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Abstract

Maintaining mitochondrial health is essential for the survival and func-
tion of eukaryotic organisms. Misfunctioning mitochondria activate stress-
responsive pathways to restore mitochondrial network homeostasis, remove
damaged or toxic proteins, and eliminate damaged organelles via selective
autophagy of mitochondria, a process termed mitophagy. Failure of these
quality control pathways is implicated in the pathogenesis of Parkinson’s
disease and other neurodegenerative diseases. Impairment of mitochondrial
quality control has been demonstrated to activate innate immune pathways,
including inflammasome-mediated signaling and the antiviral cyclic GMP-
AMP synthase (cGAS)/stimulator of interferon genes (STING)–regulated
interferon response. Immune system malfunction is a common hallmark
in many neurodegenerative diseases; however, whether inflammation sup-
presses or exacerbates disease pathology is still unclear. The goal of this re-
view is to provide a historical overview of the field, describe mechanisms of
mitochondrial quality control, and highlight recent advances on the emerg-
ing role of mitochondria in innate immunity and inflammation.
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1. MITOCHONDRIAL QUALITY CONTROL OVERVIEW

1.1. Overview of Mitochondrial Surveillance Mechanisms

Mitochondria are highly specialized organelles that function as intracellular signaling hubs, gener-
ate cellular energy in the form of ATP, and regulate intrinsic apoptosis (Nunnari & Suomalainen
2012). The unique features of mitochondria and mitochondrial metabolism require eukaryotic
cells to maintain mitochondrial health and to quickly repair or remove damaged mitochondria
to prevent cell death or tissue damage. To this end, multiple mitochondrial quality control path-
ways have emerged to monitor mitochondrial health and activate appropriate responsive measures
(Mishra & Chan 2016). This review first describes these mitochondrial surveillance mechanisms
and the damage-induced signaling pathways responsible for clearing malfunctioning organelles,
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Figure 1

Mitochondrial stress invokes quality control pathways to resolve the stress or remove damaged organelles.
Mitochondrial damage can occur through impaired electron transport chain function, aggregation of
misfolded proteins, accumulation of mtDNA mutations, or chemical-induced dysfunction. Quality control
pathways that are induced include (among others): mitophagy, the autophagosome-mediated degradation of
mitochondria; UPRmt, a translational and transcriptional response to misfolded proteins; and degradation of
mitochondrial proteins through the proteasome. Damage signals released from mitochondria trigger
inflammatory response pathways. Ultimately, if the mitochondrial and cellular stress remains unresolved,
apoptosis can be induced via the activation of Bax and the opening of the outer mitochondrial membrane,
leading to the release of caspase-inducing cytochrome c. Abbreviations: cGAS, cyclic GMP-AMP synthase;
IFN, interferon; IL, interleukin; mtDNA, mitochondrial DNA; OXPHOS, oxidative phosphorylation;
PINK1, PTEN-induced putative kinase protein 1; STING, stimulator of interferon genes; UPRmt,
mitochondrial unfolded protein response.

as outlined in Figure 1. Then we discuss the increasingly prominent topic of mitochondrial-
damage-induced activation of the immune system and the research advances made in recent years
to understand these pathways in vivo. Finally, we provide a brief overview of the emerging roles
of mitochondrial quality control in neurodegenerative disorders, aging, and other diseases.

1.2. Loss of Mitochondrial Membrane Potential Triggers Mitochondrial
Quality Control

The complexes of the electron transport chain (ETC) generate ATP through oxidative phospho-
rylation (OXPHOS), a process that requires the presence of sufficient mitochondrial membrane
potential (��m) (Boyer et al. 1977, Hatefi 1985). Failure to maintain this voltage potential im-
pairs ATP production and leads to the release of reactive oxygen species (ROS) (Reczek & Chan-
del 2015),mitochondrial damage-associated molecular patterns (DAMPs) (Zhang et al. 2010), and
eventually cell death, described further in the sidebar titled Apoptosis: The Ultimate Mitochon-
drial Damage Response (Tait & Green 2013). To counter the potentially harmful and apoptosis-
inducing effects of failedmitochondria, cells have adapted countermeasures to recognize decreases
in��m and to resolve such stress (Lemasters 2005).These strategies employ cytosolic machinery
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APOPTOSIS: THE ULTIMATE MITOCHONDRIAL DAMAGE RESPONSE

A final method of mitochondrial damage response is the induction of regulated cell death, or apoptosis, through
Bcl-2 family proteins mediating release of cytochrome c (Cyt c) from mitochondria, triggering downstream signal-
ing events that have previously been reviewed extensively (Tait & Green 2013). When released from suppression
by the antiapoptotic Bcl-2 proteins, proapoptotic Bax proteins are recruited to mitochondria and form pores in the
outer mitochondrial membrane (OMM), causing the herniation and rupture of the inner membrane (IMM) (Hsu
et al. 1997,Kluck et al. 1997, Yang et al. 1997).Damagedmitochondria will release Cyt c through these pores (Kluck
et al. 1997, Yang et al. 1997). Cyt c in the cytosol activates the apoptosome, which in turn triggers a cascade of cas-
pases, starting with caspase-9, that ultimately results in the controlled destruction of the cell (Tait & Green 2013).
Recently, OMM permeabilization via Bak and Bax was reported to release mitochondrial DNA into the cytosol,
activating intracellular immune pathways (Brokatzky et al. 2019, McArthur et al. 2018).

such as the ubiquitin–proteosome degradation pathway (Tanaka et al. 2010, Yoshii et al. 2011) (see
Section 1.5), piecemeal degradation of mitochondrial regions via the autophagosome–lysosome
pathway (Le Guerroué et al. 2017) (see Section 1.5), or wholesale autophagosome-mediated en-
gulfment of damaged mitochondria, a process termed mitophagy (Lemasters 2005) (see Section
1.4). To study these pathways in vitro, mitochondrial uncoupling agents such as carbonyl cyanide
m-chlorophenyl hydrazone (CCCP) and valinomycin, or a combination of respiratory complex
inhibitors such as oligomycin and antimycin A, are commonly used to destabilize the mitochon-
drial membrane potential and induce mitochondrial damage (Gottlieb et al. 2003, Lemasters et al.
1998, Narendra et al. 2008,Whitworth & Pallanck 2017). These potent acute stressors have been
useful in vitro to unravel the molecular mechanisms of mitochondrial damage pathways; how-
ever, how well these treatments represent mitochondrial damage in vivo remains controversial
(Whitworth & Pallanck 2017).

