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Mitochondria: In the Cross Fire
of SARS-CoV-2 and Immunity
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SUMMARY

The pathophysiology, immune reaction, and differential vulnerability of different
population groups and viral host immune system evasion strategies of severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection are not yet
well understood. Here, we reviewed the multitude of known strategies of coro-
naviruses and other viruses to usurp mitochondria-associated mechanisms
involved in the host innate immune response and put them in context with the cur-
rent knowledge on SARS-CoV-2. We argue that maintenance of mitochondrial
integrity is essential for adequate innate immune system responses and to blunt
mitochondrial modulation by SARS-CoV-2. Mitochondrial health thus may deter-
mine differential vulnerabilities to SARS-CoV-2 infection rendering markers of
mitochondrial functions promising potential biomarkers for SARS-CoV-2 infec-
tion risk and severity of outcome. Current knowledge gaps on our understanding
of mitochondrial involvement in SARS-CoV-2 infection, lifestyle, and pharmaco-
logical strategies to improve mitochondrial integrity and potential reciprocal in-
teractions with chronic and age-related diseases, e.g., Parkinson disease, are
pointed out.

SARS-COV-2 BIOLOGY: AN EQUATION WITH MANY UNKNOWNS

The variability of individual vulnerability and regional mortality rates to severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), which caused the ongoing coronavirus disease (COVID-19) pandemic, is
poorly understood. Although it is clear that age and pre-existing morbidities (Wang et al., 2020), such as
cardiovascular and respiratory diseases, represent major risk factors, mechanistic explanations are lacking.
In particular, it remains enigmatic, why sporadic severe disease progression may occur after SARS-CoV-2
infection in young individuals apparently without risk factors. Elucidating the variability in vulnerability,
derivation of appropriate biomarkers, and the identification of efficient treatment strategies require thor-
ough understanding of the pathophysiology and immune responses following SARS-CoV-2 infection.

Here we discuss how the cellular innate immune system of an infected host organism fighting viral infection
strongly relies on host mitochondria. Viruses commonly manipulate host cells by infiltrating cellular,
including mitochondria-mediated, defense mechanisms, leading to an inadequate host immune response
that may promote adverse disease outcomes. Given the fast development of the COVID-19 pandemic and
thus the only recently launched research efforts on SARS-CoV-2, knowledge on SARS-CoV-2 biology and
pathophysiology in humans is still limited. However, the SARS-CoV-2 genome shares 79% with the genome
of SARS-CoV (Coronaviridae Study Group, 2020), which caused the SARS epidemic in 2002. Building on
research on other RNA viruses, in particular SARS-CoV, we integrate emerging evidence on the roles of
mitochondria in the innate immune reaction to SARS-CoV-2 infection; how SARS-CoV-2 may evade host
immune defense mechanisms by hijacking mitochondrial pathways, as recently suggested (Singh et al.,
2020); and how dysfunctional mitochondria could contribute to severe disease progression. For these com-
parisons it is important to stress the substantial differences in SARS versus COVID-19 epidemiology and
symptomatology (Fani et al., 2020; Petersen et al., 2020). A direct comparison of disease pathogenesis after
infection with Middle East respiratory syndrome (MERS) CoV and SARS-CoV-2 in a non-human primate
model compared with historical SARS-CoV infections has been recently published (Rockx et al., 2020).

We will conclude by highlighting the importance and suggesting promising therapeutic avenues of
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SARS-COV-2 INFECTION

Cells infected by SARS-CoV, and most likely also by SARS-CoV-2 (Gordon et al., 2020), are mainly epithelial
cells, alveolar epithelial cells, vascular endothelial cells, and macrophages in the lung. In this review we
focus on the cellular innate immune response in these primarily infected cells from a mitochondrial

perspective. Infection of a number of other cells, including specialized immune cells, has also been
described for SARS-CoV (Tiku et al., 2020).

Upon attaching of the virus to the cell surface via angiotensin-converting enzyme 2 (ACE2) and cleavage of
the viral spike protein by proteases like transmembrane protease, serine 2 (TMPRSS2) that enables fusion of
the virus with the cell membrane, SARS-CoV-2 enters cells by endocytosis (Azkur et al., 2020). The resulting
activation of different viral detection systems and innate immune responses of the host cells (Azkur et al.,
2020) and the immunopathology of SARS-CoV-2 infection (Vabret et al., 2020) have recently been
summarized.

An incubation period of 4-5 days usually precedes symptoms of SARS-CoV-2 infection. The peak of viral
load is reached after another 5-6 days (Tay et al., 2020). In the case of an efficient immune response rapid
inactivation of SARS-CoV-2, clearance of infected cells, and the induction of an adequate immune response
halt lung vascular damage and adverse disease progression (Tay et al., 2020). Conversely, infection of
airway epithelial cells by SARS-CoVs may induce pronounced pyroptosis, a type of cell death associated
with a strong inflammatory response (Cookson and Brennan, 2001). This has been demonstrated to be trig-
gered in human alveolar epithelial cells (Yue et al., 2018) and macrophages by the SARS-CoV 3a protein
(Chenetal., 2019) and likely also happens in SARS-CoV-2 (Tay et al., 2020). Pyroptosis may result in substan-
tial vascular leakage and release of cytokines and chemokines, attracting monocytes and T cells to the site
of injury or inflammation. Direct viral damage can thus be intensified by high levels of proteases and oxida-
tive stress, an integral factor in COVID-19 progression (Delgado-Roche and Mesta, 2020), caused by the
host defense. SARS-CoV-2 infection is characterized by an inappropriate cytokine host response: a rela-
tively low induction of type | and Ill interferons blunt the anti-viral host defense and is paralleled by a
high induction of chemokines and interleukin (IL)-6 (Blanco-Melo et al., 2020), similar to what has been re-
ported for SARS-CoV infection. Damage to the airways and the resulting inflammatory host response may in
turn contribute to the development of symptoms resembling acute respiratory distress syndrome (ARDS).
Characteristic diffuse alveolar damage, pulmonary edema, and occasional hyaline membranes impair pul-
monary gas exchange and may cause hypoxemia (reduced arterial oxygen pressure) and breathing diffi-
culties. Direct respiratory failure or systemic cytokine-storm-mediated sepsis (including, for example,
death from circulatory failure) may ensue, both conditions representing common causes of COVID-19-
related death (Ruan et al., 2020).

