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SARS-CoV-2 infection is associated with both acute and post-acute neurological symptoms. Emerging evidence
suggests that SARS-CoV-2 can alter mitochondrial metabolism, suggesting that changes in brain metabolism may
contribute to the development of acute and post-acute neurological complications. Monoamine oxidase B (MAO-
B) is a flavoenzyme located on the outer mitochondrial membrane that catalyzes the oxidative deamination of
monoamine neurotransmitters. Computational analyses have revealed high similarity between the SARS-CoV-2
spike glycoprotein receptor binding domain on the ACE2 receptor and MAO-B, leading to the hypothesis that
SARS-CoV-2 spike glycoprotein may alter neurotransmitter metabolism by interacting with MAO-B. Our results
empirically establish that the SARS-CoV-2 spike glycoprotein interacts with MAO-B, leading to increased MAO-B
activity in SH-SY5Y neuron-like cells. Common to neurodegenerative disease pathophysiological mechanisms, we
also demonstrate that the spike glycoprotein impairs mitochondrial bioenergetics, induces oxidative stress, and
perturbs the degradation of depolarized aberrant mitochondria through mitophagy. Our findings also demon-
strate that SH-SY5Y neuron-like cells expressing the SARS-CoV-2 spike protein were more susceptible to MPTP-
induced necrosis, likely necroptosis. Together, these results reveal novel mechanisms that may contribute to
SARS-CoV-2-induced neurodegeneration.

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (Mitochondrial
metabolic manipulation by SARS-CoV-2 in peripheral blood mono-
nuclear cells of patients with COVID-19), which causes COVID-19 dis-
ease, primarily infects the respiratory tract and acutely manifests with
pneumonia-like symptoms (Zhu et al., 2020, pp. 727-733). Neurolog-
ical symptoms are common and reported in up to 70-80% of COVID-19
hospitalized patients (Helms et al., 2020; Mao et al., 2020); however,

SARS-CoV-2 symptoms typically resolve soon after recovery from the
initial infection. Some patients report persistent neurocognitive symp-
toms associated with continued post-COVID myalgic encephalomyeli-
tis/chronic fatigue syndrome as part of “long-COVID” symptoms
(Stefano et al., 2021; Taquet et al., 2021). Although substantial brain
invasion is uncommon, the neurotropism of SARS-CoV-2 has been
established as SARS-CoV-2 antigens and RNA have been detected in
neurons, microglia, and astrocytes in brain tissue from deceased COVID
patients (Crunfli et al., 2022; Matschke et al., 2020; Song et al., 2021;
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Stein et al., 2022). Resulting cerebral infections are associated with a
broad array of acute and chronic pathological changes, including cere-
brovascular damage, the presence of acute/sub-acute infarcts, hypo-
metabolism, reduced global brain size, and decreased grey matter
thickness (Douaud et al., 2022; Guedj et al., 2021; Hosp et al., 2021;
Manca et al., 2021; Mukerji and Solomon, 2021; Raman et al., 2021).
Neuroinflammation and neurodegeneration can occur independently of
SARS-CoV-2 neuroinvasion, highlighting the molecular complexity
associated with acute and persistent neurocognitive symptoms
(Fernandez-Castaneda et al., 2022).

The SARS-CoV-2 spike (S) protein is responsible for facilitating viral
entry by mediating fusion between the virus and host cell membranes.
The S protein is a class I viral fusion glycoprotein consisting of the S1
subunit which contains the receptor binding domain, the S2 subunit
which harbors the fusion peptide (Ou et al., 2020). For viral entry to
occur, the S protein needs to be primed and activated to transition from a
high-energy metastable state to a low-energy state (Harrison, 2015; Ou
et al., 2020). Priming and activation of the S protein occurs through
proteolytic processing and binding to the host cell receptor,
angiotensin-converting enzyme 2 (ACE2) (Hoffmann et al., 2020; Ou
et al.,, 2020; Shang et al., 2020a). Endothelial cells that line the
blood-brain barrier (BBB) and epithelial cells of the choroid plexus ex-
press ACE2 and are thought to facilitate entry of SARS-CoV-2 into the
central nervous system (CNS) (Krasemann et al., 2022; Pellegrini et al.,
2020). The S1 subunit can readily cross the BBB and widespread entry of
S1 into the brain may also contribute to the development of neuro-
cognitive symptoms (Rhea et al., 2021). Olfactory neurons in the ol-
factory epithelium have relatively low ACE2 expression, but
SARS-CoV-2 entry into the CNS may be facilitated by neuropilin-1
and/or transmission from non-neuronal olfactory cells that have high
ACE2 expression (Butowt and Bilinska, 2020; Cantuti-Castelvetri et al.,
2020).

There is mounting evidence that SARS-CoV-2 targets mitochondria
and manipulates metabolism with mitochondrial dysfunction mirroring
that seen in neurodegenerative disease (Ajaz et al., 2021; Gibellini et al.,
2020; Ramachandran et al., 2022). Infection with SARS-CoV-2 is asso-
ciated with changes in mitochondrial morphology, altered bioenergetic
function, increased reactive oxygen species (ROS), and decreased
mitochondrial membrane potential (Ajaz et al., 2021; Romao et al.,
2022; Shang et al., 2021). Moreover, the S protein can interact with
endogenous proteins and modulate cellular processes in the absence of
the other SARS-CoV-2 viral components (Shirato and Kizaki, 2021; Solis
et al., 2022; Suzuki et al., 2021), including mitochondrial function and
the NLRP3 inflammasome (Albornoz et al., 2022; Clough et al., 2021; Lei
et al., 2021). These changes led us to ask whether SARS-CoV-2 spike
glycoprotein might enhance apoptosis or necroptosis in response to
environmental toxins associated with neurodegenerative disease.

Our group has recently shown that the substrate binding region of
monoamine oxidase B (MAO-B) has 95-100% structural homology with
the ACE2 receptor binding region (Cuperlovic-Culf et al., 2021). MAO-B
is an outer mitochondrial membrane flavoprotein that is highly
expressed in the substantia nigra and periventricular nucleus and cata-
lyzes the oxidative deamination of biogenic amines, including dopamine
and 2-phenylethylamine (Obata et al., 2022). Oxidation of MAO-B
substrates stoichiometrically results in HpOy production, implicating
MAO-B in cell death and mitochondrial dysfunction (Nagatsu and
Sawada, 2006; Tipton, 2018). Age-related increases in MAO-B expres-
sion are also associated with neurodegeneration through increases in
ROS production that can perturb mitochondrial function, leading to the
loss of dopaminergic neuron viability (Mallajosyula et al., 2008). Hence,
MAO-B inhibitors are frequently employed as a therapeutic intervention
in Parkinson’s disease to attenuate neurodegeneration (Dezsi and Vec-
sei, 2017). Computational modelling suggests that the interaction be-
tween the S protein and MAO-B may alter neurotransmitter metabolism
by affecting access of neurotransmitters to the active binding site of
MAO-B, or by modifying the electrostatic environment (Cuperlovic-Culf
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etal., 2021; Hok et al., 2022). Patients with COVID-19 disease have high
platelet MAO-B gene expression (Manne et al., 2020), suggesting that
dysregulated monoamine metabolism may be a consequence of
SARS-CoV-2 infection. Likewise, MAO-B was the top upregulated gene in
transcriptomic profiling of whole blood from patients with severe >
moderate > mild COVID-19 disease (Broderick et al., 2022). Emerging
evidence suggests that SARS-CoV-2 may be linked to post-encephalitic
Parkinsonism, as SARS-CoV-2 infection has recently been shown to
sensitize dopaminergic neurons in the substantia nigra to mitochondrial
stress-induced cell death in mice expressing the human ACE2 receptor
(Smeyne et al., 2022). Understanding the neurological sequelae of
SARS-CoV-2 is of particular importance when considering the surge of
post-encephalitic Parkinsonism that followed the Spanish influenza in
1918 (Cunha, 2004).