1.3. Import of Mitochondrial Proteins

Mitochondrial dynamics and function depend on the proper trafficking and import of nuclear-
encoded proteins destined for the outer mitochondrial membrane (OMM), the inner mitochon-
drial membrane (IMM), or the mitochondrial matrix (Dolezal et al. 2006, Neupert & Brunner
2002). The nascent peptides often contain a mitochondrial targeting signal that is recognized by
cytoplasmic chaperones such as Hsp70, Hsp90, and the mitochondrial import-stimulating factor,
which facilitates relocation of the translating peptide–ribosome complex to the OMM (reviewed
thoroughly in Wiedemann & Pfanner 2017). This highly regulated transport process depends
on many high-molecular-weight protein complexes, including the translocator of the outer
membrane (TOM) and translocator of the inner membrane (TIM) complexes and mitochondrial
chaperones. Failure to maintain this trafficking process or blockage of the import machinery
results in mitochondrial decoupling and induction of the mitochondrial unfolded protein re-
sponse (UPRmt) and other mitochondrial quality control pathways such as mitophagy (Weidberg
& Amon 2018, Wrobel et al. 2015). Mitophagy, in particular, requires the continued import of
PTEN-induced putative kinase protein 1 (PINK1) into the IMM, where it is cleaved by the
proteases MPP and PARL (Narendra et al. 2010a, Youle 2019). This cleavage leads to cytosolic
relocation of the cleaved PINK1 and degradation by the proteasome following the N-end-rule
pathway (Matsuda et al. 2010,Narendra et al. 2010a, Yamano & Youle 2013).When mitochondria
are depolarized or when the import pathway is disrupted, PINK1 import is prevented, leading
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to its autophosphorylation and activation (Okatsu et al. 2012); activated PINK1 phosphorylates
ubiquitin, which in turn recruits and activates Parkin, as described in the next section.

1.4. PINK1/Parkin–Regulated Mitophagy Completely Removes Damaged
Mitochondria via the Autophagy Pathway

When PINK1 is stabilized on damaged mitochondria, Parkin is recruited to phospho-Ser65 ubiq-
uitin chains on mitochondria generated by PINK1 (Kane et al. 2014, Kazlauskaite et al. 2014,
Koyano et al. 2014). Parkin ubiquitinates many proteins, including the OMM proteins mitofusin
(Glauser et al. 2011, Poole et al. 2010, Tanaka et al. 2010, Ziviani et al. 2010), voltage-dependent
anion channels (VDACs)/porin (Sun et al. 2012), and Miro (Wang et al. 2011), in addition to
dozens of other mitochondrial proteins, autophagy receptors, and proteasome regulators, as dis-
covered by an unbiased quantitative Lys-e-Gly-Gly (diGLY) capture and proteomics method for
identifying ubiquitination sites (Sarraf et al. 2013). The ubiquitin chains are recognized by au-
tophagy adaptor proteins such as p62/sequestosome-1 (SQSTM1), NPD52, TAX1BP1, NBR1,
and optineurin (OPTN) (Heo et al. 2015, Lazarou et al. 2015,Wong &Holzbaur 2014). Once the
adaptors are recruited, the canonical autophagy machinery, including the Unc-51-like autophagy-
activating kinase (ULK1) complex, the PI(3)P kinase complex, and the LC3-conjugation machin-
ery, initiates formation of an isolation membrane ( Johansen & Lamark 2011, Narendra et al.
2010b, Yoshii & Mizushima 2015). Next the ATG5/12/16 complex is recruited and elongates the
autophagosome membrane (Yoshii & Mizushima 2015). Finally, the autophagosome fuses with
the lysosome through a not fully characterized process involving syntaxin 17, LAMP2, and other
factors (Hubert et al. 2016, Issa et al. 2018). The acidic autolysosome then degrades the targeted
mitochondrial cargo.

Loss-of-function mutations in the core mitophagy-promoting factors such as PINK1/Parkin
or the autophagy adaptor proteins lead to impaired mitophagy in some cell culture models; how-
ever, there are well-established PINK1/Parkin–independent mitophagy pathways (Allen et al.
2013, Lieber et al. 2019, Novak et al. 2010). For example, BNIP3, the related protein NIX
(BNIP3L), and iron chelation have been shown to modulate mitophagy independently of
PINK1/Parkin (Allen et al. 2013, Novak et al. 2010, Rikka et al. 2011).

Mitophagy can be assessed using mitochondria-targeted, pH-sensitive fluorophores. Two tools
for this are the mitoQC sensor, a green fluorescent protein (GFP) fused to the mCherry red fluo-
rescent protein targeted to the OMM (McWilliams et al. 2016), and the matrix-targeted mKeima,
a fluorescent protein with an extreme pH-induced Stokes shift (Katayama et al. 2011). The mi-
toQC method is similar to the LC3-GFP-mCherry probe for measuring autophagy, which de-
pends on the loss of GFP fluorescence in the acidic lysosome while mCherry remains stable.
Therefore, the ratio of mCherry to GFP is a quantitative measure of autophagosome maturation;
however, it was recently demonstrated that as an OMM localized protein mitoQC is sensitive to
proteasomal degradation independently of mitophagy and therefore might overestimate true mi-
tophagy events (Katayama et al. 2020). With the mKeima method, the matrix-localized Keima
signal undergoes a pH-dependent change in fluorescence characteristics (Katayama et al. 2011).
At neutral pH, Keima undergoes excitation at 440 nm and shows maximum emission at 620 nm;
however, in an acidic environment the predominant excitation shifts to 586 nm. Therefore, the
ratio of em620 excited at ex586 versus ex440 can quantitatively measure mitophagy in live imaging
or fluorescence-activated cell sorting (FACS) experiments (Wang 2020). Both of these mitophagy
sensors have been engineered into rodents (McWilliams et al. 2016, Sun et al. 2015) and fruit flies
(Drosophila melanogaster) (Cornelissen et al. 2018, Y. Kim et al. 2019, Lee et al. 2018), yet con-
troversy exists about the prevalence of mitophagy in vivo (Cornelissen et al. 2018, Y. Kim et al.
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2019, Lee et al. 2018, McWilliams et al. 2018, Sliter et al. 2018). During the preparation of this
review, a novel mitophagy sensor named mito-SRAI was published that consists of two linked flu-
orophores, one of which is sensitive to low pH environments, that generate a quantitative Förster
resonance energy transfer (FRET) signal (Katayama et al. 2020). Mito-SRAI also has the advan-
tage over mKeima of being usable in fixed cells and tissues, so we predict this tool will greatly aid
in studying mitophagy in neurons within animals (Katayama et al. 2020).

1.5. Removal of Damaged and Aggregated Proteins Maintains
Mitochondrial Health

When mitochondrial proteins in the matrix, IMM, and OMM are damaged, malfunctioning, or
otherwise destined for degradation, they must be cleaved or targeted for degradation. Some key
proteins involved in the proteolysis of mitochondrial proteins include the ATPase proteases LonP
and ClpP (in the inner matrix), Yme1 (IMM-anchored in the intermembrane space), and SPG7
(IMM-anchored in the matrix space) ( Jin & Youle 2013, Koppen & Langer 2007). In addition,
many OMM proteins are targeted to a proteasome by ubiquitin ligases (Karbowski & Youle 2011,
Sarraf et al. 2013, Tanaka et al. 2010). These proteins are extracted from the OMM by a multistep
process requiring valocin-containing protein (VCP)/p90 and are then transferred to the protea-
some for destruction (Tanaka et al. 2010). Regulated ubiquitination of mitochondrial proteins is
performed by E3 ligases, including MARCH5, MITOL, MUL1, and Parkin, depending on the
protein target, cell or tissue type, and stress state (Karbowski & Youle 2011, Koyano et al. 2019,
Yun et al. 2014).

