly, pink1” mice developed autoimmunity, mitochon-
dria-specific CD8+ T cell responses, and motor impairment
during intestinal bacterial infection (Matheoud et al., 2019).
However, the mechanism by which PINK1/Parkin-mediated
mitophagy finely adjusts the inflammatory response is un-
known.

Signaling mediators in innate immunity connected with
mitophagy
Several kinases are involved in innate immunity function in
mitophagy, such as TBK1, which induces the antiviral innate
immune response by activating the synthesis of IFN regulatory
factor (IRF)-3 and type | IFN (Zhao and Zhao, 2019). Ubiquiti-
nation of mitochondrial fragments, which is an early step of
mitophagy, is mediated by the autophosphorylation of TBK1
(Zachari et al., 2019). In addition, TBK1 is involved in xeno-
phagy; for example, it promotes the xenophagic clearance
of Salmonella infection (Weidberg and Elazar, 2011). Impor-
tantly, the interaction of TBK1 with, and the phosphorylation
of, OPTN is essential for promoting the binding of OPTN to
Ub chains, which promotes mitophagy (Richter et al., 2016).
Several viral components and TBK1-spliced isoforms nega-
tively regulate RIG-I-dependent antiviral signaling (Dalrymple
etal, 2015; Hu et al., 2018), suggesting that TBK1-mediated
innate immune signaling is finely tuned by various pathogens
and by TBK1 itself. The results of these studies suggest that
several players in innate immunity and xenophagy participate
in the activation of mitophagy during infection. Thus, future
studies should focus on how TBK1 and its partners protect
against and drive the pathogenesis of infectious diseases.
Mitogen-activated protein kinase is a key mediator of in-
nate immune signaling and is targeted by various pathogens
(McGuire and Arthur, 2015). Notably, Jnk2-deficient mice
exhibit defective mitophagy, excessive tissue damage and in-
flammasome activation, and increased susceptibility to sepsis
(Zhang et al., 2015), suggesting that Jnk2-mediated mitoph-
agy is critical for controlling pathologic inflammation (Zhang
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etal.,, 2015). MAP kinase kinase 3 (MKK3) deficiency protects
against sepsis by inhibiting mitochondrial injury and ROS
production (Mannam et al., 2014). MKK3 is associated with
decreased mitochondrial biogenesis and mitophagy, an effect
mediated by sirtuin 1 (Sirt1), PINK1, and Parkin, suggesting a
role for MKK3 in mitochondrial quality control (Mannam et
al., 2014). MKK3 has also been reported to increase suscepti-
bility to septic injury, again suggesting a role in mitochondrial
quality control (Srivastava et al., 2015). As such, the mecha-
nisms underlying regulation by MKK3 of mitophagy and mi-
tochondrial biogenesis should be investigated. In particular,
the regulatory effect of mitophagy activation by a variety of
factors on innate immune signaling pathways is unclear.

Roles of mitophagy receptors during infection and inflam-
mation

NIX is a mitophagy receptor (Ney, 2015) that binds to viral
IFN regulatory factor 1 (vVIRF-1) of human herpesvirus 8 (HHV-
8), an oncogenic virus (Vo et al., 2019). The interaction be-
tween VIRF-1 and NIX leads to the activation of mitophagy to
promote mitochondrial homeostasis during viral infection (Vo
et al,, 2019). In addition, several autophagy cargo receptors
play crucial roles in the xenophagy and mitophagy pathways
(Deng et al., 2017). NDP52 and OPTN are involved in the
early step of PINK1-dependent mitophagy (Lazarou et al.,
2015). Whether these autophagy receptors simultaneously
participate in xenophagy and mitophagy during infection is
unknown. In addition, many issues remain to be resolved; for
example, how mitophagy affects xenophagy, and vice versa,
and the role of cargo receptors in the overall control of in-
fection. Recent studies revealed the functions of NDP52 and
p62 in the regulation of infection by coxsackievirus B3 and
mycobacteria (Mohamud et al., 2019; Zhang et al., 2019a).
Although both receptors are involved in selective autophagy
against the virus, NDP52, but not p62, exerts a proviral role
by degrading autophagy-mediated mitochondrial antivi-
ral-signaling protein (MAVS), which regulates the activation
of NF-kB and IRF3 in response to viral infection to inhibit type
| IFN signaling (Mohamud et al., 2019). Coxsackievirus B can
escape from infected host cells by inducing mitochondrial
fragmentation and the generation of mitochondrion-con-
taining autophagosomes to promote viral dissemination (Shi
et al, 2013; Sin et al., 2017). In this context, the blockade
of mitophagy was found to reduce the viral load in infected
cells (Sin et al., 2017). Thus, it is possible that NDP52 at the
early stage of mitophagy promotes proviral responses during
coxsackievirus B3 infection. A recent study of the function of
RNF34, a cytosolic E3 Ub ligase, reported that NDP52 par-
ticipates in the autophagic degradation of MAVS to regulate
the innate immune response and mitochondrial homeostasis
following RIG-I stimulation (He et al., 2019).