THE ROLE OF MITOCHONDRIA IN THE INNATE IMMUNE SYSTEM

Innate immune responses are triggered by the activation of pattern recognition receptors, which non-spe-
cifically recognize pathogens via pathogen-associated molecular patterns or signals from damaged cells
via damage-associated molecular patterns (DAMPs). In response to tissue injury, affected cells drive the
recruitment of specialized innate immune cells, which in turn activate the specific adaptive immune
response and trigger the production of molecules needed for inflammation and regeneration/repair of
injured tissue. It is becoming increasingly clear that mitochondria are fundamentally involved in the
mammalian innate immune system (Banoth and Cassel, 2018; Weinberg et al., 2015). Mitochondria are
most commonly associated with energy production by oxidative phosphorylation, but they are also
involved in a myriad of other functions, such as ion homeostasis, cellular signaling, differentiation, and
cell death/survival.

Beside mitochondrial reactive oxygen species (ROS) (mtROS)-based involvement in immunity, mitochon-
drial participation in antiviral defense is now well established (West et al., 2011). Mitochondria play integral
roles in anti-viral host response signaling upon infection, and they can activate the innate immune system
upon cellular damage via mitochondrial DAMPs. Importantly, SARS-CoV proteins manipulate mitochon-
drial mechanisms to evade the host immune response and may alter mitochondrial functions leading to
enhanced ROS production, perturbed signaling, and blunted antiviral defenses of the host organism.

The following sections summarize the mitochondrial involvement in the innate immune system after infec-
tion with RNA viruses and specifically with SARS-CoVs.

2 iScience 23, 101631, October 23, 2020

iScience



iScience

Mitochondrial Antiviral Signaling: The RLR Signaling Pathway

The mitochondrial membrane-anchored mitochondrial anti-viral signaling protein MAVS is an essential
component of the cellular anti-viral defense system (West et al., 2011). Viruses in the cytoplasm can be de-
tected by retinoic acid-inducible gene 1 (RIG-I)-like receptors (RLRs), including RIG-I and melanoma differ-
entiation-associated gene 5 (MDAD) (Belgnaoui et al., 2011). RLRs activate MAVS, which upon activation
forms oligomers in a prion-like manner (Hou et al., 2011). MAVS then recruits a number of downstream
signaling effectors, including the E3 ligases tumor necrosis factor receptor-associated factors 3 and 6
(TRAF3 and TRAFé) leading to antiviral defense by the induction of nuclear factor kappa light chain
enhancer of activated B cell (NF-kB) and type | interferons via interferon regulatory factors (IRFs). Formation
of the MAVS complex ("MAVS signalosome”) is mediated by translocases of the outer mitochondrial mem-
brane 70 (TOM70) and 20 (TOM20) and leads to activation of TANK-binding kinase 1 (TBK1) and phosphor-
ylation of IRF-3. IRF-3 then associates with the cytosolic chaperone heat shock protein 90 (HSP90) to
robustly activate an anti-viral response. Dysfunctional MAVS or TOM70 (e.g., due to mislocalization or
low protein levels) impair the antiviral host defense. On the other hand, overexpression of TOM70 (West
et al., 2011), or increase in the activity of MAVS (Song et al., 2019), boosts the cellular antiviral defenses.
MAVS is thought to be tethered to the inner mitochondrial membrane by the proteins prohibitin 1 and 2
(PHB1 and PHB2), which therefore also might play important roles in the regulation of mitochondrial
anti-viral innate immunity (Yoshinaka et al., 2019).

The MAVS pathway is preferentially targeted by viruses. For example, the hepatitis C virus serine-protease
NS3/4A and the 3ABC protease of the hepatitis A virus cleave MAVS to dissociate it from its outer mito-
chondrial membrane base, resulting in inhibition of the pathway and thus reducing the cellular capacity
to induce antiviral responses (Li et al., 2005; Yang et al., 2007). Similarly, influenza virus protein PB1-F2
was shown to bind and impair MAVS (Varga et al., 2012), thereby blunting the interferon response.

Mitochondrial Dynamics in the Innate Immune System

Cell metabolism in general (Zastona and O'Neill, 2020) and mitochondria in specific play integral roles in
the host defense of many diseases, including viral infections.

Changes of metabolic or physiological conditions, such as infection (Banoth and Cassel, 2018), induce
morphological changes (“mitochondrial dynamics”) of mitochondria with functional consequences impor-
tantly affecting the innate immune response. Mitochondria transition from shorter to longer organelles
(fusion) and the other way around (fission) by means of factors regulating mitochondrial dynamics,
including the fusion factors mitofusins 1 and 2 (MFN1 and MFN2), optic atrophy 1 (OPA1) and the fission
factor dynamin-related protein-1 (DRP1). These mechanisms and consequences are described excellently
and in detail elsewhere (Giacomello et al., 2020; Pernas and Scorrano, 2016), but due to the high relevance
of the present work are briefly outlined also here. Mitochondria are enclosed by two membranes, the inner
and outer mitochondrial membranes (IMM and OMM, respectively). The OMM enzymes MFN1 and MFN2
are effectors for the fusion of the OMM, which is followed by OPA1-mediated IMM fusion. OPA1 itself is
regulated by the metalloproteases YME1L and OMAT1.