Given the established role of MAO-B in Parkinson’s disease and the
potential interaction between the SARS-CoV-2 S protein and MAO-B, our
primary aim was to establish if the S protein and MAO-B interact and
alter MAO-B activity, thereby sensitizing SH-SY5Y neuron-like cells to
PD-like neurodegeneration. Here, we demonstrate that the SARS-CoV-2
S protein interacts with cellular MAO-B in vitro and augments MAO-B
activity. Furthermore, we show that S protein perturbs mitophagy,
leading to the accumulation of aberrant mitochondria and increased
sensitivity to 1-methyl-4-phenyl-1,2,3,6- tetrahydropyridine (MPTP)-
induced necrosis.

2. Methods
2.1. HEK293T transient overexpression

Human Embryonic Kidney (HEK) 293 T cells were cultured in Dul-
becco’s modified Eagles’ Medium (DMEM; Gibco) supplemented with
10% heat-inactivated FBS (Wisent Bio Products) and 1% antibiotic/
antimycotic solution (Gibco) and were maintained at 37 °C with 5%
CO4, Upon 70% confluency, HEK293T cells were transiently transfected
with 3 pg of plasmid using Lipofectamine LTX with Plus Reagent ac-
cording to the manufacturer’s protocol (Thermo Fisher Scientific,
15,338,100). Cells were harvested 48 h post-transfection for down-
stream experiments.

For the PLA assay, HEK293T cells were transfected with 3 pg of either
control plasmid (pcDNA3.1+), a N-terminal FLAG-tagged SARS-CoV-2
spike (pCMV14-3X-FLAG-SARS-CoV-2 S, Addgene #145780), and/or a
C-terminal HA-tagged MAO-B (pCMV6-MAO-B-HA). The HA-tagged
MAO-B expression plasmid was constructed through Xhol/Fsel restric-
tion digestion of pCMV6-MAO-B-FLAG plasmid (Origene #RC205320)
to remove the FLAG-tag cDNA, followed by re-ligation via HiFi DNA
Assembly (New England Biolabs) using a spacer sequence encoding an
in-frame HA-tag.

For the co-immunoprecipitation assays, HEK293T cells were trans-
fected with 3 pg of either a control plasmid (pcDNA3.1+), a C-terminal
C9-tagged SARS-CoV-2 spike plasmid (pcDNA3.14+ SARS-Spike-C9,
Addgene #145031 (Shang et al., 2020b)) and/or a C-terminal
FLAG-tagged MAO-B expression plasmid (pCMV6-MAO-B-FLAG) (Ori-
gene #RC205320, Rockville, MD).

2.2. SH-SY5Y cell culture

Human SH-SY5Y neuroblastoma cells were cultured in a 1:1 mixture
of Ham’s F12 Nutrient Mixture (Gibco) and DMEM supplemented with
10% heat-inactivated FBS (heat-inactivated, Wisent) and 1% antibiotic/
anti-mycotic solution (Gibco). To differentiate SH-SY5Y cells, the 1:1
mixture of Ham’s F12 Nutrient Mixture and DMEM cell media was
supplemented with 1% heat-inactivated FBS, 1% antibiotic/anti-
mycotic solution, and 10 pM all-trans-retinoic acid (Sigma-Aldrich) for
7 days, with medium replaced every 2-3 days.
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2.3. Generation of SH-SY5Y cells that stably express SARS-CoV2-spike-
HA or empty vector

A stable SH-SY5Y cell line expressing a C-terminal HA-tagged SARS-
CoV2-Spike glycoprotein was generated via lentiviral transduction of
pBOB-CAG SARS-CoV2-Spike-HA lentiviral particles (Addgene
#141347-LV). Cells were then selected using 300 pg/ml of Zeocin
(InvivoGen, San Diego, CA). Successful selection was confirmed by
immunoblotting and immunocytochemistry with HA-tag antibody (Cell
Signaling, #3724).

An empty lentiviral backbone was constructed from the pBOB-CAG
SARS-CoV2-Spike-HA plasmid (Addgene #141347) through Clal/Xhol
restriction digestion to remove the spike glycoprotein cDNA, followed
by re-ligation via HiFi DNA Assembly (New England Biolabs) using a
spacer sequence. Packaging plasmids pCMV-VSVG and pCMV-Gag-Pol
(Cell biolabs, inc.), and the empty vector backbone construct were co-
transfected into unmodified HEK293T cells using Lipofectamine LTX
reagent (ThermoFisher) in a 1:2:3 ratio. Fourty-eight hours post trans-
fection, viral supernatant was harvested and filtered through a 0.45 ym
filter. One mL of viral supernatant was combined with 400,000 SH-SY5Y
cells and 8 pg/ml hexadimethrine bromide and centrifuged at 800 g for
1 h. Cells were then incubated with viral supernatant for 48 h, followed
by replacement media supplemented with 300 pg/ml of Zeocin (Inviv-
oGen, San Diego, CA).

2.4. Immunofluorescence, proximity ligation assays, and microscopy

For immunofluorescence experiments, all cells seeded onto 12 mm
coverslips coated with Matrigel (Corning) were fixed with 4% para-
formaldehyde for 15 min. Fixed cells were washed three times with PBS
and subsequently permeabilized in blocking buffer (PBS containing 1%
BSA and 0.5% Triton X-100) containing the primary antibodies for 1.5 h
[1° antibodies: Rhodopsin C9 (Millipore, MAB5356; 1:200), anti-FLAG
M2 (Sigma, F1804; 1:200), anti-HA (Cell Signaling, 3724, 1:200),
and/or mtHSP70 [JG1] (ThermoFisher, MA3-028, 1:100), LAMP1
(ProteinTech, 21997, 1:200)]. Coverslips were washed with 1x PBS and
then incubated with anti-rabbit or anti-mouse fluorescent secondary
antibodies diluted in 1x PBS containing 10 pg/ml Hoechst counter-stain
(Invitrogen) for 2 h [2° antibodies anti-Mouse IgG (H + L) Alexa Fluor
568 (Invitrogen, A-11004, 1:200) and anti-rabbit IgG (H + L) Cy5
(Jackson ImmunoResearch, 711-175-152,1:200). Coverslips were
washed again and mounted using Shandon™ Immu-Mount solution
(Fisher Scientific). Immunofluorescence images were captured using a
Zeiss LSM880 AxioObserver Z1 confocal microscope with AiryScan
using a 63x, 1.4 NA oil objective. Images were processed using ZenBlue
3.2 software (Zeiss). Mitochondrial area per cell was performed by
quantifying the area of mtHSP70 using ImageJ software and normalising
to the number of nuclei per image (manual count). Colocalization be-
tween LAMP1 and mtHSP70 was determined semi-automatedly using
ImageJ by analysing the colocalized area fraction (% overlap) and with
the JACOP plug-in to determine the Mander’s correlation coefficient
(Bolte and Cordelieres, 2006).

PLA assays were performed according to the manufacturer’s protocol
(Sigma, DUO92008). In brief, HEK293 cells were permeabilized with
0.5% Triton X-100, and blocked in the provided buffer for 30 min. HA
(Cell Signaling, 3724, 1:200) and FLAG primary antibodies (Sigma,
F1804; 1:200) were incubated on the samples for 1 h, followed by in-
cubation with appropriate secondary antibodies, ligation and amplifi-
cation solutions, according to the manufacturer’s protocol.