Upon RNA virus infection, p62 is involved in selective
autophagy-mediated RIG-I degradation, which is activated
and inhibited by leucine-rich repeat containing protein 25
(LRRC25) (Du et al., 2018) and LRRC59 (Xian et al., 2019),
respectively. In addition, OPTN related to the clearance of
Salmonella infection, suppresses the inflammatory response
in the intestine (Tschurtschenthaler and Adolph, 2018) and
increases susceptibility to Citrobacter colitis and Escherichia
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coli peritonitis (Chew et al., 2015). Under stress conditions
such as infection, mitophagy receptors may orchestrate host
defense, mitochondrial quality control, inflammation, and
redox homeostasis by targeting key innate immune signaling
factors.

New mitophagy receptors implicated in the control of mi-
tochondrial dysfunction in various infectious and inflamma-
tory conditions have been identified. A recent study reported
that Listeria monocytogenes infection induced mitophagy
in macrophages through a new mitophagic receptor, NOD-
like receptor X1 (NLRX1), which contains an LIR motif for
association with LC3 (Zhang et al., 2019b). Notably, NLRX1
deficiency resulted in increased mouse survival and bacterial
control, suggesting that L. monocytogenes manipulates a
host-cell homeostatic pathway to promote its survival (Zhang
et al.,, 2019b). Disrupted-in-schizophrenia-1 (DISC1), which
contains a LIR motif ('°FSFI*'®), is a mitophagy receptor that
inhibits amyloid p-induced neuro-inflammatory pathology in
mice with Alzheimer disease (Wang et al., 2019b). In addi-
tion to mitophagy receptors, several factors that regulate mi-
tophagy have been reported. Progranulin (PGRN), a secreted
glycoprotein, reportedly regulates mitochondrial homeostasis
by enhancing mitophagy and mitochondrial biogenesis via
the Sirt1-PGC1a/FoxO1 signaling pathway (Zhou et al.,
2019a). PGRN deficiency is related to mitochondrial dam-
age and podocyte injury in mice and patients with diabetic
nephropathy (Zhou et al., 2019a). Nonetheless, the roles of
these receptors in the regulation of infection are unclear.

Tetherin is reportedly involved in both mitophagy and auto-
phagy. Tetherin restricts human immunodeficiency virus (HIV)
and hepatitis C virus (HCV) virions and reportedly regulates
the initiation of autophagy and mitophagy (Jin et al., 2017b;
Zou et al., 2015). The interaction of tetherin with the autoph-
agy/mitophagy suppressor leucine-rich pentatricopeptide re-
peat-containing protein (LRPPRC) prevents the formation of a
ternary complex of the latter with BECN1/Beclin 1 and Bcl-2,
thereby allowing BECN1 to bind to PI3KCIII (class Il PI3K) to
activate autophagy (Zou et al., 2015). Interestingly, tetherin
plays a role in the autophagic degradation of both mitochon-
dria and infecting viruses (Table 1) (Zou et al., 2015).

REGULATION OF MITOPHAGY BY PATHOGENS

HCV and hepatitis B virus (HBV)

HCV and HBV regulate mitophagy. HCV induces mitopha-
gy via the Parkin pathway to attenuate host cell apoptosis
during infection (Kim et al., 2013b; 2014). Parkin levels are
elevated in the liver tissues of patients with chronic HCV
(Kim et al., 2013b). Silencing PINK1/Parkin inhibits HCV rep-
lication, suggesting that mitophagy plays a role in the liver
during HCV infection (Kim et al., 2013b). In addition, HCV
infection increases the expression and phosphorylation of
Drp1, promoting mitochondrial translocation and mitopha-
gy (Kim et al., 2014). Drp1-mediated mitophagy activation
inhibits host-cell apoptotic signaling to favor persistent HCV
infection (Kim et al., 2014). The HCV non-structural protein
5A activates mitophagy by promoting ROS generation (Jassey
et al, 2019). These studies support a role for mitophagy in
the pathogenesis of HCV infection. However, control of mi-