Mitochondrial fission is mediated primarily by DRP1, which is recruited from the cytosol to the fission site.
There it forms ring-like oligomers around the mitochondrion and induces mitochondria division by GTP hy-
drolysis-mediated DRP1 constriction. The recruitment of DRP1 to mitochondria is believed to be mediated
by adaptor proteins, including mitochondrial fission factor (MFF), fission 1 (FIS1), and the mitochondrial dy-
namics proteins of 49 and 51 kDa (MiD49 and MiD51). Their functions are not completely understood, and
in particular MiD49 and MiD51 may affect both fission and fusion depending on the cellular conditions (Per-
nas and Scorrano, 2016). DRP1-mediated fission is strongly dependent on posttranslational modifications
and can be induced by elevated cytosolic Ca®* levels that lead to the calcineurin-dependent de-phosphor-
ylation of DRP1 Ser637 (Cribbs and Strack, 2007). Conversely, phosphorylation of DRP1 Ser616 (position re-
flecting the human DRP1) promotes fission (Taguchi et al., 2007).

Fusion is promoted in conditions of nutrient scarcity and is thought to boost mitochondrial bioenergetics
efficiency, whereas fission is favored when nutrients are not limited and results in increased nutrient stor-
age, but conversely reduced bioenergetics efficiency (Schrepfer and Scorrano, 2016). Mitochondrial fusion
furthermore enables the exchange of mtDNA, metabolites, proteins, and lipids (Pernas and Scorrano,
2016), whereas fission is not only associated with increased ROS production but also facilitates
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mitochondrial quality control (mitophagy) and mitochondrial distribution, for example, to match local en-
ergy demands (Giacomello et al., 2020; Horn et al., 2020).

Mitochondrial dynamics are highly affected and in some cases compromised by viral infections, which af-
fects host responses. These mechanisms have been reviewed specifically from that perspective (Khan et al.,
2015; Kim et al., 2018). Viral infections may result in strongly elongated mitochondria potentially enhancing
antiviral signaling (Castanier et al., 2010; Onoguchi et al., 2010). Several factors regulating mitochondrial
dynamics appear to regulate mitochondrial antiviral signaling. Pro-fusion protein MFN2 levels have
been shown to regulate MAVS efficiency, i.e., high levels of MFN2 impair MAVS by changing its active
conformation (Sasaki et al., 2013), whereas MFN2 depletion enhances MAVS activity (Yasukawa et al.,
2009). Conversely, reductions of MFN1 and OPA1 inhibited MAVS-mediated induction of NF-kB and
IRF3 (Castanier et al., 2010). MFN2 furthermore has been reported to be involved in the Nod-like receptor
family pyrin domain-containing 3 (NLRP3) inflammasome activation (Ichinohe et al., 2013).

The pro-fission factor DRP1 is commonly targeted by viruses. Human immunodeficiency virus (HIV) via its
protein gp120, for example, has been shown to reduce overall DRP1 and DRP1 phosphorylated at
Ser616 levels and thus impair mitochondrial fission (Fields et al., 2016). Mitochondrial fission is believed
to be important for clearance of defective mitochondria (Pickles et al., 2018). Therefore, it is tempting to
speculate that prevention of the clearance of infected mitochondria by mitophagy supports viral replica-
tion and survival.

Conversely, hepatitis B virus has been reported to induce mitochondrial fission by stimulating phosphor-
ylation at Ser616. This facilitated mitophagy and enhanced viral survival by reducing virus-induced
apoptosis (Kim et al., 2013). These examples demonstrate that viruses in principle can take advantage of
both inhibition and enhancement of mitochondrial fission, in the described cases, primarily based on
the modification of a single amino acid residue of DRP1, Seré16. The right balance of mitochondrial dy-
namics and mitophagy thus seems to be crucial in antiviral defense and in the regulation of inflammation
(Gkikas et al., 2018).

The RING-between-RING (RBR) E3 ubiquitin protein ligase parkin, which is involved in the induction of mi-
tophagy, has recently emerged as another important mitochondria-associated modulator of innate im-
mune function (Manzanillo et al., 2013). It has been shown that hepatitis B virus modulates parkin function
for immune evasion by recruitment of the linear ubiquitin assembly complex (LUBAC) to mitochondria to
disrupt MAVS downstream signaling (Khan et al., 2016).

NLRP3 and cGAS-STING

Upon mitochondrial damage, mtDNA is released in the cytosol, where it can activate the NLRP3 inflamma-
some, a multi-protein complex that, mediated by caspase-1, promotes IL-18 and IL-18 secretion. NLRP3 is
furthermore importantly regulated by mtROS and elevated mtROS activation of NLRP3 especially in bron-
chial epithelial cells may have detrimental consequences (Kim et al., 2014). Intriguingly, the loss of parkin
has been recently associated with improved NLRP3-mediated viral clearance: parkin deficiency increased
NLRP3 activation and anti-viral inflammation without affecting type | interferon production (Li et al., 2019).

mtDNA released in the cytosol also gets detected by DNA-sensing enzymes, such as toll-like receptor 9
(TLR9) or GMP-AMP synthase (cGAS). cGAS detection of mtDNA in turn via stimulator of interferon genes
(STING)-IRF3 promotes type | interferon responses, which increases resistance to viruses (West et al., 2015).
Detection by cGAS activates cGAS-STING and interferon-based host responses. RNA viruses, including co-
ronaviruses, have also evolved strategies to evade cGAS-STING (Eaglesham and Kranzusch, 2020), compa-
rable to the described MAVS evasion strategies. Strikingly, parkin also has been implicated in STING
signaling, presumably regulating STING-induced inflammation (Sliter et al., 2018).

In conclusion, mitochondria are involved in many pathways related to innate immune responses and viruses
commonly undermine these mechanisms. In the next section we will assess the existing knowledge on the
role of mitochondria in the innate immune system with regard to SARS-CoVs. We are not aware of pub-
lished research on the direct role of parkin in SARS-CoV infection. But the central roles of mitochondrial
dysfunction and of parkin, also in relation to inflammation (Newman and Shadel, 2018), in sporadic and fa-
milial Parkinson disease, respectively, in combination with increasing evidence about COVID-19 as a
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potential risk factor for Parkinson disease (Antonini et al., 2020; Papa et al., 2020) are of great interest.
Recent findings on the immediate relevance of influenza virus infection on Parkinson disease pathology
(Marreiros et al., 2020) should additionally spur research on potential interdependencies of Parkinson dis-
ease and SARS-CoV-2 infection-related mechanisms.