In a related pathway, piecemeal degradation can selectively target mitochondrial domains to
remove larger protein aggregates (Burman et al. 2017,Hughes et al. 2016,LeGuerroué et al. 2017,
Vincow et al. 2013).Viamechanisms not completely understood,misfolded or damagedmitochon-
drial proteins are selected for degradation and sequestered within part of the organelle (Burman
et al. 2017,Hughes et al. 2016).Themitochondrion is then fragmented via Drp1-mediated fission,
and the damage-containing fragments are targeted to the autophagosome–lysosome pathway via
the autophagy receptor p62 (Burman et al. 2017, Le Guerroué et al. 2017).

1.6. Mitochondrial Unfolded Protein Response–Signaling Pathways Upregulate
Mitochondrial Chaperones to Clear Misfolded Peptides

Protein aggregates are toxic to cells, and multiple pathways sense and remove these misfolded
proteins. Collectively known as the UPR, these pathways can be further distinguished based
on the affected cellular compartment (such as UPRmt and UPRER), although cross talk exists
between these pathways and cytosolic stress responses, collectively termed the integrated stress
response (Walter & Ron 2011). In mitochondria, damaged membrane proteins or aggregated
matrix protein can impair the mitochondrial OXPHOS process and hinder the import and export
of mitochondrial proteins (Zhao et al. 2002). The UPRmt response leads to the transcriptional
upregulation of mitochondrial chaperones and proteases including Hsp60 and LonP ( Jin & Youle
2013, Zhao et al. 2002). In Caenorhabditis elegans, extensive work has determined the mechanism
through which mitochondrial stress is transmitted to changes in nuclear transcription (Melber
& Haynes 2018). Central to this is ATFS-1, a transcription factor with both a mitochondrial
targeting sequence and a nuclear localization motif (Nargund et al. 2012). Similar to PINK1
import regulation, during proteotoxic mitochondrial stress and failure of the mitochondrial
import machinery ATFS-1 instead enters the nucleus and activates its transcriptional targets
(Nargund et al. 2012). In mammalian cells, similar roles have been proposed for the transcription
factors ATF5 and ATF4; although the link from mitochondrial stress sensing to activation of
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these signaling pathways remains unknown, it might require mTORC1 signaling (Fiorese et al.
2016, Khan et al. 2017, Quirós et al. 2017).

1.7. Mitochondrial Fission and Fusion Pathways Regulate the Number
of Mitochondria and Contribute to Quality Control

Mitochondria are organelles that constantly undergo changes in size, morphology, and number
depending on the health of the mitochondrial network and the energy demands of the cell (Mishra
& Chan 2016). The number and morphology of mitochondria are controlled through tightly reg-
ulated fission and fusion events; these dynamics are necessary in both proliferative and postmi-
totic cells (Hoppins et al. 2007). Mitochondrial fission is facilitated by a cytosolic dynamin-like
GTPase—Drp1 in mammals, flies, and worms and Dmn1 in yeast (Hoppins et al. 2007). This
process is regulated by accessory components such as Mdv1 in yeast and Mff in mammals, which
alongwith Fis1 recruit Drp1 tomitochondria (Otera et al. 2010,Tieu et al. 2002). In both yeast and
mammalian cells, membrane contact sites between the endoplasmic reticulum (ER) and the mi-
tochondrial network are proposed to regulate fission through the recruitment of Drp1 (Friedman
et al. 2011, Murley et al. 2013) and generation of the biomechanical forces needed for separation
of the membranes (Manor et al. 2015). The detailed function of ER–mitochondria contact sites
in regulating mitochondrial fission and fusion remains a topic of ongoing investigation.

Mitochondrial fission responds to changes in cellular energy demands and is invoked during
mitochondrial stress,when damagedmitochondrial subdomains are divided and degraded tomain-
tain a healthymitochondrial network (Burman et al. 2017,Yamashita et al. 2016). In contrast,mito-
chondrial fusion is performed by threemitochondrialmembrane-localized, dynamin-like proteins:
mitofusins (Mfn1 and Mfn2) on the OMM and Opa1 on the IMM (Mishra & Chan 2016). Dam-
aged mitochondria harboring mitochondrial DNA (mtDNA) mutations can be sustained through
fusion with healthy mitochondria containing compensating wild-type DNA (Yoneda et al. 1994).
Fusion is normally inhibited upon mitochondrial damage, in part through the ubiquitination and
degradation of Mfn1/2 by the E3 ligases Parkin (Deng et al. 2008, Poole et al. 2010, Tanaka et al.
2010, Ziviani et al. 2010) and Mul1 (Puri et al. 2019, Yun et al. 2014). In animals lacking the
Pink1/Parkin pathway, Mfn proteins accumulate and mitochondria are primarily swollen; how-
ever, these defects can be rescued by the overexpression of fission-promoting factors such as Drp1
(Deng et al. 2008).

2. MITOCHONDRIAL DAMAGE ACTIVATES INNATE IMMUNITY

2.1. Mitochondrial Damage-Associated Molecular Patterns Trigger
Antibacterial Signaling Pathways

Innate immune–signaling pathways have evolved in complex multicellular eukaryotes to recognize
invasive pathogens, including bacteria, viruses, fungi, and protists. Perhaps the most critical func-
tion of these pathways is the ability to distinguish friend from foe. To prevent aberrant immune
responses, the sentries involved in activation of the defense pathway must be able to accurately
discriminate pathogens from the organism’s own cells (see Figure 2). Therefore, the cell sur-
face pattern-recognition receptors (PRRs) responsible for recognizing bacteria and triggering an
immune response often respond to complex and unique pathogen-associated molecular patterns
(PAMPs)—peptides, lipoproteins, and glycan moieties—on the bacterial cell wall (West & Shadel
2017). Peptidoglycans (PGNs), consisting of short peptides linked to glycan chains, are found in
both gram-negative and gram-positive bacteria and constitute the major outer cell wall compo-
nent of gram-positive bacteria (Raetz &Whitfield 2002,Takeuchi et al. 1999). PGNs are sensed by
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Figure 2