Table 1. Role of mitophagy regulator in infection and immunity
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Regulator Role

References

PINK1/PARKIN

Impaired PINK1-PARKIN pathway contributes to septic death by increasing sensitivity
for polymicrobial sepsis-induced organ failure

(Kang et al., 2016;
Piquereau et al., 2013)

PARKIN-deficiency exhibits impaired recovery of cardiac contractility and constant

degradation of mitochondria

DJ-1 DJ-1 impairs optimal ROS production for bacterial killing with important implications

for host survival in sepsis

(Amatullah et al., 2017)

TBK1 TBK1 promotes autophagic clearance of the bacterium Salmonella enterica via direct ~ (Weidberg and Elazar, 2011)
phosphorylation of OPTN

Ink2 Loss of Jnk2 defects mitophagy but activates inflammasomes and increases mortality ~ (Zhang et al., 2015)
in sepsis

MKK3 Loss of MKK3 promotes mitophagy and leads decreased inflammatory response in (Srivastava et al., 2015)

LPS-stimulated cells

NIX NIX increases mitophagy to promote mitochondrial homeostasis by inhibiting HHV-8

productive replication during viral infection

(Voetal, 2019)

NDP52 NDP52 induces RNF34-mediated autophagic degradation of MAVS, which regulates (He etal., 2019;
the innate immune response Mohamud et al., 2019)
p62 p62 reduces the Mycobacterium marinum infection burden. p62 is impaired by (Shietal., 2013;
cleavage of a viral protease 2A of in coxsackievirus B3 infected cells Zhang et al., 2019a)
OPTN OPTN controls the clearance of Salmonella infection and confers protection against (Chew et al, 2015;
bacterial infection in mice and zebrafish Tschurtschenthaler and
Adolph, 2018)
LRRC25/LRRC59  LRRC25 binds to ISG15-associated RIG-I to mediate RIG-I degradation via selective (Duetal., 2018;
autophagy Xian et al., 2019)
DISC1 DISC1 enhances mitophagy and rescues synaptic loss and AB plaque accumulation in (Wang et al., 2019b)

inflammatory Alzheimer’s disease model
BST2 (Tetherin)
accelerates MAVS degradation by mitophagy

BST2, a ligand of ILT7 receptor interacts with the autophagy suppressor LRPPRC and

(Jinetal, 2017b;
Zou et al., 2015)

tophagy is reportedly required to ameliorate HCV-induced
injury. The HCV core protein interacts with Parkin to inhibit
mitophagic degradation by suppressing Parkin translocation
to mitochondria, thereby amplifying HCV-induced mitochon-
drial injury (Hara et al., 2014). In addition, the ginsenoside
Rg3 modulates the effect of HCV on mitochondrial dynamics,
rescuing HCV-induced mitophagy and aberrant mitochondri-
al fission and inhibiting HCV propagation (Kim et al., 2017).
Alteration of mitochondrial dynamics by HBV x protein
may lead to persistent HBV infection (Kim et al., 2013a). HBV
induces mitochondrial fission and mitophagy by promoting
the mitochondrial translocation of Drp1 (Kim et al., 2013a).
Mechanistically, HBV upregulates the expression of Parkin
and its recruitment to the mitochondria, where it facilitates
the ubiquitination and degradation of Mfn2, a mitochondrial
fusion protein in the OMM (Kim et al., 2013a). Therefore, it
is speculated that the alteration of mitochondrial dynamics
is associated with the pathogenesis of infection with diverse
viruses. With this in mind, the ability of viruses to modulate
mitochondrial dynamics and mitophagy is discussed below.

Other viruses

A variety of pathogens and their products modulate mi-
tophagy to favor their replication in host cells. The matrix
(M) protein of human parainfluenza virus type 3 activates
mitophagy by interacting with the Tu translation elongation
factor mitochondrial (TUFM) pathway, but not the PINK1/

Parkin pathway (Ding et al., 2017). M protein-mediated mi-
tophagy inhibits the antiviral type I IFN response (Ding et al.,
2017). The vIRF-1 of HHV-8 interacts with the mitophagy
receptor NIX to activate mitophagy for HHV-8 lytic replication
(Vo et al.,, 2019). In addition, attenuated measles virus of the
Edmonston strain (MV-Edm) triggers the p62-mediated mi-
tophagy pathway to inhibit MAVS and attenuate the RLR-in-
duced antiviral innate immune response (Xia et al., 2014a).
Thus, activation of mitophagy contributes to measles virus
replication by inhibiting host RLR signaling (Xia et al., 2014a).