2.5. Co-immunoprecipitation

HEK293T cells were transiently transfected as described above, with
3 pg of either control plasmid (pcDNA3.1-+), SARS-CoV-2-Spike-C9 and/
or a MAO-B-FLAG expression plasmids. Fourty-eight hours following
transient transfection, cells were lifted with trypsin, washed by
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resuspension in PBS, and pellets were stored at —80 °C until further use.
Pellets were resuspended in 1x lysis buffer (50 mM Tris HCI, 150 mM
NaCl, 1 mM EDTA, 1% Triton X-100, pH 7.4) supplemented with a
protease cocktail inhibitor (Sigma Aldrich; P8340). Cells were lysed by
passing through a 31-gauge needle and subsequently centrifuged at
14,000 g for 10 min. The supernatant was collected and passed through
a 45 pm filter. Protein concentration of the filtrate was determined using
the Bradford method, and an aliquot was stored for the analysis of the
whole cell lysate sample. The remaining filtrate was then incubated on a
rotating platform with anti-FLAG M2 magnetic beads (Sigma A2220)
overnight at 4 °C. The following day, the tubes were placed on a mag-
netic rack, and the supernatant was removed. The remaining protein
complexed to the M2 beads was washed twice in TBS, and protein was
eluted by gently mixing with 50 pL of buffer containing 0.1 M glycine
HCL (pH 3.0). Ten pL of neutralization buffer (0.5 M Tris, 1.5 M NaCl,
pH-8.0) was then added to the eluted protein. Samples were prepared for
SDS-PAGE in Laemmli buffer and boiled for at 95 °C for 5 min. Analysis
by immunoblotting was performed by probing with either anti-C9 tag
(anti-Rhodopsin C9, Millipore MAB5356) or anti-FLAG M2 (Sigma
F1804).

2.6. MAO-B radiometric activity assay

MAO-B radiometric activity assays were performed in triplicate for
both cell homogenates and enriched mitochondrial fractions. Mito-
chondrial isolations were performed as previously described (Spinazzi
et al., 2012). MAO activity was monitored using '*C-labeled phenyl-
ethylamine as previously described (Tipton et al., 2000). Briefly, 75 pg
of total protein or 25 pg of enriched mitochondria were incubated with
20 uM '#C-labeled phenylethylamine in a 100 mM potassium phosphate
buffer (pH 7.4) at 37 °C for 30 min. The reaction was terminated by the
addition of 100 pl 2 M citric acid solution and the *C-labeled phenyl-
ethylamine was extracted with ethyl acetate/toluene (1:1) and centri-
fuged at 5000 g at 4 °C for 10 min. The organic phase containing the
reaction product was extracted and transferred into liquid scintillation
cocktail (Ultima Gold™ MYV, PerkinElmer), and counted on a Tri-Carb
4910 TR Beta Liquid Scintillation Analyzer (PerkinElmer). Specific ac-
tivity is expressed in pmol/min/mg protein.

2.7. H30, emissions

Two million cells resuspended in Buffer Z (in mM: 110 K-MES, 35 kC
1, 1 EGTA, 3 MgCly, 5 KsHPOy4, and 0.5 mg/ml BSA; pH 7.3, 37 °C) and
incubated with 1.5 U ml~! horseradish peroxidase, 1.5 uM of Amplex
red, and digitonin (4.05 pM) at 37 °C. For mitochondrial HyO5 emis-
sions, baseline fluorescence readings were taken prior to the addition of
the following compounds: malate and glutamate (5 mM), succinate (5
mM), ADP (10 mM), and antimycin-A (8 pM). For MAO-B-specific HyO2
emissions, baseline fluorescence was measured prior to the addition of
two boluses of 20 pM 2-phenylethylamine and 10 pM rasagiline (Sigma).
Rates of mitochondrial H,O5 production were calculated as the change
in fluorescence per minute after subtraction of baseline, and results are
presented as fold change from the digitonin condition. Rates of MAO-B-
specific HpO, emissions were calculated as the rasagiline-sensitive
change in fluorescence per minute.

2.8. High resolution respirometry and membrane potential analyses

For the analysis of mitochondrial function in differentiated SH-SY5Y
cells, high-resolution respirometry was conducted using an Oxygraph-2k
system (OROBOROS Instruments, Innsbruck, Austria) at 37 °C with a
constant stirring speed of 750 rpm. Harvested cells were counted, and
resuspended in mitochondrial respiration medium, MiRO5 (0.5 mM
EGTA, 3 mM MgCly-6H20, 20 mM taurine, 10 mM KoHPO4, 20 mM
HEPES, 110 mM sucrose, and 1 g/L BSA; pH 7.1 at 37 °C). Resting
respiration was measured in intact cells prior to permeabilization with



C.A. Pileggi et al.

4.05 pM digitonin. The SUIT protocol involved consecutive additions of
2 mM malate, 5 mM pyruvate, 10 mM glutamate, 5 mM ADP (complex I
phosphorylating respiration), 10 mM succinate (complex I- and complex
II- phosphorylating respiration), and 0.25 pM titrations of carbonyl cy-
anide p-trifluoromethoxyphenyl hydrazine (FCCP; maximal uncoupled
respiration). Non-mitochondrial respiration was measured after the
addition of 2.5 pM antimycin A.

Fluorometric analysis of mitochondrial membrane potential (Ayy,)
during HRR respiratory states was determined separately using tetra-
methyrhodamine methyl ester perchlorate (TMRM). The raw fluores-
cence signal was calibrated to pM TMRM, which represents the
proportion of unaccumulated fluorescence signal in the mitochondrial
matrix (inversely proportional to Ayy). pM TMRM values were con-
verted to Ay, (expressed in mV) using the following equation adapted
from the Nernst Equation, which expresses Ay, as a function of pM
TMRM:

Aym (M TMRM) = 61.5

#M TMRM
x lo ;
g1 (Vi % Po) + (K % Pn)

(inital Craira )X (Vioral) % 1076 — (Vroml _ ( V,, X Pm) _ (Kn/ % P[))

Where inital Cryry is the initial concentration of TMRM, equal to
201076 M.

Vioral is the total volume of the measurement chamber, equal to 2000
pL.

Vo is mitochondrial volume per mg weight, assumed to be 1 pL/mg.

P, is the protein content in the chamber, estimated to be 1.607 mg/
pL total for SH-EV cells and 0.6 mg/pL total for SH-Spike cells based on
experimental determinations.

P,, is the mitochondrial protein content in the chamber, estimated to
be 0.14 mg/pL total for both SH-EV and SH-Spike cells based on
experimental determinations.

K, is the partition coefficient between the external medium and the
inter-membrane surface of the mitochondrial inner membrane, assumed
to be 88 pL/mg.

K; is the partition coefficient between the mitochondrial matrix
volume and the matrix facing surface of the mitochondrial inner mem-
brane, assumed to be 36 pL/mg

2.9. Protein extraction

SH-SYS5Y cells were lifted using trypsin, harvested, and pelleted in
cold 1x PBS. Pellets were stored at —80 °C for later use. Cell pellets were
resuspended in lysis buffer (10 mM Tris-HCl pH 7.4, 150 mM NacCl, 0.5%
v/v Triton X-100, and 1 mM EDTA) with 0.1% protease inhibitor cocktail
(PIC) and lysed with a 28-gauge needle. Lysed cell homogenates were
centrifuged at 14,000 g for 10 min at 4 °C, and supernatant without
cellular debris was collected. Protein concentration was determined by a
BCA-protein kit, as per the manufacturer’s protocol (Thermo Fisher,
23225).