Mitochondrial quality control restrains innate immune pathways. Unmitigated mitochondrial damage may
invoke innate immune responses due to the similarity of mitochondrial DAMPs to some PAMPs. These
signals activate pathogen-response mechanisms, including the TLR- and NLR-mediated signaling pathways.
Upon mitochondrial damage and permeabilization, mtDNA is released into the cytosol, triggering both the
AIM2 and NLRP3 inflammasome pathways and cGAS, which generates cGAMP that then activates a
STING-mediated type I interferon response. Abbreviations: AIM2, absent in melanoma 2; AMP,
antimicrobial peptide; Casp-1, caspase-1; cGAMP, cyclic 2′3-GMP-AMP; cGAS, cyclic GMP-AMP
synthase; DAMP, damage-associated molecular pattern; Drp1, dynamin-related protein 1 (also known as
dynamin-1-like protein); IFN, interferon; IKK, inhibitor of nuclear factor kappa-B kinase; ISG, interferon-
stimulated gene; JAK, Janus kinase; LC3, microtubule-associated protein 1A/1B–light chain 3; Mfn,
mitofusin; mtDNA, mitochondrial DNA; Myd88, myeloid differentiation primary response 88; NF-κB,
nuclear factor kappa-light-chain-enhancer of activated B cells; NLR, NOD-like receptor; NLRP3, NOD-,
LRR-, and pyrin domain–containing protein 3; Npd52, nuclear dot protein 52 kDa; Opa1, optic atrophy
1–mitochondrial dynamin-like GTPase; OPTN, optineurin; PAMP, pathogen-associated molecular pattern;
PINK1, PTEN-induced putative kinase protein 1; STAT, signal transducer and activator of transcription;
STING, stimulator of interferon genes; TBK1, TANK-binding kinase 1; TLR, Toll-like receptor; Ub,
ubiquitination; ULK1, Unc-51-like autophagy-activating kinase; VCP, valocin-containing protein.
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specialized peptidoglycan-recognition proteins (PGRPs), includingToll-like receptor 2 (TLR2) in
mammals (Takeuchi et al. 1999). Gram-negative bacteria possess an outermost lipopolysaccharide
(LPS) layer that is predominantly sensed by TLR4 in mammals (Poltorak et al. 1998, Takeuchi
et al. 1999).

If the invasive microbes evade the extracellular defenses and cell surface receptors, they can
enter the host cell via regulated endocytosis or phagocytosis (Kanneganti et al. 2007). Inside the
cell, the nucleotide-binding oligomerization domain–containing proteins (NODs) and the NOD-
like receptors (NLRs) are attuned to sense cytosolic microbial signals (Carneiro et al. 2007).These
patterns are the same ones that activate TLRs and PGRPs on the outer cell surface, including
PGN, diaminopimelic acid (DAP), and LPS (Carneiro et al. 2007, Kanneganti et al. 2007). The
downstream responses of these receptors include cleavage of procaspase-1 into the active caspase-
1, activation of nuclear factor kappa light-chain-enhancer of activated B cells (NF-κB), generation
of proinflammatory cytokines, induction of autophagy or xenophagy (to target and selectively
remove the pathogen), and initiation of the cell-death pathway pyroptosis or apoptosis (Carneiro
et al. 2007, Liston & Masters 2017).

Mitochondria present a special challenge to the cell’s immune-recognition pathways due to
their resemblance to ancient prokaryotes, according to the endosymbiotic origin theory (Dyall
et al. 2004). Mitochondrial DAMPs are similar to some of the aforementioned patterns presented
by infectious bacteria, including the start codon N-formylmethionine shared by bacterial and mi-
tochondrial matrix translation machinery and the phospholipid cardiolipin (Carp 1982,Weinberg
et al. 2015, Zhang et al. 2010). Sensing of these DAMPs by NOD-, LRR-, and pyrin domain–
containing proteins (NLRPs) has been shown to activate inflammatory immune responses (Iyer
et al. 2013, Zhang et al. 2010) (Figure 2). Additionally, released mtDNA itself has been shown to
trigger DNA-sensing antiviral pathways (West et al. 2015), which we discuss in greater detail in
Section 2.2. The failure of mitochondrial quality control pathways leads to the accumulation of
these damage-associated signals. This failure can be due to the accumulation of misfolded mito-
chondrial proteins, oxidative stress, chemical- or pollutant-induced damage, or a decline in cellular
health due to aging (Youle 2019). Innate immune activation has also been observed in diseasemuta-
tions in mitophagy pathway genes such as PRKN (PARK2) and PINK1 (PARK6) and key autophagy
genes (Youle 2019). The inflammatory aspects of Parkinson’s disease (PD) have been recognized
clinically for some time (Dzamko et al. 2015, Frank-Cannon et al. 2008); however, the molecu-
lar mechanisms underlying these observations are still being investigated (Matheoud et al. 2019,
Sliter et al. 2018, Zhong et al. 2016). The connections between the PINK1/Parkin pathway and
bacterial infections were revealed recently in a study demonstrating that PINK1−/− mice had in-
creased levels of gut infection and suggesting that alterations to the gut microbiome caused onset
of Parkinsonian symptoms (Matheoud et al. 2019). This report proposes that mitochondrial qual-
ity control defects lead to induction of innate immunity and prime the adaptive immune system
in a method termed mitochondrial antigen presentation (mitAP), leading to neurodegenerative
symptoms (Matheoud et al. 2019).

2.2. Mitochondrial DNA Triggers Antiviral Defenses

Similar to the problems posed by mitochondria’s resemblance to ancient prokaryotes, the pres-
ence of a second nonnuclear complement of DNA in the mitochondria posits a range of chal-
lenges to the host immune system (West & Shadel 2017). The release of mtDNA has been
shown to occur due to continued failure of the mitochondrial clearance mechanisms (Oka et al.
2012).Exactly howmtDNA is released remains uncertain, although the prevailing theories include
leakage through large-scale membrane rupture (Shimada et al. 2012), Bax/Bak–mediated mem-
brane permeabilization during the initial steps of apoptosis (McArthur et al. 2018), and regulated
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export such as via the VDAC complex ( J. Kim et al. 2019). Regardless of the exact mechanism
of mtDNA release, this free mtDNA can induce DNA-sensing antiviral mechanisms (West et al.
2015) (Figure 2). The antiviral immune system in vertebrates contains multiple sensors of foreign
genetic material, including double-stranded DNA (dsDNA), double-stranded RNA (dsRNA), and
single-stranded RNA. Cytosolic dsDNA from both pathogens and mitochondria activates mul-
tiple response pathways, including the TLR9 receptor pathway (Oka et al. 2012), the AIM2 and
NLRP3 inflammasomes (Lugrin &Martinon 2018, Zhong et al. 2018), and the cyclic GMP-AMP
synthase (cGAS)/stimulator of interferon genes (STING) pathway (Ishikawa et al. 2009, Sun et al.
2013, West et al. 2015). These antiviral response pathways promote expression of proinflamma-
tory cytokines and virus-targeting interferon (IFN) proteins (Ablasser & Chen 2019).

Recently, this cGAS/STING–regulated inflammation has been found to contribute to the
pathogenesis of inherited Parkinsonian phenotypes in mice (Sliter et al. 2018). Mice deficient for
Parkin or PINK1, which normally lack any PD-like phenotypes, display elevated levels of serum
cytokines following exhaustive exercise training. Similarly, expression of a proofreading-deficient
polymerase gamma (PolG) mitochondrial polymerase in the Parkin−/− mutant background
(PRKN−/−; PolGmutator) led to elevated cytokine production accompanied by PD-like age-
dependent neurodegeneration of dopaminergic neurons in the substantia nigra as well as motor
defects (Sliter et al. 2018). Critically, loss of STING prevented the inflammation observed in
both models and the neurodegeneration phenotype of the PRKN −/−; PolGmutator mice, supporting
the hypothesis that PINK1/Parkin–dependent mitophagy restrains innate immunity (Sliter
et al. 2018, Zhong et al. 2016). The cell-type specificity of STING signaling in the context of
neurodegenerative disorders remains unknown, as this question is further complicated due to the
possibility of the intercellular transfer of both cytokines and cyclic nucleotides (Ablasser et al.
2013, Luteijn et al. 2019, Ritchie et al. 2019).