The porcine reproductive and respiratory syndrome virus
(PRRSV) activates mitochondrial fission and mitophagy by
promoting Drp1 expression and translocation to mitochon-
dria (Li et al., 2016). PRRSV infection also induces PINK1 and
Parkin expression, thus activating mitophagy and blocking
proapoptotic signaling (Li et al., 2016). Transmissible gas-
troenteritis virus (TGEV) infection induced mitophagy to
promote cell survival by inhibiting oxidative stress and apop-
tosis in porcine epithelial cells (IPEC-J2) (Zhu et al., 2016).
TGEV-induced DJ-1 inhibits oxidative stress induced by viral
infection (Zhu et al., 2016). These data suggest that viruses
use multiple strategies to modulate mitochondrial dynamics
and mitophagy to facilitate their replication.

Interestingly, the glycoprotein and nucleocapsid protein of
the Hantann virus modulate mitophagy and autophagy, re-
spectively (Wang et al., 2019a). The glycoprotein of the Han-
tann virus can induce mitophagy, thereby abrogating the type
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| IFN response by degrading MAVS; by contrast, the nucleo-
capsid protein interacts with host SNAP29 to inhibit autopha-
gosome-lysosome fusion (Wang et al., 2019a). The classical
swine fever virus infection results in mitochondrial fission and
activation of mitophagy to suppress host cell apoptosis, thus
enhancing host cell survival and its intracellular persistence
during infection (Gou et al., 2017). In addition, the New-
castle disease virus (NDV) induces autophagy, promoting its
replication by inhibiting the apoptosis of non-small cell lung
cancer cells (NSCLCs). NDV also contributes to p62-mediated
mitophagy, which inhibits cytochrome c¢ release and intrinsic
proapoptotic signaling (Meng et al., 2014). Also, MV-Edm
induces autophagy and p62-mediated mitophagy, thereby
blocking proapoptotic signaling in NSCLCs (Xia et al., 2014b).
The sustained viral replication resulted in necrotic cell death,
suggesting that mitophagy activation plays a role in the
switch from apoptotic to necrotic cell death (Table 2) (Xia et
al., 2014b). These data indicate that numerous viral/bacterial
effectors suppress or promote host mitophagy, autophagy,
and apoptosis during infection. In summary, the degree of
mitophagy in a given context determines the effect on host
defense and viral replication.

Regulation of mitophagy by fungi

Mitophagy activation is important in the longevity of Candida
glabrata, thus affecting pathogenesis during opportunistic in-
fection (Nagi et al., 2016). A mitophagy-deficient mutant of
C. glabrata exhibited increased susceptibility under iron-defi-
cient conditions, and decreased longevity and pathogenesis
in a model of disseminated infection (Nagi et al., 2016).

Table 2. Interplay between pathogen pathogenesis and mitophagy

These data suggest that mitophagy activation is not only
important in mammalian host cells but also influences the
survival of the pathogen itself.

MITOPHAGY AND THE INFLAMMASOME DURING
INFECTION

A number of pathogen products modulate the balance
between mitophagy and inflammasome activation (Fig. 2).
HIV type-1 (HIV-1) single-stranded RNA (ssRNA) activates
the NLRP3 inflammasome in human primary microglia to
promote neurotoxicity and neurodegeneration by increasing
ROS generation. HIV ssRNA inhibits autophagy/mitophagy,
negatively regulating the NLRP3 inflammasome and promot-
ing the release of proinflammatory and neurotoxic cytokines
by microglia (Rawat et al., 2019). Moreover, mitophagy ac-
tivation counteracts the mitochondrial injury and cell death
caused by HIV-1 infection in astrocytes (Ojeda et al., 2018).
The HIV components gp120 and Tat impair mitophagic
flux, thereby promoting mitochondrial damage and altering
mitochondrial dynamics (Teodorof-Diedrich and Spector,
2018). These responses may cause neuronal degeneration
and neurodegenerative disorders related to HIV infection
(Teodorof-Diedrich and Spector, 2018). Furthermore, Pseu-
domonas aeruginosa activates the NLRC4 inflammasome
via its type Ill secretion apparatus (T3SS) (Jabir et al., 2015).
Mitochondrial damage induced by P. aeruginosa T3SS leads
to increased ROS production and release of mitochondrial
DNA (mtDNA), triggering NLRC4 inflammasome activation
(Jabir et al., 2015). Autophagy activation inhibits NLRC4