2.10. Enzyme activities

Citrate synthase (CS) and lactate dehydrogenase (LDH) activities
were determined in cell homogenates as previously described (Pileggi
et al., 2016). In brief, cell pellets were homogenized in ice-cold ho-
mogenization buffer (50 mM Tris HCl, 150 mM NaCl, 1 mM EDTA, 1%
Triton X-100, pH 7.4) by mechanical lysis with a 28-gauge needle.
Samples were subsequently centrifuged at 10,000 g for 10 min at 4 °C,
and the supernatant was collected for enzymatic activities.

Complex I and Complex I + III-linked activities were determined on
enriched mitochondrial fractions as previously described (Spinazzi
et al.,, 2012). Protein levels were quantified using the Pierce™ BCA
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Protein Assay Kit (Thermo Fisher, 23225).

Rate of change of absorbance and path length of each well were
determined, and enzyme activities were calculated using extinction
coefficients of 6.22 mM—1 cm—1 for LDH and Complex I, 13.6 mM—1
cm—1 for CS, and 18.5 mM—1 ecm—1 for Complex I + III-linked activity.

2.11. Extracellular lactate

For extracellular L-lactate quantification, 700,000 cells were seeded
in T25 flask and differentiated for 7 days. Media was collected for
analysis following 24 h of incubation using a commercially available
lactate assay kit (Sigma-Aldrich) according to the manufacturer’s
instructions.

2.12. Mitochondrial to nuclear DNA quantification

DNA was extracted as previously described (Guo et al., 2009). DNA
concentration and purity were verified using the NanoDrop™ 2000
UV-Vis spectrophotometer (Thermo Fisher). Mitochondrial DNA
(mtDNA) to nuclear DNA (nDNA) ratios were determined through qPCR
against mitochondrial DNA gene MT-ND1 (FWD: 5- AACA-
TACCCATGGCCAACCT -3/, REV: 5- AGCGAAGGGTTGTAGTAGCCC -3")
and nuclear DNA gene 18SrRNA (FWD: 5- TAGAGGGA-
CAAGTGGCGTTC -3/, REV: 5- CGCTGAGCCAGTCAGTGT -3). Ten pL
qPCR reactions were performed in triplicate using 1X SsoAdvanced™
Universal SYBR® Green Supermix (Bio-Rad), qPCR data was compiled
using the CFX Maestro software (Bio-Rad) and analysed manually using
the 2724CT method. mtDNA:nDNA ratios are expressed relative to empty
vector cells in each set of biological replicate samples.

2.13. Immunoblotting

Proteins were separated by SDS-PAGE under reducing conditions and
transferred to PVDF membranes and incubated overnight with primary
antibodies against: o-Tubulin (Sigma T6199, 1:5000), AIF (Abcam,
ab32516, 1:2000), BAX (ProteinTech, 50,599). BCL-2 (ProteinTech,
12,789), BNIP3 (Abcam, ab10433), DRP-1 (BD Biosciences, 611113s),
Fisl (BioVision 3491), GPX4 (Abcam ab16800), HA (Cell Signaling,
3724), HIF1 (ProteinTech, 20960), LAMP1 (ProteinTech, 21997), LC31/
IT (Cell Signaling, 12741s, 1:2000), MCL-1 (600-401-394, Rockland,
1:1000), MFF (Santa Cruz sc-168,593), MFN1/2 (Abcam, ab57602),
MDM?2 (ProteinTech, 27,883-1), NRF1 (Abcam, ab175932), NRF2
(Protein Tech, 16,396-1), OPA-1 (Abcam, 42,364), Total OXPHOS
Human WB Antibody Cocktail (Abcam, ab110411), SOD1 (Santa Cruz
sc-11407), SOD2 (Santa Cruz, sc-30080, 1:2000), p53 (Cell Signaling,
2524), p62 (Cell Signaling, 5114s, 1:2000), Parkin (Santa Cruz, sc-
32282, 1:2000), PGCla (ST1202, Millipore, 1:1000), TFAM (Abcam,
ab131607) VDAC (Cell Signaling, 4661), and Vinculin (1:10,000,
Abcam, ab129002). Protein bands were visualised using the Chem-
iDoc™ MP Imaging System (Bio-Rad). Protein carbonyls were quantified
using the OXYBLOT kit (Millipore), according to the manufacturer’s
protocol and transferred to nitrocellulose membranes. Densitometry
band analysis was performed using Image J software. The abundance of
target proteins is presented normalised to loading control (a-Tubulin,
Vinculin) or Ponceau staining.

2.14. GSH and GSSG quantification by HPLC

GSH and GSSG were quantified by HPLC with an Agilent 1100 series
HPLC as previously described (Liaghati et al., 2021).

2.15. Cell death and viability assays
SH-SY5Y cells were treated with 1.5 mM 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine, hydrochloride (MPTP, Santa Cruz, sc-206178) with
and without 10 pM rasagiline (Sigma) for 24 h. Cell death and viability



C.A. Pileggi et al.

assays were carried out using trypan blue exclusion and/or an Annexin
V-FITC/PI Detection Kit (BD Biosciences, San Diego, CA, USA) according
to the manufacturer’s instructions. Briefly, 1 x 10° cells were resus-
pended in binding buffer, and subsequently stained with 5 pl Annexin V-
FITC and 5 pl PI for 15 min. The samples were analysed with flow
cytometry (BD FACSCelesta™ Cell Analyzer, BD Biosciences).

2.16. Statistical analysis

Statistical analysis was performed using Prism software (GraphPad
Software Inc., La Jolla, California, USA). An unpaired two-tailed Stu-
dent’s t-test was used to determine statistical significance for compari-
sons between two groups (i.e., SH-Spike versus SH-EV). To assess the
effect of MPTP-induced cell death, a two-way ANOVA was used with
spike and MPTP as independent variables, followed by Holm-Sidak post
hoc tests for multiple comparisons. Values less than 0.05 were consid-
ered statistically significant. Data are presented as means + standard
deviation (SD).
3. Results
3.1. SARS-CoV-2 spike glycoprotein (S protein) interacts with MAO-B

In silico mapping of SARS-CoV-2 interactions has revealed that
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sequence elements contained on the 5" untranslated region of the SARS-
CoV-2 viral genome can direct SARS-CoV-2 RNA to localize and interact
with mitochondria (Wu et al., 2020). Protein-protein docking analysis
and computational structural comparisons between MAO-B and ACE2
have indicated that the S protein may have a high binding affinity to
MAO-B (Cuperlovic-Culf et al., 2021; Hok et al., 2022), suggesting that
the S protein could interact and influence MAO-B activity. One of our
primary aims was to establish if the S protein can interact with MAO-B in
situ. To test this interaction, we first transfected HEK293T cells with an
N-terminal FLAG-tagged SARS-CoV-2 Spike (FLAG-Spike), and/or
C-terminal HA-tagged MAO-B (MAO-B-HA), or an empty vector
(pcDNA3.1+). Visualisation of the transduced HEK293T cells with
immunofluorescence confocal microscopy showed co-localization be-
tween the S protein and MAO-B (Fig. 1a).