2.3. Inflammasome Signaling and Mitochondria

In addition to the cGAS/STINGDNA-sensing pathway, mtDNA also has the potential to stimu-
late inflammasome signaling in macrophages, leading to the activation of caspase-1 and the re-
lease of interleukin (IL)-1β (Shimada et al. 2012) (Figure 2). Inflammasomes share the same
core components, the cysteine protease caspase-1 and ASC/PYCARD, but can contain one of
four different receptors: NLRP3, AIM2, NLRC4, or NRLP1 (Liston & Masters 2017). The first
three of these inflammasome complexes can be stimulated by mtDNA or oxidized mtDNA dur-
ing varying stress conditions in bone marrow–derived macrophages (BMDMs) (He et al. 2016,
Shimada et al. 2012). The AIM2 inflammasome is a canonical sensor of cytosolic DNA from inva-
sive pathogens or damaged mitochondria (Lugrin &Martinon 2018).NLR-family inflammasome
signaling is activated by multiple additional stimuli including disruption of the cellular K+ gra-
dient, oxidative stress, urea crystals, and ATP levels, among others (Nomura et al. 2015, Yaron
et al. 2015). These inflammasome-inducing compounds can trigger mitochondrial damage, lead-
ing to Parkin-dependent ubiquitination and mitophagy via a p62 adaptor protein; in PRKN or p62
mutant macrophages, secretion of IL-1β is enhanced, suggesting that the elimination of damaged
mitochondria counteracts inflammasome activation (Zhong et al. 2016). Following Toll-pathway
signaling in macrophages, increased synthesis of mtDNA contributes to the priming of the in-
flammasome response upon mitochondrial damage by increasing the level of oxidized mtDNA,
which activates NLRP3 upon release to the cytosol (Zhong et al. 2018). ROS and specific lipids
such as cardiolipin released from damaged mitochondria also activate the NLRP3 inflammasome
(Iyer et al. 2013, Yaron et al. 2015). NLRP3 directly binds cardiolipin, and physical association
of the NLRP3 inflammasome with the mitochondria may be necessary for activation (Iyer et al.
2013).
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2.4. Mitochondria Coordinate Antiviral Signaling

Cytosolic mitochondrial RNA (mtRNA) or viral-derived dsRNA is sensed by MDA5 and retinoic
acid–inducible gene 1 (RIG-1), bothmembers of the RIG-1-like receptor (RLR) family (Dhir et al.
2018, Liu et al. 2017). The binding of RNAs triggers RIG-1 to localize onto mitochondria and
interact with mitochondrial antiviral signaling (MAVS) protein, ultimately leading to the expres-
sion of IFNs and other antiviral factors (Castanier et al. 2010, Sánchez-Aparicio et al. 2017). The
MAVS complex must be localized to the OMM via a C-terminal tail to function (Seth et al. 2005).
Interestingly, impaired or altered mitochondrial dynamics is linked to defects in RIG-1 signaling
(Castanier et al. 2010, Sánchez-Aparicio et al. 2017). Thus, mitochondria have emerged as a hub
of antiviral innate immune pathways, and mitochondrial quality control is critical to maintaining
these functions and to avoiding the aberrant activation of the cytokine response.

3. CONSERVED ROLES OF MITOCHONDRIAL QUALITY CONTROL
AND IMMUNITY

3.1. Drosophila melanogasterModels of Mitochondrial Dysfunction

Clinical genetic studies have identifiedmutations in the genes encoding Parkin, Pink1, andDJ-1 as
hereditary causes of some PD (Bonifati et al. 2003,Kitada et al. 1998,Valente et al. 2004).However,
mouse models for the PD-linked loss-of-function PRKN and PINK1 mutants fail to display the
classic PD characteristics (Bobela et al. 2014, Kitada et al. 2009). The first identified function for
the Pink1/Parkin pathway in mitochondrial biology came from studies of parkin and pink1mutant
alleles inD.melanogaster (Clark et al. 2006,Greene et al. 2003,Park et al. 2006). Flies that are parkin
and pink1 null harbor multiple mitochondria-related defects, including thorax structure defects,
flight muscle damage, locomotion defects, and dopaminergic neuron degeneration (Clark et al.
2006,Greene et al. 2003, Park et al. 2006,Whitworth et al. 2005).Underlying these muscle defects
are severely enlarged and fused mitochondria, which are indicative of defects in mitochondrial
quality control, mitochondrial fission, or both (Deng et al. 2008). These mutants also have male
fertility defects, attributed to spermatid mitochondrial morphology defects in the organization
of the Nebekurn structure, similar to mutants in the testis-specific mitochondrial fusion gene
fzo (Riparbelli & Callaini 2007). The overexpression of Parkin could rescue the pink1 mutant
phenotypes, but the overexpression of Pink1 had no effect on the parkinmutant phenotypes (Clark
et al. 2006, Park et al. 2006). These epistasis results strongly support the idea that Pink1 functions
upstream of Parkin.

Both parkin- and pink1-null flies exhibit abnormal mitochondrial fusion, which can be pre-
vented either by overexpression of the fission-promoting GTPase Drp1 or by genetic ablation
of the fusion factors Opa1 and/or Marf (dMfn) (Deng et al. 2008). However, the mechanisms
through which defective mitochondrial quality control results in the observed in vivo fly phe-
notypes remain controversial: Some researchers argue that these impaired mitochondrial fission
and fusion dynamics in the pink1 and parkin fly mutants lead to defective and fused mitochon-
dria (Deng et al. 2008, Ma et al. 2018, Pogson et al. 2014), while others support the lack of
Parkin-dependent mitophagy as the causative factor, although the amount of in vivo mitophagy
is still debated (Cornelissen et al. 2018, Y. Kim et al. 2019, Lee et al. 2018, Vincow et al. 2013,
Whitworth & Pallanck 2017). These two explanations are not mutually exclusive; however, it is
difficult to separate mitophagy from mitochondrial dynamics, as extensive cross talk occurs be-
tween the two intertwined processes.Regardless, both hypotheses incorporate the accumulation of
mitochondria-derived damage, the induction of cellular stress-response pathways, and, ultimately,
apoptosis.
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Fly pink1 mutants also feature lower ATP production and impaired ETC complex I activity
(Morais et al. 2009). Interestingly, this appears to be a Parkin-independent effect, as the overex-
pression of a complex I subunit rescued ATP production and other visible phenotypes in pink1
mutants but had no effect in parkin mutants (Pogson et al. 2014). Pink1 has been reported to
phosphorylate a subunit of complex I (Morais et al. 2014, Pogson et al. 2014). This phosphoryla-
tion is thought to stabilize the complex in the matrix, but the localization of the phosphorylation
event remains unclear, as Pink1 appears to be quickly removed from the membranes of healthy
mitochondria and then degraded. Regardless, the role of Pink1 kinase targets other than Parkin
and ubiquitin in mitochondrial health remains an interesting open question (Voigt et al. 2016).