Viruses Mitophagy Pathway Outcome References

HCV T Parkin-dependent Apoptosis| (Kim et al., 2013b)

HCV T Increased the expression and Apoptotic signaling (Kimetal, 2014)
phosphorylation of Drp1

HCV NS5A T ROS production Interferon response| (Jassey et al., 2019)

HCV core protein | Suppression of Parkin translocation ~ HCV-induced mitochondrial injury? (Haraetal., 2014)
to the mitochondria

HBV T Upregulated the expression of Parkin  Apoptosis| (Kimetal., 2013a)

Matrix protein (M) 7 Interaction with TUFM and LC3 Type | interferon response| (Ding et al., 2017)

of HPIV3

VIRF-1 of HHV-8 7 Interaction with NIX HHV-8 productive replication| (Voetal, 2019)

MV-Edm 1 p62-mediated RLR-induced innate immune responses| (Xia et al., 2014a)

PRRSV 1 Increased the expression of Drp1, Apoptotic signaling| (Lietal., 2016)
PINK1 and Parkin

TGEV 1 Induction of DJ-1 Oxidative stress and apoptosis| (Zhu et al.,, 2016)

Glycoprotein (Gn) of 1 Interaction with TUFM Type | interferon response| (Wang et al., 2019a)

Hantann virus

CSFV 1 Activation of PINK1-Parkin pathway  Apoptosis| (Gouetal., 2017)

NDV 7 p62-mediated Instrinsic pro-apoptotic signaling| (Meng et al., 2014)

MV-Edm T p62-mediated Pro-apoptotic signaling| (Xia et al., 2014b)

HCV, hepatitis C virus; NS5A, non-structural protein 5A; HBV, hepatitis B virus; HPIV3, human parainfluenza virus type 3; TUFM, Tu trans-
lation elongation factor mitochondrial; vIRF-1, viral interferon regulatory factor 1; HHV-8, human herpesvirus 8; MV-Edm, measles virus
of the Edmonston strain; MAVS, mitochondrion-tethered mitochondrial antiviral signaling protein; PRRSV, porcine reproductive and respi-
ratory syndrome virus; TGEV, transmissible gastroenteritis virus; CSFV, classical swine fever virus; NDV, Newcastle disease virus; MV-Edm,

measles virus vaccine strain Edmonston B.
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Fig. 2. Schematic overview of the balance between mitophagy and inflammasome activation. It is critical to maintain the balance
between mitophagy and inflammasome complex activation to promote host defense while controlling excessive pathological
inflammation during infection. Among pathogen products, HIV ssRNA, gp120, and Tat can activate the NLRP3 inflammasome through
inhibition of mitophagy and mitochondrial damage. In addition, Pseudomonas aeruginosa activates the NLRC4 inflammasome
through increased ROS production and release of mtDNA. Mechanistically, SESN2 and Parkin participate in the suppression of NLRP3
inflammasome activation through mitophagy induction. Several pathogens including HCV can also increase mitochondrial ROS
production, resulting in pathological responses during infection and inflammation. In a sepsis model, mitophagy activation to control

mitochondrial ROS was found to be related to enhanced host defense.

activation during P. aeruginosa infection (Jabir et al., 2014),
and autophagy-mediated removal of damaged mitochondria
downregulated NLRC4 inflammasome activation (Jabir et al.,
2015). The mitophagy pathway regulates excessive inflam-
matory responses via inflammasome activation mediated by
several viruses and P. aeruginosa infection (Fig. 2). However,
the mitophagic regulation of inflammasome activation during
infection with other bacteria and fungi is not well addressed.

The regulators responsible for maintaining the balance
between mitophagy and inflammasome activation remain to
be identified. During sepsis, stress-inducible protein sesterin 2
(SESN2) suppresses NLRP3 inflammasome activation and host
protection by inducing mitophagy via the p62-dependent
pathway (Kim et al., 2016). In addition, the loss of Parkin, a
key player in mitophagy, improves the host antiviral immune
response by activating the NLRP3 inflammasome, suggest-
ing that mitophagy activation is critical for the regulation of
antiviral immunity (Li et al., 2019). However, whether Parkin
deficiency is beneficial in chronic viral infection needs to be
investigated because a prolonged inflammatory response
may lead to host immune exhaustion and immune evasion
(Fig. 2) (Snell et al., 2017). Future studies should identify the
key regulators of the functional crosstalk between mitophagy
and inflammasome activation during infection and inflamma-

tion. In the next section, we briefly discuss the role of mito-
chondrial ROS in linking mitophagy and inflammation during
infection.