To test whether S-protein interacts with MAO-B, we subsequently
applied the highly sensitive proximity ligation assay (PLA), which pro-
duces a fluorescence signal when two proteins are in close proximity
(<40 nm resolution) and thus represents single molecule protein inter-
action events (Gullberg and Andersson, 2010). Fluorescent puncta were
not detected in HEK293T cells transfected with an empty vector
(pcDNA3.1+), FLAG-SARS-CoV-2 spike only, or MAO-B-HA only
(Fig. 1b), whereas the HEK293T cells co-transfected with both
SARS-CoV-2 spike and MAO-B-HA did exhibit fluorescent puncta, con-
firming interactions between the S protein and MAO-B (Fig. 1b).
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Fig. 1. SARS-CoV-2 spike glycoprotein interacts with MAO-B (a) HEK293T cells were transfected with plasmids encoding an empty pcDNA vector, MAO-B-HA, and/
or FLAG-SARS-CoV-2 spike. Representative immunofluorescence staining of Hoechst-stained nuclei (blue), anti-HA (green), and anti-FLAG (red) are shown, scale bar
= 20 pm. Colocalization was observed between MAO-B-HA and FLAG-SARS-CoV-2 spike, (n = 3, from independent experiments). (b) HEK293T cells were transfected
with plasmids encoding an empty pcDNA vector, MAO-B-HA, and/or FLAG-SARS-CoV-2 spike. In situ proximity ligation assays (PLA) in transfected cells were
performed using anti-HA and anti-FLAG antibodies, and the nuclei were stained with Hoechst, Scale bar = 20 pm, (n = 3, from independent experiments). (c)
HEK293T cells were transfected with plasmids encoding an empty pcDNA vector, MAO-B-FLAG, and/or SARS-CoV-2 spike-C9. Immunoblots of input cells lysates (1%
of IP input) and immunoprecipitates (IP) show that SARS-CoV-2 spike-C9 immunoprecipitates with MAO-B-FLAG, (n = 3, from independent experiments). See also
Fig. S1 for colocalization between SARS-CoV-2 spike-C9 immunoprecipitates and MAO-B-FLAG. (For interpretation of the references to colour in this figure legend,

the reader is referred to the Web version of this article.)
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To establish direct interaction, we next transfected HEK293T cells
with C-terminal FLAG-tagged MAO-B (MAO-B-C9), and/or a C-terminal
C9-tagged SARS-CoV-2 spike (Spike-C9), or an empty pcDNA3.1+ vec-
tor, and observed co-localization between the S protein and MAO-B
(Fig. S1). We then performed co-immunoprecipitation (Co-IP)-pull-
down on HEK293T cells transfected with MAO-B-FLAG, and/or SARS-
CoV-2 spike-C9, or pcDNA3.1+ vector. The S protein co-
immunoprecipitated with MAO-B-FLAG pulldown (Fig. 1c), confirming
that the S protein can bind to MAO-B. Of note, the S2 and S2’ subunits
observed in the input immunoblot were not observed in the IP blot as S2
does not contain the RBD.

3.2. Expression of the SARS-Cov-2 spike glycoprotein enhances MAO-B
activity

We next sought to determine whether the S protein could influence
mitochondrial metabolism and MAO-B activity in neuronal cells. MAO-B
is highly expressed in dopaminergic neurons, which are permissive to
SARS-CoV-2 infection (Yang et al., 2020). Human SH-SY5Y neuroblas-
toma cells stably expressing SARS-CoV-2 S protein fused with a C-ter-
minal HA tag (SH-Spike) were generated through lentiviral transduction
and subsequent selection. As a negative control, SH-SY5Y cells
expressing an identical empty vector backbone (SH-EV) were generated
through lentiviral transduction and selected with the same zeocin
resistance. We confirmed stable expression of the S protein in SH-SY5Y
cells using immunofluorescence and immunoblotting techniques
(Fig. 2a and b). Stable expression of the S protein did not influence cell
viability, as analysed by trypan blue exclusion (Fig. 2c).

The oxidation of monoamines by monoamine oxidases requiring
water and oxygen yields an aldehyde product, hydrogen peroxide
(H202), and ammonia. To test whether expression of the S protein
influenced MAO-B activity, we used the highly specific MAO-B
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substrate, 1*C phenylethylamine, to determine whether the formation of
2-phenylacetaldehyde by MAO-B was affected (Tipton et al., 2000). In
assays conducted in cell lysates, SH-Spike cells exhibited increased rates
of 2-phenylacetaldehyde formation compared to SH-EV control cells,
indicative of increased MAO-B activity (Fig. 2d). The enhanced rates of
2-phenylacetaldehyde formation by MAO-B were inhibited by rasagi-
line, an irreversible MAO-B inhibitor (Oldfield et al., 2007). We next
performed the experiments in enriched mitochondrial fractions to ac-
count for potential differences in mitochondrial content and confirmed
increased monoamine oxidation again in the mitochondrial fractions
isolated from SH-Spike cells (Fig. 2e).

As Hy0; is generated by MAO-B, fluorometric determinations of
H50, emissions can be quantified to assess MAO-B activity using ben-
zylamine or 2-phenylethylamine as substrates (Tipton et al., 2000).
SH-Spike cells demonstrated greater rasagiline-sensitive HoO, emissions
with 2-phenylethylamine as a substrate compared to the SH-EV control
(Fig. 2f), again consistent with the conclusion that the S protein in-
creases MAO-B activity.

3.3. Expression of the SARS-Cov-2 spike glycoprotein alters
mitochondrial metabolism

Increased MAO-B activity contributes to neuronal mitochondrial
dysfunction through the formation of ROS, which can depolarize the
mitochondrial membrane potential and impair bioenergetic function
(Kaludercic et al., 2014; Wei et al., 1996). Beyond mitochondrial func-
tions, there is also mounting evidence that SARS-CoV-2 can alter cellular
metabolism (Ajaz et al., 2021; Crunfli et al., 2022; de Oliveira et al.,
2022; Shang et al., 2021). To investigate if the expression of the S pro-
tein influenced mitochondrial function, we first quantified markers of
mitochondrial content. SH-Spike cells displayed higher citrate synthase
activity (Fig. 3a) and mtDNA:nDNA (Fig. 3b) compared to SH-EV cells,
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Fig. 2. SARS-CoV-2 spike glycoprotein increases MAO-B activity. (a) Generation of SH-SY5Y neuron-like cells stably expressing HA-tagged SARS-CoV-2 spike
glycoprotein (SH-Spike) or an empty vector (SH-EV). Confocal microscopy of permeabilized cells stained for HA to detect spike (red) and Hoechst-stained nuclei
(blue). (b) Immunoblotting analysis using anti-HA demonstrating that the SH-Spike cells express the full-length spike protein, (n = 12). (c) Cell viability did not differ
between SH-SY5Y cells expressing the SARS-CoV-2 spike glycoprotein or the EV, as assessed by trypan blue exclusion (n = 28). (d-e) MAO-B catalytic activity was
measured using **C-phenylethylamine in cells and in isolated mitochondria of SH-Spike and SH-EV cells. MAO-B specific oxidation was determined using the MAO-B
inhibitor, rasagiline. SARS-CoV-2 spike expression increased the rate of MAO-B-specific oxidation of 2-phenylethylamine to 2-phenylacetaldehyde in (d) whole cells,
and (e) mitochondria isolated from SH-Spike cells (cells n = 8; isolated mitochondria n = 9 SH-EV, n = 8 SH-Spike). (f) MAO-B-specific H,O, emissions were
quantified in SH-Spike and SH-EV cells using phenylethylamine (PEA) as a substrate in the presence of Amplex Red in a spectrofluorometer. Specificity was
determined using rasagiline, an MAO-B inhibitor. SARS-CoV-2 spike expression in SH-SY5Y cells increased MAO-B specific H,O, emissions, (n = 7 SH-EV, n = 8 SH-
Spike). Inset depicts H,O, emissions in response to PEA and rasagiline used to determine MAO-B specific H,O, emissions. (d) Comparisons between groups were
determined using a two-tailed Student’s t-test. Values are mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. SARS-CoV-2 spike glycoprotein modifies mitochondrial bioenergetics. (a—c¢) SH-SY5Y cells expressing the SARS-CoV-2 spike glycoprotein (SH-Spike) have
increased mitochondrial content compared to SH-SY5Y cells expressing an empty vector (SH-EV). (a) Citrate synthase activity (n = 8), and (b) mtDNA:nDNA were
higher in SH-Spike cells compared to SH-EV (n = 6). (¢) Confocal microscopy of SH-Spike (HA-tagged) and SH-EV cells stained for anti-mtHSP70, anti-HA, and nuclei
(Hoechst). Mitochondrial area per nuclei was greater in SH-Spike cells compared to SH-EV (n = 6 SH-EV, n = 7 SH-Spike). (d) High resolution respirometry of SH-
SYS5Y cells expressing the SARS-CoV-2 spike glycoprotein (SH-Spike) or an empty vector (SH-EV). Resting, maximal, and complex I + II OXPHOS respiration rates
normalised to citrate synthase (CS), a marker of mitochondrial content, were lower in SH-Spike cells compared to SH-EV (n = 8). (e) Fluorometric quantification of
mitochondrial membrane potential (A¥m). Mitochondrial membrane potential was lower in SH-Spike cells compared to SH-EV (n = 10 SH-EV, n = 9 SH-Spike; n = 8
SH-EV and n = 7 SH-Spike for maximal and non-mitochondrial membrane potential). (f) Lactate dehydrogenase activity was higher in SH-Spike cells compared to SH-
EV (n = 8). (g) Lactate measured in extracellular media after 24 h was higher in SH-Spike cells compared to SH-EV (n = 6). Comparisons between groups were as
determined using a two-tailed Student’s t-test. Values are mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001.