3.2. Innate Immune Pathways in Flies

Drosophila mutants defective in mitochondrial quality control demonstrate a higher expression
of antimicrobial peptides (AMPs). Early microarray analysis of the parkin mutant transcriptome
revealed an enrichment of genes involved in both the oxidative stress response and innate immune
signaling (Greene et al. 2005). Similar transcriptional changes are observed in very long-lived
flies, suggesting that mitochondrial failure might be a root cause (Koehler et al. 2017). Flies with
pink1 or parkin loss-of-function mutations are hypersensitive to bacterial infections, implying that
either innate immune signaling and defense against infection are impaired or excessive activation
of the immune pathways is leading to the induction of cell death genes (Cho et al. 2015). Although
invertebrates lack adaptive immunity, many of the core innate immune pathways are conserved,
including the central NF-κB and inhibitor of nuclear factor kappa-B kinase (IKK) signaling
hubs, along with the antimicrobial TLR and PGRPs (Buchon et al. 2014). The major pathways
are the Toll pathway, involved in the sensing of gram-positive bacteria and fungi; the immune
deficiency (IMD) pathway, for recognition of gram-negative bacteria; and the small interfering
RNA (siRNA) pathway, which targets viral genetic material (Buchon et al. 2014). The ultimate
output of these pathways is the activation of cell stress-response pathways including Janus kinase
( JAK)/signal transducer and activator of transcription (STAT) and c-Jun N-terminal kinase

THE ROLES OF THE JAK/STAT AND JNK PATHWAYS DURING INFECTION AND
MITOCHONDRIAL DAMAGE

Both infection and mitochondrial damage in flies can elicit the activation of general stress pathways including the
c-Jun N-terminal kinase ( JNK) and Janus kinase ( JAK)/signal transducer and activator of transcription (STAT)
pathways. Fly parkin mutants have elevated levels of activated phospho-JNK in muscle cells and dopaminergic
neurons (Cha et al. 2005). The overexpression of Parkin prevented defects in a dominant-negative JNK mutant,
suggesting that Parkin suppresses JNK signaling (Cha et al. 2005). JNK activation, potentiated by NF-κB and
tumor necrosis factor (TNF) signaling, is one pathway through which apoptosis is initiated during infection in flies
(Moreno et al. 2002). In mammals, stimulation of innate immunity leads to the generation of cytokines, including
type I interferon IFNβ, which activates the JAK1/2-mediated phosphorylation of STAT (Schindler et al. 2007).
STAT-mediated transcription in macrophages and T cells potentiates innate and adaptive immunity (Schindler
et al. 2007). In flies, a similar pathway is induced during stress and infection through the release of the cytokine-like
extracellular ligands Upd1/2/3, which are recognized by the receptor Domeless, triggering the activation of JAK
and the upregulation of defense genes in fly immune tissues (Agaisse & Perrimon 2004). The consequences of this
pathway onmitochondrial damage remain unclear; however, the involvement of STING signaling in geneticmodels
of PD (Sliter et al. 2018) suggests that cytokine signaling and JAK/STAT activation are important downstream from
mitochondrial damage.
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( JNK)/Basket (described further in the sidebar titled The Roles of the JAK/STAT and JNK
Pathways During Infection and Mitochondrial Damage), the stimulation of autophagy, and the
upregulation of AMPs (Buchon et al. 2014, McPhee & Baehrecke 2009). Similar to inflammatory
cytokines in mammals, innate immunity–regulated AMPs are hallmarks of aging and neurode-
generative disease models. In Drosophila neurons, the neuropeptides appear harmful (Shukla et al.
2019). Forced overexpression of AMPs causes the degeneration of dopaminergic neurons and
locomotion defects that are enhanced in autophagy-deficient flies (Shukla et al. 2019).

Although invertebrates lack IFN signaling, the cyclic DNA sensor STING is conserved in flies,
although it lacks the TBK1-interacting C-terminal domain (Martin et al. 2018). However, loss of
sting results in immune-compromised flies with defects in the IMD/Relish–induced activation of
AMPs (Goto et al. 2018, Liu et al. 2018, Martin et al. 2018). The upstream regulators of STING
in invertebrates remain unknown, as the closest homolog to cGAS lacks the DNA-binding do-
main (Martin et al. 2018). Fly STING can directly bind to cyclic 2′3-GMP-AMP (cGAMP), so
perhaps there is a novel source of cGAMP in invertebrates or, alternatively, STING is respond-
ing to cyclic dinucleotides (cGAMP or cyclic di-GMP) derived from bacteria (Goto et al. 2018,
Martin et al. 2018). The importance of the STING signaling pathway in disease and stress re-
sponses remains unclear in flies, and much remains to be uncovered about the molecular inputs
upstream of STING, the conservation of its ER–Golgi trafficking-based activating mechanism,
and the details of its downstream signaling outputs. In addition to its role in innate immunity,
STING also regulates autophagy in a manner that depends on ATG5 andWIPI2 but is indepen-
dent of the ULK1 and VPS34 complexes (Gui et al. 2019). STING’s regulatory role in autophagy
is conserved in sea anemones (Gui et al. 2019) and potentially in D. melanogaster, where infection
with Zika virus resulted in increased levels of neuronal autophagy, a process that was impaired in
STING-null mutants (Liu et al. 2018).

3.3. Mitochondrial DNA Mutations Trigger Mitochondrial Defects
and Dopaminergic Neuron Degeneration

Unlike the mouse mtDNA PolG-mutator model, attempts to study the effects of a proofreading-
deficient mtDNA PolG in flies have been controversial. Genetic engineering–mediated replace-
ment of the endogenous fly mtDNA PolG (encoded by the gene tamas) with a proofreading-
deficient or polymerase-deadmutant failed to rescue the adult viability of the PolGmutants (Bratic
et al. 2015). Flies that had one wild-type PolG allele and one mutator allele showed no defects in
aging or health and had little to no mtDNA mutational burden (Bratic et al. 2015, Kauppila et al.
2018).Transheterozygous animals with one copy of the proofreading-deficient allele and one copy
of a polymerase-dead PolG allele were viable and had increased levels of mtDNAmutation; how-
ever, these mtDNA-mutation-prone flies had no outward health defects, such as a reduction in
life span or motor defects, leading the research group to conclude that the flies are resistant to
mtDNA mutation accumulation (Kauppila et al. 2018). A competing study used an endogenously
regulated transgenic insertion of the PolGmutator (tamasD263A) allele along with a heterozygous dele-
tion of the genomic region containing the tamas and the subunitDNApol-γ 35 genes (Samstag et al.
2018). This results in the dose-dependent accumulation of mtDNA mutations and age-related
climbing defects, similar to the murine PolGmutator models (Samstag et al. 2018). The differences
in the observed effects of PolGmutator models on neurodegeneration and aging led to the genera-
tion of a third mtDNA mutator system using a mitochondria-targeted cytidine deaminase called
APOBEC1 (Andreazza et al. 2019). This system leads to an accumulation of C to T mutations
and causes decreased animal fitness, including shorter life spans and climbing defects (Andreazza
et al. 2019).
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In addition to the prevention of harmful mtDNA mutations in postmitotic cells, sensing of
and selection against mtDNA mutations in the fly germ line is critical for the correct transfer of
mitochondria from mother to offspring (Hill et al. 2014, Ma et al. 2014). This process, termed
purifying selection, is critical for promoting the survival of offspring as well as the prevention of
cross-species hybridization. Mitochondrial fitness is assessed through mitochondrial fragmenta-
tion in the developing oocyte, and energetically impaired mitochondria are selected for degrada-
tion by autophagy in a process that requires Atg1 (ULK1) and BNIP3 (Lieber et al. 2019). Another
recent study described a novel role for Pink1 in this quality control pathway in which Pink1 medi-
ates the phosphorylation of the local mitochondrial translational factor Larp (Zhang et al. 2019);
however, this report claims that Pink1 was functioning independently of its role in mitophagy in
the germ line.