MANIPULATION OF MITOCHONDRIAL PROCESSES BY SARS- CORONAVIRUSES

Many pathogens, including RNA viruses like CoVs, have developed targeted strategies to hijack mitochon-
dria, damaging them or using them for their purposes, such as survival, propagation, or evading host im-
munity. Some viruses use mitochondrial membranes for genome replication (West et al., 2011). As shown
for HIV infection, virus RNAs can also enter mitochondria, compromising mitochondrial integrity (Somasun-
daran et al., 1994). Recent computational work suggests that SARS-CoV-2 RNA preferentially localizes to
mitochondria (Wu et al., 2020). Although no experimental data are yet available on whether this is really
happening, SARS-CoV-2 RNA deposition in mitochondria could likewise impair mitochondrial function,
potentially resulting in reduced energy and increased ROS generation (see part 5). Additional indirect sup-
port for a central role of mitochondria in SARS-CoV-2 infection comes from characteristic transcriptomic
signatures of components of the oxidative phosphorylation system in peripheral mononuclear leukocytes
and bronchoalveolar lavage fluid of patients with COVID-19 (Gardinassi et al., 2020).

Host Evasion Mechanisms

How SARS-CoV-2 evades the antiviral response is not well understood yet. But antagonistic mechanisms on
cellular virus detection and interferon responses have been shown for SARS-CoV (Totura and Baric, 2012)
and MERS-CoV (Shokri et al., 2019) proteins. These mechanisms impede host responses to infection, e.g.,
by blunting interferon induction; support viral replication; and increase pyroptotic events, and may be
active as well for SARS-CoV-2 (Tay et al., 2020). From animal studies on MERS-CoV infection, we know
that blocking the interferon response has detrimental consequences on virus clearance and further immune
responses (Channappanavar et al., 2019).

A comprehensive overview on assumed host cell immunity evasion mechanisms of coronaviruses including
SARS-CoV-2 has recently been published (Vabret et al., 2020). Some of these effects are afforded by the
interaction of SARS-CoV proteins with cellular components affecting mitochondrial functions and thereby
inhibiting immune responses. A systematically assembled list of such interactions for SARS-CoV is provided
in Table 1. Many of these interactions result in the suppression of interferon signaling or in the modulation
of apoptosis. Some of the most interesting interactions with regard to the role of mitochondria in the innate
immune system are briefly discussed below and depicted in Figure 1. All viral proteins mentioned in Fig-
ure 1, except for ORF3b, are also expressed by SARS-CoV-2.

SARS-CoV nonstructural protein (Nsp) 2, for example, interacts with PHB1 and 2 and thereby impairs intra-
cellular signaling and mitochondrial biogenesis (Cornillez-Ty et al., 2009; Tatsuta and Langer, 2017) as well
as MAVS (Yoshinaka et al., 2019). Open reading frame 3b (ORF3b) inhibits type | interferon induction and
thus antiviral defense via interaction with the mitochondrial virus-detecting protein RIG-1 (Freundt et al.,
2009). ORF8b of SARS-CoV has been shown to robustly activate the NLRP3 inflammasome (Shi et al.,
2019). The SARS-CoV protein expressed from ORF%b localizes to mitochondria, promotes mitochondrial
fusion and modulates the host antiviral defense (Shi et al., 2014). By increasing ubiquitination and protea-
somal degradation of the mitochondrial fission factor DRP1, it favors mitochondrial fusion, possibly pro-
moting cell survival during viral replication. ORF%b furthermore triggers the degradation of MAVS, severely
limiting host cell interferon responses (Shi et al., 2014).

Although experimental studies elucidating detailed mitochondrial modulation by SARS-CoV-2 are lacking,
recent proteomic studies allow a preliminary assessment of the relevance of related findings in SARS-CoV.
Arecent SARS-CoV-2-human protein-protein interaction map derived from global affinity purification mass
spectrometry analysis (Gordon et al., 2020) reveals putative interactions of SARS-CoV-2 proteins with hu-
man mitochondrial proteins, overlapping in many instances with available information on SARS-CoV. Be-
side a wide range of other human proteins, components of the innate immune system, including interferon
signaling, were reported to possibly be regulated by viral proteins (Gordon et al., 2020). In line with the
report on SARS-CoV ORF9b (Shi et al., 2014), Gordon et al. (2020) described potential modulation of
MAVS by SARS-CoV-2 ORF%b via interaction with the mitochondrial import receptor TOM70. A very recent

¢? CellPress

OPEN ACCESS

iScience 23, 101631, October 23, 2020 5




¢? CellPress iScience
OPEN ACCESS

Viral Component Target Reference

Structural nucleocapsid  Suppression of IRF responses, interference  (Kopecky-Bromberg et al., 2007), (Hu et al.,

protein of RIG-1 activation 2017; Lu et al., 2011)

Structural membrane Suppression of RIG-1/MAVS (Siu et al., 2009)

protein

S1 spike protein Induces apoptosis (Chen et al., 2018)

Envelop protein Activates NLRP3 inflammasome (Nieto-Torres et al., 2015)

Nsp1 Suppression of IRF responses (downstream  (Jauregui et al., 2013), (Wathelet et al.,
signaling) 2007)

Nsp2 Inhibits PHB1 and 2 (blocking mitochondrial ~ (Cornillez-Ty et al., 2009)
biogenesis)

Nsp3 Suppression of IRF responses (inhibits IRF3  (Mielech et al., 2014)
phosphorylation)

Nsp15 Inhibits MAVS-induced apoptosis (Lei et al., 2009)

ORF3a P38 MAP kinase — modulates (Padhan et al., 2008)
mitochondrial death pathways