indicative of increased mitochondrial content. Immunocytochemical
staining of mtHSP70 revealed that SH-Spike expression increased
mitochondrial area (normalised to the number of nuclei) compared
SH-EV (Fig. 3c), again consistent with elevated mitochondrial content.

We subsequently conducted high-resolution respirometry on
digitonin-permeabilized SH-SY5Y neuron-like cells to examine detailed
characteristics of mitochondrial bioenergetics. Expression of the S pro-
tein did not affect Complex I + II- driven OXPHOS, oligomycin-induced

Complex I + II -driven leak respiration, FCCP-induced maximal respi-
ration, or non-mitochondrial respiration (Fig. S2). In contrast, the SH-
Spike cells displayed enhanced complex I-driven OXPHOS compared
to SH-EV neuronal cells (Fig. S2). Complex I-driven leak respiration also
tended to be higher in SH-Spike cells (p = 0.067, Fig. S2). However,
upon normalisation to citrate synthase to account for elevations in
mitochondrial content, we observed lower resting respiration of intact
cells (i.e., prior to permeabilization), as well as lower Complex I + II-
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driven OXPHOS, Complex I + II-driven leak respiration, and FCCP-
induced maximal respiration in permeabilized SH-SY5Y cells (Fig. 3d),
consistent with the conclusion that the S protein impairs intrinsic
mitochondrial bioenergetic functions. Spectrophotometric assessments
of maximal catalytic activity of electron transport chain complexes
revealed no difference in rotenone-sensitive complex I activity in iso-
lated mitochondria from SH-Spike and SH-EV neuron-like cells (Fig. S2),
and instead showed that Complex I + III-linked activity was decreased in
SH-Spike cells (Fig. S2). Moreover, fluorometric-based analysis of
mitochondrial membrane potential with TMRM revealed that mito-
chondria in SH-Spike cells were depolarized across different respiratory
states (Fig. 3e), again consistent with impaired mitochondrial bio-
energetic functions.

Increases in glycolysis have been observed in patient PBMCs and
SARS-CoV-2-infected monocytes (Ajaz et al., 2021; Codo et al., 2020),
suggesting that SARS-CoV-2 infection may elicit the Warburg effect. As a
proxy measure of anaerobic metabolism, we next quantified LDH ac-
tivity and extracellular lactate concentrations. Consistent with a shift in
oxidative to glycolytic metabolism, SH-SY5Y-Spike cells demonstrated
increased LDH activity and higher lactate concentrations in cultured
medium compared to SH-EV cells (Fig. 3f and g).

3.4. SARS-CoV-2 spike glycoprotein increases oxidative stress

The exacerbated inflammatory response that occurs with SARS-CoV-
2 infection is associated with the upregulation of ROS production
through the MAVS/TRAF3/TRAF6 signalosome (Lage et al., 2021). To
evaluate if the S protein could elicit increased mitochondrial ROS pro-
duction, fluorometric-based analysis of HyO2 emission was conducted
on digitonin permeabilized cells. HyO3 emission was higher in SH-Spike
cells in the presence of succinate (i.e., energized non-phosphorylating
condition), ADP (i.e., energized phosphorylating condition), and anti-
mycin (i.e., inhibited electron transport chain condition), compared to
SH-EV cells (Fig. 4a).

Protein expression of the superoxide dismutase enzymes (SOD1 and
SOD2) did not differ between EV and S-expressing neuronal cells, sug-
gesting that the detoxification of superoxide anions (O3~) remained
unchanged with S protein expression. In contrast, the expression of
glutathione peroxidase 4 (GPX4) was lower in SH-Spike expressing
neuron-like cells (Fig. 4b), indicating that glutathione redox may be
perturbed. Direct assessment of glutathione redox revealed that both
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reduced glutathione (GSH) and total glutathione (GSH + 2GSSG) were
lower in SH-Spike cells, whereas oxidized glutathione (GSSG) and the
ratio of GSH:GSSG were not different compared to SH-EV cells (Fig. 4c).
Despite evidence of increased ROS production and altered glutathione
redox, quantification of protein carbonylation revealed no difference
between SH-Spike and SH-EV cells (Fig. 4d), consistent with impaired
redox balance (redox stress) but not oxidative damage.

3.5. SARS-CoV-2 spike suppresses parkin expression and perturbs
mitophagy

Mitochondrial content is governed by the tightly regulated processes
of biogenesis and mitophagy, with the intricate balance between fusion
and fission allowing for the dynamic remodelling of the mitochondrial
network. We sought to assess if the apparent increase in mitochondrial
content was due to elevated mitochondrial biogenesis or perturbed
mitochondrial turnover. Immunoblotting of key mitochondrial tran-
scription factors revealed decreases in PGCla and NRF1 protein
expression in SH-Spike cells, consistent with lower mitochondrial
biogenesis, whereas NRF2 and TFAM did not differ between SH-EV and
SH-Spike cells (Fig. 5a). Markers of mitochondrial fusion, OPA-1 and
MFN1/2, and of mitochondrial fission, Fis1 and MFF, did not differ
between SH-EV and SH-Spike cells (Fig. 5b and c), whereas fission
protein DRP-1 was elevated in SH-Spike cells (Fig. 5c). Following
oxidative stress and depolarization, DRP-1 acts to eliminate damaged
mitochondria by forming multimeric ring-like structures to constrict and
sever a budding mitochondrion (Kamerkar et al., 2018; Smirnova et al.,
2001; Twig et al., 2008).