3.4. Mitophagy in Worms Promotes Longevity and Immunity

In themodel organismC. elegans,multiple longevity studies have revealed the importance of main-
taining a healthy mitochondrial network during aging. Loss of the NIX/BNIP homolog dct-1 in
worms results in the accumulation of mitochondria and the disruption of mitochondrial morphol-
ogy (Palikaras et al. 2015). DCT-1 recruits damaged mitochondria to the autophagy machinery in
a process that also requires PINK1 (pink-1) and the Parkin worm homolog (pdr-1), which ubiqui-
tinates DCT-1 (Palikaras et al. 2015).Mitophagy via a Parkin and DCT-1 pathway is also induced
in C. elegans by knockdown of the iron–sulfur cluster–generating factor frataxin in a genetic model
for Friedreich’s ataxia, a devastating neurodegenerative disease (Schiavi et al. 2015). Intriguingly,
chronic mild induction of mitophagy via iron depletion resulted in life span extension, demon-
strating the importance of mitochondrial quality control both in dealing with acute mitochondrial
respiration inhibition and during aging (Schiavi et al. 2015).PINK1/Parkin–dependentmitophagy
is triggered during Pseudomonas aeruginosa infection inC. elegans, which triggers iron depletion and
mitochondrial damage through the virulence factor pyoverdine (Kirienko et al. 2015). In these in-
fection experiments, loss of pink-1 or pdr-1, or the autophagy factor bec-1 (BECN1) or lgg-1 (LC3),
led to increased lethality, demonstrating a link between mitophagy and innate immune protection
in worms (Kirienko et al. 2015).

3.5. The Mitochondrial Unfolded Protein Response Engages Antimicrobial
Peptides and Innate Immunity

Another major contributor to innate immunity in worms is the UPRmt pathway; recent stud-
ies have shown that C. elegans mutants defective in UPRmt components, such as the core reg-
ulator ATFS-1, are more likely to die during bacterial infections. Included in ATFS-1’s reper-
toire of transcriptional targets are multiple innate immunity–related genes and AMPs (Pellegrino
et al. 2014). These genes are induced during both mitochondrial dysfunction and bacterial infec-
tion (Pellegrino et al. 2014). Mutants in ATFS-1 were hypersensitive to P. aeruginosa infection,
and worms expressing a constitutively activated mutant ATFS-1 showed resistance to infection
(Pellegrino et al. 2014). Recently, P. aeruginosa was discovered to hijack an endogenous regulatory
transcription factor called ZIP-3 that leads to repression of the UPRmt pathway (Deng et al. 2019).
Worms mutant for zip-3 were resistant to infection by wild-type P. aeruginosa, which was found to
utilize phenazine-based toxins to disrupt the worms’ mitochondrial health, signifying the existence
of an evolutionary arms race between the pathogen and the worms’ UPRmt-signaling pathways
(Deng et al. 2019). A novel layer of regulation was uncovered through studies on the SUMOyla-
tion of ATFS-1 and its partner DVE-1 (Gao et al. 2019). During low-stress states, the presence
of this posttranslational modification restrains DVE-1 in the cytosol and ATFS-1 degradation;

278 Moehlman • Youle



however, upon UPRmt activation, the small ubiquitin-like modifier (SUMO) tags are removed
through the activity of ULP-4, a SUMO protease, and ATFS-1 and DVE-1 are fully activated
(Gao et al. 2019). The loss of ULP-4 impairs the UPRmt pathway and also makes the worms
susceptible to bacterial infection (Gao et al. 2019). Together, these studies suggest that bacterial
infection activates the UPRmt response in worms in a regulated fashion and that mitochondrial
damage upregulates antimicrobial signaling pathways, analogous to what has been reported in fly
PD models.

4. MITOCHONDRIAL DYSFUNCTION AND INFLAMMATION
CONTRIBUTE TO DISEASE PATHOLOGY

4.1. Parkinson’s Disease May Result from Unmitigated Mitochondrial Damage

PD is attributed both to defects in mitochondrial physiology and to the accumulation of protein
aggregates (Lewy bodies), which result in degeneration of dopaminergic neurons in the substantia
nigra (Kalia & Lang 2015). From clinical studies, the genes for Parkin, PINK1, and DJ-1 were
implicated in autosomal recessive juvenile-onset PD (Bonifati et al. 2003, Kitada et al. 1998,
Valente et al. 2004) (Table 1). Foundational studies in D. melanogaster established the products of
these genes as being important for maintaining mitochondrial health, which led to the discovery
of the roles of PINK1 and Parkin in initiating mitophagy (Youle 2019). However, patients with
familial disease–linked mutations make up only a small percentage of all PD cases; the majority
of PD cases are sporadic, with no known causative gene mutation (Kalia & Lang 2015). Patients
with PD often display high levels of mtDNA mutations, which are attributed to the failure of
the mitochondrial surveillance mechanisms and to accumulating oxidative damage (Giannoccaro
et al. 2017). Deletion of mtDNA in mice with a mitochondria-targeted restriction enzyme,
PstI, results in OXPHOS dysfunction and the onset of neurodegenerative disease symptoms
(Pickrell et al. 2011). In addition to aging, the accumulation of mtDNA mutations might be
a driving factor in the development of some sporadic PD; this has been modeled in rodents
with a proofreading-deficient, PolGmutator transgene (Trifunovic et al. 2004). Additionally, the use
of OXPHOS-inhibiting pesticides and industrial fertilizers is clinically linked to sporadic PD
(Kalia & Lang 2015). Of the genetically inherited forms of PD, mutations in LRRK2 are the
most common (Kalia & Lang 2015). LRRK2 has various functions in endosomal, autophagic,
and lysosomal trafficking that are attributed to its kinase activity toward Rab proteins (Steger
et al. 2016). The mechanisms through which mutations in LRRK2 lead to neurodegeneration
remain unclear; however, the common mutant variant LRRK2G2019S causes trafficking defects,
increased proinflammation signaling (Alessi & Sammler 2018), and impairment of PINK1- and
Parkin-dependent mitophagy (Bonello et al. 2019).