ORF3a Activates NLRP3 inflammasome (Chen et al., 2019; Siu et al., 2019)

ORF3a Suppression of IRF responses (downstream  (Minakshi et al., 2009)
signaling)

ORF3b Suppression of IRF responses (inhibiting the  (Kopecky-Bromberg et al., 2007)
phosphorylation and nuclear translocation
of IRF3)

ORF3b Inhibits RIG-1/MAVS (Freundt et al., 2009)

ORF6 Suppression of IRF responses (downstream  (Kopecky-Bromberg et al., 2007), (Frieman
signaling) et al., 2007)

ORF7a Induces apoptosis (Tan et al., 2007)

ORF8a Increased mitochondrial membrane (Chen et al., 2007)

potential, ROS, and apoptosis

ORF8b Activates NLRP3 inflammasome (Shi et al., 2019)

ORF%b Inhibits MAVS, induces degradation of DRP-  (Shi et al., 2014)
1

SARS-CoV PLpro Suppression of IRF responses (inhibits IRF3  (Devaraj et al., 2007), (Frieman et al., 2009)
phosphorylation)

SARS-CoV PLpro Disruption of STING (Sun et al., 2012)

SARS-CoV 3C-like Overexpression changes expression of (Lai et al., 2007)

protease many mitochondrial proteins

Table 1. Interaction of SARS-CoV Proteins with Mitochondrial Innate Inmunity Components
Please see text for available information on SARS-CoV-2 proteins.

report also confirmed downregulation of MAVS in SARS-CoV-2-infected human colon epithelial carcinoma
cells CaCo-2 (Bojkova et al., 2020).

Gordon and colleagues’ study (Gordon et al., 2020) furthermore indicates the interaction of several SARS-

CoV-2 proteins with mitochondrial components that have not been reported yet for SARS-CoV: SARS-CoV-
2 Nsp4 may interact with the mitochondrial import machinery (TIM complexes); Nsp8, with mitochondrial
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Figure 1. Putative Mechanisms of Mitochondria-Related Immune Functions Manipulated by SARS-CoV and SARS-
CoV-2

Red rectangles represent viral proteins, whose association with mitochondrial proteins of the host cells have been shown
in SARS-CoV (except for Nsp4 and ORF9c, bold, for which interaction with mitochondrial components has been
suggested only for SARS-CoV-2. ORF3b is not expressed in SARS-CoV-2). ETS, electron transport system.

ribosomes, and ORF9c, with several components of the mitochondrial electron transport system. Nsp13
and Nsp15 furthermore may also interfere with interferon activation (Gordon et al., 2020). Experimental
confirmation of these results is needed to assess the impact of SARS-CoV-2 proteins on mitochondrial
functions.

Manipulation of the cGAS-STING pathway by SARS-coronaviruses may also occur. SARS-CoV papain-like
protease (PLpro), for example, which is also essential for CoV replication and spread, has been shown to
interact with and inhibit STING (Chen et al., 2014; Sun et al., 2012). Similar to SARS-CoV PLpro, SARS-
CoV-2 PLpro has recently been demonstrated to also impair type | interferon and NF-kB responses (Shin
et al., 2020). Interestingly, SARS-CoV-2 PLpro exhibited a differential substrate specificity in this study, re-
sulting in preferential cleavage of other host proteins than by SARS-CoV PLpro, highlighting mechanistic
differences that may contribute to the different pathological outcomes of SARS and COVID-19.

The innate immune response is furthermore targeted by SARS-CoV-2 by inhibition of translation. SARS-
CoV-2 Nsp1, for example, has the potential to strongly impair translation of proteins involved in the
anti-viral response, such as interferons and RIG-1, and the structural characterization of this process has
recently been published (Thoms et al., 2020).

Taken together, SARS-coronaviruses inhibit a number of mitochondrial antiviral defense mechanisms,
including the reduction of interferon activation. It is known that pretreatment with interferon I/1ll is bene-
ficial in SARS-CoV infection, but the protective effect may be even higher in SARS-CoV-2 (Vabret et al.,
2020), suggesting similar or aggravated impairment of interferon activation in COVID-19.

A summary of how SARS-CoV and SARS-CoV-2 modulate mitochondrial functions related to the innate im-
mune system is depicted in Figure 1.

Modulation of Mitochondria by SARS-CoV-2 and Oxygen Sensing

SARS-CoV-2 infection may furthermore be related to reduced oxygen sensing mediated by mitochondrial
dysfunction, as hypothesized by Archer et al. (2020). It recently became apparent that ARDS related to
SARS-CoV-2 infection when compared with traditional ARDS exhibits distinct manifestations: relatively pre-
served lung compliance, large intrapulmonary shunt, sometimes an absence of dyspnea (Archer et al.,
2020; Gattinoni et al., 2020), pulmonary vessel abnormalities such as thrombosis, microangiopathy, and
strongly increased angiogenesis (Ackermann et al., 2020). Mitochondrial oxidative stress may be directly
involved in platelet dysfunction and coagulation pathways and contribute to elevated blood clotting
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Figure 2. Possible Role of Mitochondrial Dysfunction in Aggravation of Hypoxemia in SARS-CoV-2
Mitochondrial dysfunction due to SARS-CoV2 infection contributes to pulmonary tissue damage, deterioration of
pulmonary function, and airway hypoxia. Impaired mitochondria in the carotid bodies may worsen hypoxemia due to
impaired oxygen sensing and result in a compromised chemoreflex. Oxidative stress and impaired anti-viral signaling
lead to an imbalanced innate immune response.