MITOCHONDRIAL ROS: A LINK BETWEEN MITOPHAGY
AND THE INFLAMMASOME

As stated above, mitophagy and macroautophagy are re-
quired for mitochondrial quality control and play a physiolog-
ical role in mitochondria (Pickles et al., 2018). Mitochondrial
ROS production, which is accompanied by hydroxyl radical
generation during iron metabolism, plays a detrimental role
in the pathogenesis of chronic hepatitis and the progression
of hepatocellular carcinoma induced by HCV infection (Hino
etal, 2019). Group A Streptococcus infection triggers mito-
chondrial ROS generation, leading to streptolysin S-mediated
mitochondrial damage and macrophage death (Tsao et al.,
2019). In a sepsis model, mesenchymal stromal cells played
a crucial role in mitophagy and the inhibition of mitochon-
drial ROS, thus restricting NLRP3 inflammasome activation
and enhancing host defense against sepsis (Li et al., 2018).
The mtDNA that had escaped from autophagy induced a
TLR9-mediated inflammatory response in cardiomyocytes,
which led to myocarditis and dilated cardiomyopathy (Oka et
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al., 2012). During septic shock or inflammatory injury, mito-
chondria are the major organelles producing DAMP signals;
for example, release of mtDNA and peptides into the circula-
tory system induced cell damage and endothelial permeability
(Sun et al., 2013), suggesting that mitochondrial ROS and
DAMPs are key factors in the inflammatory response. Future
studies should focus on characterizing the functions of mito-
chondrial ROS during infection with various viruses.

Several lines of evidence suggest that controlling mito-
chondrial ROS modulates the pathogenesis of various infec-
tious diseases. During influenza virus A infection, pharmaco-
logic inhibition of mitochondrial ROS by a chemical inhibitor
attenuated innate immune inflammation and ameliorated
viral pathogenesis (To et al., 2019), suggesting that excessive
mitochondrial ROS plays a role in viral infection. However,
scavenging of mitochondrial ROS reportedly failed to exert a
long-term beneficial effect on sepsis (Rademann et al., 2017).
In support of the therapeutic potential of mitochondrial ROS
for viral infections, treatment with docosahexaenoic acid
induced proteasome-mediated degradation of oncogenic hu-
man papillomavirus E6/E7 proteins and apoptosis of cancer
cells by promoting the production of mitochondrial ROS (Jing
et al., 2014). An understanding of how mitochondrial ROS
modulate the balance between host defense and patholog-
ic inflammation will facilitate the development of targeted
treatments for a variety of infections and inflammatory re-
sponses.

CONCLUSION

Recent efforts have provided much information on how au-
tophagy modulates innate host defenses during infection. In-
vading pathogens alter mitochondrial homeostasis in innate
immune cells and trigger the mitophagy pathway, which
affects host innate defense and inflammatory response. Also,
critical regulators of mitophagy, including cargo receptors,
affect the host antimicrobial response to a variety of infec-
tions. In addition, several signaling mediators, such as TBK1,
Ink2, and MKK3, participate in the regulation of mitochon-
drial homeostasis and mitophagy during infection. Moreover,
numerous pathogens, including HCV and HBV, modulate
mitophagy to benefit their survival. Mitophagy activation
during infection is required for maintaining a balance with
inflammasome activation and preventing excessive inflamma-
tory responses during infection. Mitochondrial ROS serves as
a link between mitophagy and the inflammasome; however,
the regulation of the relationship between mitophagy and
the inflammasome remains unclear. Therefore, further stud-
ies should seek to identify key regulators of the connection
between mitophagy and the innate immune response to in-
fection and to understand the impact of mitophagy on infec-
tion and inflammation. It remains to be investigated whether
autophagy receptors are involved in the activation of both
xenophagy and mitophagy during infection. Also, how a mi-
tophagy receptor regulates the innate immune system in the
context of other biological responses is unknown. Answering
these questions will shed light on the regulatory mechanisms
of innate immunity and inflammation during infection. In ad-
dition, a more detailed understanding of how mitophagy co-

18 Mol. Cells 2020; 43(1): 10-22

ordinates the effector responses of innate immune cells will
facilitate the development of novel therapeutic approaches
to diverse infectious diseases.
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