4.2. Inflammation Is Implicated in Multiple Neurodegenerative Diseases

A critical role for inflammatory responses in neurodegeneration has become much more apparent
in the past two decades, with a large body of research that is beyond the scope of this review. In
this final section, we provide a brief overview of the state of this field. Many neurodegenerative
diseases feature aggregating proteins; some examples of these are α-synuclein (SNCA)-induced
Lewy bodies in certain types of PD, amyloid beta (Aβ) and tau fibrils in Alzheimer’s disease
(AD), Huntingtin (HTT) protein aggregates in Huntington’s disease, and inclusion bodies
containing TAR DNA-binding protein 43 (TDP43) observed in amyotrophic lateral sclerosis
(ALS) (Hammond et al. 2019) (Table 1). Some of these protein aggregates are localized to
the mitochondrial network and disrupt mitochondrial health, which activates oxidative stress
pathways and potentially triggers an inflammatory response (Rodolfo et al. 2018). Increased
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Table 1 Mitochondrial quality control and disease

Disease Genes/pathways Summary References

Parkinson’s disease PRKN (also called Parkin
or PARK2)

PINK1 (PARK6)
DJ-1 (PARK7)

Autosomal recessive mutations in PRKN,
PINK1, and PARK7 are linked to
early-onset hereditary PD.

Kitada et al. 1998
(Parkin), Valente et al.
2004 (PINK1),
Bonifati et al. 2003
(DJ-1)

LRRK2
SNCA

The most commonly mutated gene in PD is
LRRK2. SNCA protein aggregates form
neurotoxic Lewy bodies.

Kalia & Lang 2015

CHCHD2 CHCHD2 mutations are found in autosomal
dominant late-onset hereditary PD.

Funayama et al. 2015

Alzheimer’s disease Aβ, APP Accumulation of Aβ and APP peptides leads
to defects in mitochondrial dynamics and
metabolism.

Rodolfo et al. 2018

Aβ, tau
Presenilin-1 (PS-1)

Aβ and phospho-tau induce mitochondrial
fragmentation. PS-1 mutations linked to
early-onset AD induce mitophagy and
mitochondrial mobility defects.

Hammond et al. 2019

Amyotrophic lateral
sclerosis

SOD1, FUS, TDP-43
OPTN
Ubiquitin–proteosome

Accumulation of mutant SOD1 or aggregates
of FUS or TDP-43 in inclusion bodies
impairs mitochondrial function and
dynamics in motor neurons. Defects in
autophagy or the ubiquitin–proteasome
system reduce clearance of these aggregates.

Rodolfo et al. 2018,
Hammond et al. 2019

CHCHD10 CHCHD10 mutations are associated with
mitochondrial dysfunction and ALS-related
neurodegeneration.

Hammond et al. 2019

Huntington’s disease Huntingtin (HTT ) Aggregating mutant HTT causes
mitochondrial damage and defects in
mitophagy.

Rodolfo et al. 2018

p62 (SQSTM1)
ULK1

HTT facilitates selective autophagy pathways
and interacts with p62 and ULK1.

Hammond et al. 2019

Stroke/ischemia PINK1/PRKN Stroke-induced injuries lead to a
neuroprotective increase in
Parkin-dependent mitophagy.

Shi et al. 2018

Myocardial infarction
and heart failure

PINK1/PRKN
BNIP3/NIX
ATG genes

Defects in mitochondrial dynamics and
mitophagy (both PINK1/Parkin–
dependent and BNIP3/NIX pathways) are
implicated in cardiac myopathy.

Shi et al. 2018

Cancer BCL-2, BAX
BNIP3
PINK1/PRKN

Antiapoptotic oncogenes promote cancer cell
survival and tumor progression. Elevated
mitophagy is observed in multiple cancers.

Shi et al. 2018

Abbreviations: Aβ, amyloid beta; AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; APP, amyloid precursor protein; HTT, Huntingtin; PD,
Parkinson’s disease; PINK1, PTEN-induced putative kinase protein 1; PS-1, presenilin-1.
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inflammation is a clinical signature of these diseases. However, much work remains to be done
on uncovering the benefits and costs of these cytokine-signaling pathways in each disease; rodent
studies have demonstrated that, in the case of PD models, suppressing inflammatory pathways
is beneficial (Frank-Cannon et al. 2008, Matheoud et al. 2019, Sliter et al. 2018). For many
neuroinflammatory disorders, it is controversial whether suppressing inflammation impacts
disease progression (Hammond et al. 2019); however, meta-analysis has shown that the usage of
nonsteroidal anti-inflammatory drugs is negatively correlated with PD (Noyce et al. 2012). In
AD research, boosting the innate immune response has been shown to decrease amyloid fibrils,
but inhibiting immune pathways results in fewer tau aggregates and better cognitive performance
in mouse models, further complicating the question of whether this inflammation is harmful or
beneficial (Van Eldik et al. 2016). Regardless of current limitations, the study of inflammation in
neurodegenerative diseases is an exciting field, with the ultimate goal of helping to discover cures
to the most debilitating and costly diseases in the aging population.

SUMMARY POINTS

1. The failure tomaintainmitochondrial network health is implicated in neurodegenerative
disorders, cancer, and cardiac disease.

2. Multiple pathways of mitochondrial quality control exist to sense and remove damaged
mitochondria; these include mitophagy, piecemeal degradation, mitochondrial fission,
mitochondrial proteostasis pathways, and the mitochondrial unfolded protein response
(UPRmt).

3. Disruptions in mitochondrial quality control invoke innate immune responses due
to the similarity of mitochondrial damage-associated molecular patterns (DAMPs) to
pathogen-associated molecular patterns (PAMPs).

4. Release of mitochondrial DNA (mtDNA) to the cytosol triggers the AIM2 and NLRP3
inflammasomes as well as a cyclic GMP-AMP synthase (cGAS)/stimulator of interferon
genes (STING)–mediated type 1 interferon response.

5. Recent rodent studies of Parkinson’s disease reveal the importance of cGAS/STING–
mediated cytokine signaling in dopaminergic neuron loss in PARK−/−; PolGmutator mice
and a novel role for the gut microbiome in the onset of Parkinsonian symptoms in
PINK1-deficient mice.

6. Drosophila melanogaster and Caenorhabditis elegans are powerful model systems for study-
ing mitochondrial diseases and immunity.

FUTURE ISSUES

1. The detailed mechanisms and roles for PINK1/Parkin–dependent mitophagy and
Parkin-independent mitophagy pathways in vivo require further delineation.

2. Mitochondrial dysfunction and inflammation cause specific motor neuron defects in
Parkinson’s disease, but why dopaminergic neurons are selectively affected remains
unclear.
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3. What are the mechanisms underlying sporadic (nonhereditary) neurodegenerative dis-
eases, and are there as-yet-unknown risk factors, either genetic or lifestyle derived, that
can be identified?

4. Targeting inflammatory pathways is an exciting therapeutic strategy for treating mito-
chondrial disorders, yet more basic and applied research is needed to determine the costs
and benefits of inhibiting inflammation.

5. Artificially increasing the targeting of protein aggregates to the autophagy pathway and
increasing mitophagy via pharmaceutical intervention are promising future avenues of
treatment for mitochondrial disorders and neurodegenerative diseases.
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