and thrombosis (Saleh et al., 2020). Based on the observations of differential pathologies when compared
with ARDS, Archer and colleagues speculated that hypoxemia in SARS-CoV-2 patients is caused by deficits
in organismal oxygen sensing, which normally regulates oxygen uptake and systemic oxygen delivery. The
response of the pulmonary circulation to pathological airway hypoxia is pulmonary artery constriction. This
leads to changes in blood flow toward better ventilated alveoli. Reduced oxygen availability in the blood in
turn is sensed by the carotid bodies, which induce increased respiration. Archer et al. (2020) argue that hyp-
oxemia in patients infected with SARS-CoV-2 is most likely induced due to an impaired pulmonary artery
constriction mechanism and carotid body dysfunction (see Figure 2) that sometimes may be combined
with infection-induced ARDS. These authors propose that oxygen-sensing mechanisms for pulmonary ar-
tery constriction and in the carotid bodies, which depend on the mitochondrial complex | subunit NDUFS2
(Dunham-Snary et al., 2019), are impaired following SARS-CoV-2 infection. Carotid bodies furthermore ex-
press ACE2 and thus maybe directly infected by SARS-CoV-2 (Li and Schultz, 2006). Indeed, Gordon and
colleagues identified several complex | subunits to interact with the SARS-CoV-2 proteins Nsp7 and
ORF9c (although not NDUFS2), an interaction that the US Food and Drug Administration-approved dia-
betes drug metformin, which inhibits complex | and associated mtROS production and exerts a plethora
of related and different molecular effects (Kulkarni et al., 2020), according to these authors’ analysis could
target (Gordon et al., 2020). Metformin’s original purpose as an influenza drug (Amin et al., 2019) and other
theoretical considerations, including regulation of ACE2 (Sharma et al., 2020), may suggest efficiency in
COVID-19. Metformin furthermore reverses a typical inflammation phenotype of T cells, observed both
in aging and diabetes, by enhancing autophagy and mitochondrial bioenergetics (Bharath et al., 2020).
Finally, the reduction of IL-6 release mediated by the inhibition of mitochondrial complex I-linked ROS pro-
duction by metformin (Soberanes et al., 2019) has recently been directly linked to COVID-19 (Menendez,
2020).

Taken together, modulation of mitochondria by viruses such as SARS-CoV-2 perturbs mitochondrial func-
tions, possibly enabling host defense evasion strategies. SARS-CoV-2 induced oxygen-sensing defi-
ciencies may aggravate systemic respirational deficits and promote severe infection outcome, but may
be amenable to pharmacological treatments, necessitating intensified research.

MITOCHONDRIAL INTEGRITY AND ANTIVIRAL DEFENSE

Mitochondrial dysfunction, for example, due to aging or chronic disease, negatively affects immunity and
inflammation (McGuire, 2019) and is a potential risk factor for SARS-CoV-2 infection. Mitochondrial

8 iScience 23, 101631, October 23, 2020

iScience



iScience ¢? CellPress
OPEN ACCESS

Healthy innate immune response and / /,\\ Alterations of innate immune response after
@ SARS-CoV infection

mitochondrial dynamics

«
RLR \

CGAS Hypoxemia
Coagulopathy
Inflammation

Platelets

Blood
vessel

0

'

'

0

'

'

o '
Fission !
'

'

'

'

'

'
v

l,— ‘\\‘ —_—
i
) @’ Interferons
4
\ > o
IR
. / ) &
& T

M!tochondr!al dyna'mlcs Mitochondrial dynamics Virion
Mitochondrial quahty control Mitochondrial quality control SiatiGH
Cell membrane repair Cell membrane repair

Figure 3. Perturbance of Energy Metabolism, Mitochondrial Dynamics, and Mitochondrial Anti-viral Signaling
due to SARS-Coronavirus Infection

SARS-coronavirus infection is believed to induce mitochondrial dysfunction, resulting in oxidative phosphorylation
(OXPHOS) deficits, the production of mtROS, dysregulated mitochondrial dynamics, and compromised mitochondrial
anti-viral signaling. In combination with hypoxemia it may change cellular bioenergetics, favoring glycolysis over
OXPHOS. In summary the new cellular conditions promote viral replication.

integrity is paramount to mount adequate antiviral defense and prevent viral manipulation. Mitochondrial
membrane potential, an important indicator of mitochondrial integrity, and oxidative phosphorylation
have been shown to be necessary for the activation of the RLR-MAVS pathways (Koshiba et al., 2011; Yoshi-
zumi et al., 2017). Moreover, the viral inhibition of MAVS by, e.g., the influenza virus protein PB1-F2 is
achieved by a reduction of mitochondrial membrane potential (Varga et al., 2012; Yoshizumi et al,,
2014). Supporting these results, diminished mitochondrial membrane potential is associated with a lower
cytokine production after infection with various viruses (Ichinohe et al., 2013) and functional mitochondrial
respiration is required to activate specialized immune cells (Sander and Garaude, 2018).

On the level of the lung, mitochondria not only provide energy for the regulation of airway and smooth
muscles to regulate alveolar gas exchanges and to match ventilation and circulatory blood flow but also
are integral for pulmonary cell and tissue protection (Cloonan and Choi, 2016; Piantadosi and Suliman,
2017). Acute lung injury is associated with mitochondrial dysfunction and oxidative stress (Piantadosi
and Suliman, 2017), thus it is reasonable that maintaining mitochondrial integrity will improve the outcome.
Indeed, in a lipopolysaccharide-induced lung injury model the observed severe mitochondrial dysfunction
of pulmonary epithelia could be readily prevented by mitochondrial transfer of functional mitochondria
from bone marrow-derived stromal cells, resulting in reduced leukocytosis, protein leak, and mortality in
mice (Islam et al., 2012).

An overview of which mitochondrial functions related to the innate immune response are likely compro-
mised by SARS-CoV-2 infection is depicted in Figure 3.