Damaged mitochondria can undergo PINK1/Parkin-mediated
mitophagy as a protective measure to prevent cell death (Kim et al.,
2007; Youle and Narendra, 2011). Thus, to test whether the increase in
mitochondrial content in SH-Spike cells was due to altered mitochon-
drial turnover, we first quantified the expression of key autophagic
proteins. LC3II/I expression did not differ between SH-EV and SH-Spike
cells (Fig. 5d), suggesting that autophagy remains intact. In contrast,
parkin expression was decreased by ~32% in SH-Spike cells (Fig. 5d).
Parkin is a cytosolic E3 ubiquitin ligase that is recruited to the mito-
chondrial membrane by PINK1 to ubiquitinate proteins on the outer
mitochondrial membrane, such as VDAC and MFN2. The accumulation
of polyubiquitinated outer membrane proteins attracts p62, an adaptor
protein that initiates autophagosome encapsulation of the mitochondria.
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Fig. 4. SARS-CoV-2 spike glycoprotein increases oxidative stress in SH-SY5Y cells. (a) H2O» emissions in digitonin-permeabilized SH-SY5Y cells was higher in SH-
Spike cells (n = 11 SH-EV, n = 12 SH-Spike). (b) Immunoblotting of antioxidant enzymes, SOD1 or SOD2, revealed no differences. SARS-CoV-2 spike glycoprotein
expression in SH-SY5Y cells decreased GPX4 protein expression (n = 9). (c) Total glutathione and reduced glutathione concentrations were lower in SH-Spike cells
compared to SH-EV (n = 8 SH-EV, n = 9 SH-Spike). (d) Protein carbonyls did not differ between SH-Spike and SH-EV cells (n = 9). Comparisons between groups were
determined using a two-tailed Student’s t-test. Values are mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 5. SARS-CoV-2 spike glycoprotein perturbs mitophagy and decreases expression of mitochondrial transcription factors. (a) Immunoblot quantification of
mitochondrial transcription factors. Expression of PGCla and NRF1 were decreased in SH-Spike cells, whereas NRF2 and TFAM expression did not differ compared to
SH-EV cells (n = 8-9). (b) Inmunoblot quantification of mitochondrial fusion proteins. Expression of OPA-1 and MFN1/2 did not differ between SH-Spike and SH-EV
cells (n = 8-9). (c) Immunoblot quantification of mitochondrial fission proteins. DRP-1 expression was elevated in SH-Spike cells compared to SH-EV, whereas Fis1
and MFF expression levels were similar between groups (n = 8-9). (d) Immunoblot quantification of mitophagy and autophagy proteins. Expression of LC3II/I and
VDAC were similar between groups, whereas parkin and p62 were lower in SH-Spike cells compared to SH-EV (n = 8-9). (e) Confocal microscopy of SH-Spike (HA-
tagged) and SH-EV cells stained for anti-mtHSP70, anti-LAMP1, and nuclei (Hoechst). Quantification of mitochondria and lysosomes using Mander’s correlation
coefficient (0 = no colocalization, 1 = full colocalization) and % overlap demonstrates less colocalization between mitochondria and LAMP1 (n = 6 SH-EV, n = 7 SH-
Spike). (f) Immunoblot quantification of proteins regulating apoptosis. BNIP3 expression was higher in SH-Spike cells, whereas BAX, AIF, and MDM2 expression were
similar between groups. In contrast, expression of MCL-1 was lower in SH-Spike cells compared to SH-EV. BCL-2 expression also tended to be lower in SH-Spike cells,
and there was a dramatic decrease in p53 expression in SH-Spike cells (n = 8-9). Comparisons between groups were determined using a two-tailed Student’s t-test,
unless otherwise stated. Values are mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001.

While VDAC expression did not differ between SH-Spike and SH-EV, p62 into autophagosomes through direct interactions with LC3-II (Hanna
tended to be lower in SH-Spike cells (p = 0.066; Fig. 5d), consistent with et al., 2012), as well as inducing opening of the mitochondrial perme-

previous reports of impaired p62-mediated mitochondrial encapsulation ability transition pore (mPTP) and cytochrome c release to activate
into autophagosomes (Shang et al., 2021). We next performed immu- apoptotic and autophagic responses (Diwan et al., 2007; Kim et al.,
nocytochemical staining with mtHSP70 and lysosomal-associated 2002; Kubasiak et al., 2002; Kubli et al., 2007; Velde et al., 2000). The
membrane protein 1 (LAMP1) to quantify the colocalization of mito- expression of MDM2, a negative regulator of p53, did not differ between
chondria and lysosomes. Semi-automated analysis of the acquired im- groups (Fig. 5f), but there was a dramatic ~85% decrease in p53 protein
ages revealed a decrease in the percent of mitochondria colocalized with expression in SH-Spike cells (Fig. 5f).

LAMP1 in SH-Spike compared to SH-EV cells, with a strong trend in the

Manders’ colocalization coefficient (p = 0.0516, Fig. 5e). 3.6. SARS-CoV-2 spike increases susceptibility to 1-methyl-4-phenyl-

With converging evidence suggesting that mitophagy is impaired in 1,2,3,6- tetrahydropyridine (MPTP)-induced neuronal necrosis
SH-Spike cells, we next sought to determine if SH-Spike cells had
enhanced susceptibility to cell death. Mitochondria play an integral role Lastly, we employed an in vitro model of Parkinson’s disease where
in apoptotic cell death by releasing mitochondrial proteins such as cy- SH-Spike and SH-EV cells were challenged with 1-methyl-4-phenyl-
tochrome ¢ and apoptosis-inducing factor (AIF) into the cytosol to 1,2,3,6- tetrahydropyridine (MPTP) to induce cell death. MPTP is a

activate caspases when pro-apoptotic factors induce mitochondrial potent neurotoxin that is oxidized to MPP" by MAO-B in a two-step
outer membrane permeabilization (Green and Kroemer, 2004). We first process in astrocytes and serotonergic neurons. MPP™ is the active
quantified the expression of key proteins involved in the regulation of neurotoxin that is transported into dopaminergic neurons, which accu-
apoptosis. Protein expression of the anti-apoptotic factor MCL-1 was mulates within the inner mitochondrial membrane and inhibits complex

~34% lower in SH-Spike cells and BCL-2 tended also to be lower I of the electron transport chain (Heikkila et al., 1984; Javitch et al.,
compared to SH-EV cells (p = 0.091, Fig. 5f); however, expression of 1985; Ramsay and Singer, 1986). Following 24 h of treatment, trypan

pro-apoptotic factors BAX and apoptosis-inducing factor (AIF) expres- blue exclusion tests revealed that MPTP elicited cell death in SH-Spike
sion did not differ between groups (Fig. 5f). In contrast, BCL-2 and cells, which was partially reversed with rasagiline (Fig. 6a). To
adenovirus E1B 19 kDa-interacting protein 3 (BNIP3) protein expression discriminate between apoptosis and necrosis, flow cytometry analyses of

was higher in SH-Spike cells (Fig. 5f). Importantly, BNIP3 participates in cells stained with propidium iodine (PI) and annexin V (AnnV)
both mitophagy and apoptosis by initiating mitochondrial encapsulation demonstrated that SH-Spike cells exhibited a higher proportion of PI
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Fig. 6. The SARS-CoV-2 spike glycoprotein increases sensitivity to cell death. (a—¢) SH-EV and SH-Spike cells were treated with 1.5 mM MPTP for 24 h. (a) Analysis
of cell viability by trypan blue exclusion demonstrated that the MPTP treatment elicited cell death in SH-Spike cells, which was partially reserved by co-treatment
with rasagiline (n = 7-12). (b) Flow cytometric analysis of cells stained with annexin V-fluorescein 5-isothiocyanate (FITC)/propidium iodide (PI) showed an in-
crease in susceptibility to MPTP-induced necrotic cell death (n = 6). Representative density plots of cells stained with annexin V-fluorescein 5-isothiocyanate (FITC)/
propidium iodide (PI) and analysed by flow cytometry. (c) The proportion of PI-positive cells was higher in SH-Spike cells following 24 h of MPTP treatment, whereas
the proportion of live, unstained cells was lower in SH-Spike cells following 24 h of MPTP treatment, consistent with decreased cell viability. In contrast, the
proportion of annexin V-FITC positively stained cells, and the proportion of cells positively stained with both PI/annexin V-FITC were similar between SH-EV and SH-
Spike cells regardless of MPTP treatment. (d) Schematic summary of the SARS-CoV-2 spike glycoprotein-induced impairments in mitochondrial health that contribute
to increased susceptibility to MPTP-induced cell death. Red lines indicate changes induced by expression of the SARS-CoV-2 spike glycoprotein in SH-SY5Y neuron-
like cells. The S protein depletes mitochondria membrane potential and enhances MAO-B activity and ROS production. Expression of mitochondrial transcription
factors are lower in neuron-like cells expressing the S protein. Degradation of depolarized mitochondria by mitophagy is inhibited, in part by lower expression of the
E3 ligase, parkin, leading to the accumulation of depolarized aberrant mitochondria. Low expression of BCL-2 anti-apoptotic proteins and activation of necrosis/
necroptosis increases the susceptibility to cell death. Comparisons between groups with a two-way ANOVA with Holm-Sidak post-hoc test. Values are mean + SD. *P
< 0.05, **P < 0.01, ***P < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