An interesting aspect about COVID-19 epidemiology is the modulatory effect of genetic sex on immune
response and disease progression, with men being at higher risk. Kloc et al. (2020) recently summarized
the potential involvement of sexually dimorphic populations of mitochondria in differential immune re-
sponses in general and in COVID-19 specifically. They argue that, beside other factors, sex hormone-
dependent higher variation of female intestinal microbiomes may support the immune function in
COVID-19 by providing more adequate substrates to mitochondria. Due to the maternal inheritance of
mitochondria and the associated female-biased quality control, mitochondrial DNA mutations that are
harmful for males but not females may furthermore persist during the mammalian egg maturation (Kloc
et al., 2020). Although the relevance of these effects in COVID-19 is speculative at this stage, they support
the potential involvement of mitochondrial dysfunction in COVID-19.
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Box 1. Targeting Mitochondria to Enhance the Antiviral Inmune Defense: Potential Applications for COVID-19

a. Enhancing MAVS: Given its central role in the innate immune system, the major target MAVS seems to represent for
SARS-CoVs, and the efficiency of interferon therapy in SARS-CoV infection, therapeutically targeting MAVS seems
reasonable. Song et al. (2019) demonstrated the potential of D-glucosamine to upregulate MAVS efficiency by
enhancing O-GlcNacylation of MAVS. This in turn promotes increased poly-ubiquitination of MAVS and thus induces
more efficient induction of type | interferons via IRF3 signaling. The authors showed that a diet rich in D-glucosamine
supplement indeed protected mice from RNA viruses such as human influenza virus.

b. Modulation of glycolysis in viral infection: Activation of the immune system induces changes in energy metabolism,
mtROS production, and nutrient utilization and availability (Sander and Garaude, 2018). Cells infected by RNA viruses
often upregulate glycolysis and downregulate oxidative phosphorylation for energy production (lvashkiv, 2020),
which might optimize viral replication conditions. The glycolysis product lactate inhibits RLR-mediated interferon
activation, whereas glycolysis downregulation may be beneficial for the RLR-dependent anti-viral host defense (Ya-
sukawa et al., 2020; Zhang et al., 2019). Activated specialized immune cells also rely more on glycolysis (Sander and
Garaude, 2018). Although a potential metabolic shift upon innate immune system activation toward glycolysis in
SARS-CoV-2 infection is insufficiently explored, the attenuation of glycolysis by pharmacological tools, such as the
glycolysis inhibitor 2-deoxy-D-glucose (2DG) (Palsson-McDermott and O’Neill, 2020), may represent a pharmaco-
logical avenue to explore.

How strongly mitochondrial integrity is involved in SARS-CoV-2 vulnerability remains to be tested experi-
mentally. However, if compromised mitochondria are the reason for differential severity of COVID-19, this
also warrants their assessment as biomarkers for disease progression as recently proposed (Shenoy, 2020).
Identification of patients with increased likelihood of severe COVID-19 (or future epidemics) outcome is
essential to select appropriate treatments and manage potentially limited health care capacities. Coagul-
opathy, circulating pro-inflammatory stimuli, and low platelet counts emerge as integral aspects of COVID-
19 and have been associated with the severity of the disease outcome (Giannis et al., 2020; Merad and Mar-
tin, 2020). Oxidized phospholipids due to oxidative stress are linked to these pathologies, suggesting mito-
chondrial dysfunction or oxidative stress assessments to be candidates of peripherally measurable bio-
markers. The recapitulation of mitochondrial dysfunction in blood samples of cardiac and skeletal
muscles supports the investigation of the validity of such an approach for respiration (Tyrrell et al,,
2016). Other blood-borne mitochondrial damage signals, like circulating dysfunctional, or functional (Al
Amir Dache et al., 2020), mitochondria or mtDNA in peripheral blood cells may also hold promise
(Fetterman et al., 2016). It has recently been argued that elevated oxidative and inflammatory states due
to freely circulating mitochondria and mitochondrial components may result in dysfunction and apoptosis
of platelets in COVID-19 and could thus be crucially involved in severe disease progression (Saleh et al.,
2020).

In this review we focused on mitochondrial involvement in the innate immune system of primarily affected
cells in COVID-19: epithelial cells, alveolar epithelial cells, vascular endothelial cells, which constitute an
important factor of lung-specific immune response (Krausgruber et al., 2020), and resident macrophages
in the lung. Clearly, specialized immune cell function also strongly depends on metabolic factors (immuno-
metabolism), and mitochondria and may be affected by SARS-CoV-2 infection as they are by SARS-CoV
(Tiku et al., 2020). A very informative review on the effect of SARS-CoV-2 on different immune cell types
has been provided by Vabret et al. (2020); the knowledge on SARS-CoV-2-related immunometabolism
is, however, still rudimentary. Activation of many immune cell types depends on mitochondrial function
and oxidative phosphorylation (Sander and Garaude, 2018), although upon activation they often primarily
rely on glycolysis (Banoth and Cassel, 2018). An excellent overview on these and related effects is provided
in a recent review (Makowski et al., 2020). The exploration of the regulation and potential manipulation of
mitochondria in specialized immune cells in SARS-CoV-2 will present another major scientific challenge.

In summary, enhanced mitochondrial integrity may be beneficial in lung injury following respiratory infec-
tion and improved mitochondrial function may be protective for SARS-CoV-2 infection. An overview on
valuable therapeutic possibilities, aside from metformin (see above), to improve conditions for the mito-
chondria-mediated innate immune response or generally enhance mitochondrial functions with regard
to immunity is provided in Boxes 1 and 2.
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Box 2. Boosting Mitochondria to Enhance the Innate Immunity: Potential Applications for COVID-19

a. Boosting mitochondrial biogenesis and energy production: Mitochondria, most obviously and best studied in
skeletal and cardiac muscles, respond rapidly to extracellular stimuli, such as exercise, by regulation of mitochondrial
dynamics, mitochondrial membrane potential, and mitochondrial respiration (Hood et al., 2019). Moderate, regular
exercise by ameliorating anti-oxidative capacities (Bouzid et al., 2018) is supposedly protective by preventing
mitochondrial and tissue damage by exuberant ROS and can improve mitochondrial biogenesis, ATP production
(Egan and Zierath, 2013), and immunity (Nieman and Wentz, 2019). Acute intensive bouts of exercise conversely
reduce immune function transiently and thus are not to be recommended in the presence of infection risk (Nieman
and Wentz, 2019).

One prominent example to boost mitochondrial function pharmacologically is the modulation of the nicotinamide
dinucleotide (NAD+) synthesis (Katsyuba et al., 2020), the disruption of which has been demonstrated to be dele-
terious for the immune system (Minhas et al., 2019). Recently, Heer et al. (2020) indeed presented preliminary data
that SARS-CoV-2 might dysregulate the NAD gene set, compromising immune responses.

b. Modulation of mitochondrial dynamics: SARS-coronaviruses are thought to modulate mitochondrial dynamics by
degrading DRP1, thus favoring mitochondrial fusion. This may impair clearance of dysfunctional, for example, viral
RNA or viral protein-containing, mitochondria and support survival of the infected cell during viral replication.
Another consequence of impaired fission may be reduced cell membrane repair capacities of mitochondria for which
fission is essential (Horn et al., 2020) and thereby could aggravate cell and tissue damage.

Inhibition of fusion to restore homeostasis of fusion and fission thus may be beneficial for SARS-CoV-2 infection.
Recently, a new pharmacological tool for this purpose was presented in the form of an OPA1 inhibitor. Notably, OPA1
in the study of Herkenne et al. (2020) also was shown to promote angiogenesis by limiting NF-kB. Angiogenesis is
commonly controlled by viruses to establish microenvironments favorable for their own pathogenesis (Alkharsah,
2018). OPA1 inhibition thus potentially has the capacity to also target another occasional pathological feature of
SARS-CoV-2 infection, intussusceptive angiogenesis (Ackermann et al., 2020).

On the other hand, mitochondrial fusion is thought to be generally beneficial for mitochondrial antiviral signaling, for
example, by enhancing mitochondrial interaction with the endoplasmic reticulum by bringing MAVS and STING
components closer together, and thus increasing the efficiency of type | interferon induction (Pernas and Scorrano,
2016; West et al., 2011). Whether the benefits of fusion inhibition outweigh the expected negative effects on cellular
anti-viral defense specifically by reduction of OPA1 (Castanier et al., 2010) and mitochondrial fusion in general re-
mains to be investigated.

FUTURE PERSPECTIVES

Despite immense scientific efforts to further our understanding of SARS-CoV-2, the SARS-CoV-2 biology
and COVID-19 pathogenesis are still poorly understood. Due to this reason, many of the here-presented
interactions between mitochondria and SARS-CoV-2 remain speculative, with unclear clinical relevance
warranting further research. Specifically, experimental evidences regarding the effects of SARS-CoV-2-
induced mitochondrial dysfunctions in infected cells and in those affected secondarily by compromised ox-
ygen supply are important. We hope with this perspective to motivate scientific investigation in the pre-
sented topics that in our opinion have great potential to better understand the biological basis of the
ongoing pandemic and thus may contribute to improved management of COVID-19.

In particular, the elucidation of the interactions between chronic diseases (both preconditions and as po-
tential long-term effects of SARS-CoV-2) and COVID-19, specifically for metabolic and age-related dis-
eases (e.g. Parkinson disease) is desirable. Epidemiological assessment of the correlation of chronic dis-
eases involving mitochondrial dysfunctions is necessary to confirm the hypothesis that pre-existing
mitochondrial deficits might predict infection and disease severity.

Furthermore, if prominent mitochondrial dysfunction occurs in COVID-19, evaluation of its use as a
biomarker for infection susceptibility and severity of disease progression will be of interest, thanks to acces-
sible mitochondria-related biomarkers (e.g., in the blood), such as oxidative stress markers, respirational
capacities of blood cells, or circulating mitochondrial DNA.

Several strategies to target mitochondria, both pharmacologically and lifestyle interventions, hold promise
to prevent SARS-CoV-2 infection or mitigate disease progression (see Box 1). Up to date, any experimental
evidence on their potential is lacking. As mitochondria are often compromised following different types of
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viral infections, boosting their function might be an approach with potential not only in COVID-19 but also
to fight other viruses. Targeting shared features of a broad array of viruses may be an important approach
for future epidemics, especially as long as effective antibody treatments are lacking. Better understanding
of mitochondrial involvement in immune functions eventually will also contribute to our understanding of
the role of infections and inflammation in chronic diseases and aging.

In conclusion, coronavirus infection may cause mitochondrial dysfunctions and functional mitochondria are
integral for cell and tissue protection and for initiation and maintenance of immune responses. Here the
manifold ways, how RNA viruses, and specifically SARS-coronaviruses, modulate mitochondrial function
to evade the innate immune response of host cells, were summarized and put into context with the current
understanding of SARS-CoV-2. We argue that enhancing or preserving mitochondrial function may prevent
mitochondrial manipulation and dysfunction following viral infection. Regular physical activity or targeted
pharmacological interventions to boost mitochondrial capacities are likely efficient to increase mitochon-
drial function and may enhance innate immunity in face of SARS-CoV-2 infection. In addition, the explora-
tion of mitochondrial functions or mitochondrial damage markers in accessible tissues (e.g., blood) in
response to SARS-CoV-2-infection may pave the way for the development of mitochondrial biomarkers
for vulnerability and expected disease severity. The many knowledge gaps we currently have on SARS-
CoV-2 biology and host pathophysiology give room for much future research.

In summary, mitochondrial involvement in the innate immune response to SARS-CoV-2-infection repre-
sents a mechanism targetable by lifestyle and pharmacological strategies. Its thorough investigation is war-
ranted for a better understanding of the pathogen-host biology and the development of adequate treat-
ment strategies. Pre-existing mitochondrial dysfunction, for example, due to age or disease (e.g.,
cardiovascular disease, a prominent risk-factor of COVID-19), may represent factors contributing to differ-
ential vulnerabilities to SARS-CoV-2-infection and thus should be considered as a biomarker for the risk of

iScience

infection and severity of outcome.
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