positive cells and a lower proportion of unstained cells compared to suggests that SARS-CoV-2 may also be linked to post-encephalitic
SH-EV cells (Fig. 6b and c), consistent with increased necrotic cell death. Parkinsonism (Smeyne et al., 2022), however, the molecular mecha-
In contrast, the proportion of AnnV positively stained cells did not differ nisms are poorly elucidated. Persistent circulating S protein is associated
between SH-EV and SH-Spike cells regardless of MPTP treatment, sug- with post-acute COVID-19 (Swank et al., 2023), and the spike glyco-
gesting that apoptosis was not induced (Fig. 6¢). The observed increase protein can elicit alterations in cellular metabolism that may contribute
in PI positive cells and the absence of changes in AnnV positive cells in to neurodegeneration (Clough et al., 2021; Lei et al., 2021). Here, we
SH-Spike cells suggests that necrotic cell death is induced in response to show that the S protein can interact with, and increase activity of
MPTP treatment rather than apoptotic cell death. Taken together, these MAO-B. We also demonstrate that the spike glycoprotein can impair
data support a synergistic effect between MAO-B and the S glycoprotein mitochondrial bioenergetics, induce oxidative stress, perturb the
in increased susceptibility to MPTP-induced cell death (summarized in degradation of depolarized aberrant mitochondria, and increase sensi-
Fig. 6d). tivity to MPTP-induced cell death, which are common pathophysiolog-
ical mechanisms shared with neurodegenerative diseases.
4. Discussion Progressive loss of nigrostriatal dopaminergic neurons in the sub-
stantia nigra pars compacta, and the accumulation of misfolded a-syn-
SARS-CoV-2 is associated with neurocognitive symptoms that can uclein leading to Lewy body pathology are the hallmark features of
persist following recovery from the initial infection. Emerging evidence Parkinson’s disease. MAO-B activity is elevated in patients with
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Parkinson’s disease, and the high MAO-B activity results in increased
dopamine catabolism and the formation of DOPAL, which plays a role in
the aggregation of a-synuclein (Burke et al., 2008). As such, MAO-B
inhibitors are an effective treatment to alleviate the motor symptoms
of Parkinson’s disease. Substantial brain invasion of SARS-CoV-2 is
relatively uncommon, likely due to low ACE2 receptor expression in the
brain; however, spatial distribution analysis of publicly available brain
transcriptome databases revealed that ACE2 expression is relatively high
in specific brain regions, including the substantia nigra (Chen et al.,
2021). SARS-CoV-2 preferentially infects astrocytes (Crunfli et al.,
2022), which also have high MAO-B expression and contribute to Par-
kinson’s disease pathology (Mallajosyula et al., 2008). The SARS-CoV-2
S! subunit can readily cross the BBB, resulting in widespread brain
regional distribution (Rhea et al., 2021). The new onset of Parkinsonism
following SARS-CoV-2 infection has been reported in case studies along
with presynaptic nigrostriatal dopamine disturbance (Cohen et al.,
2020; Faber et al., 2020) and depigmentation of the substantia nigra
(Kantonen et al., 2020). Patients with existing Parkinson’s disease often
need to increase the dosing of levodopa following SARS-CoV-2 infection
(Antonini et al., 2020), indicating that SARS-CoV-2 infection is associ-
ated with elevated dopamine metabolism. Key pathways of neuro-
degeneration and Parkinson’s disease were the top enriched pathways of
differentially expressed proteins in proteomic analysis of post-mortem
brain tissue from deceased COVID-19 patients (Crunfli et al., 2022).
Our findings indicate that the S protein may contribute to neuro-
degeneration through increases in monoamine metabolism and in-
teractions with MAO-B. Initially, the S protein was thought to interfere
with the substrate entrance to the MAO-B active site (Cuperlovic-Culf
et al., 2021). However, additional modelling by Hok et al. suggests that
the SARS-CoV-2 spike protein modifies the electrostatic environment of
the substrate binding site for MAO-B (Hok et al., 2022). Moreover,
mutant SARS-CoV-2 variants have different ACE2 binding affinities,
suggesting that the different SARS-CoV-2 strains may have varying de-
grees of activation or inhibition of MAO-B activity. The effects of certain
spike variants on MAO-B activity may therefore depend on the sur-
rounding environment such as proximity to lipid membranes. Future
studies should experimentally determine MAO-B substrate binding af-
finity when complexed with various spike protein variants, both bio-
chemically and in the context of living systems.

Alterations to monoamine metabolism with SARS-CoV-2 infection
may also partly be amplified by the downregulation of L-DOPA decar-
boxylase (DDC) (Mpekoulis et al., 2021), which catalyzes L-DOPA to
dopamine and, to a lesser degree, 1-5-hydroxytryptophan to serotonin
(Bertoldi, 2014). Altered monoamine metabolism may be of particular
importance in severe cases of SARS-CoV-2 infection, as high plasma
concentrations of homovanillic acid, an end-stage product of
catechol-O-methyltransferase and monoamine oxidase metabolism,
during infection was identified as a predictor of mortality (Richard et al.,
2022). Increased metabolism of other monoamine substrates has also
been observed. Specifically, levels of serotonin were found to be lowest
in serum from patients with severe COVID-19, consistent with the pos-
sibility that the activity of MAOs may increase with increasing severity
of COVID-19 disease (Saito et al., 2022; Shen et al., 2020). Importantly,
since our analysis was limited to SH-SY5Y neuroblastoma cells with PEA
as a substrate, the increase in MAO-B activity should be verified in other
brain cell types and with other monoamine substrates.

Persistent expression of the spike glycoprotein has been detected in
circulation and in enriched plasma neuron- and astrocyte-derived
extracellular vesicles following acute COVID-19 recovery, and corre-
late with neuropsychiatric manifestations associated with long COVID
(Peluso et al., 2022; Swank et al., 2023). High MAO-B activity and
specific MAO-B polymorphisms are also associated with depression and
chronic fatigue syndrome (Moriguchi et al., 2019; Smith et al., 2006), in
part due to decreases in monoamine availability. Thus, our data indi-
cating that MAO-B activity is elevated in the presence of the spike
glycoprotein suggests certain individuals may be more sensitive to
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developing the neuropsychiatric symptoms associated with long COVID
due to genetic differences. High levels of psychological distress prior to
SARS-CoV-2 infection are associated with long-COVID neuropsychiatric
symptoms, such as fatigue and ‘brain fog’, that impair routine daily
activities (Wang et al., 2022).

The metabolism of monoamine substrates by MAO-B is directly
linked to Hy05 production (Pizzinat et al., 1999), which can impair
mitochondrial function and promote dopaminergic neuron cell death.
Our findings of increased cellular complex-I linked respiration, which
was attributable to greater mitochondrial content, is consistent with
previous observations of increased respiration in SARS-CoV-2-infected
astrocytes (Crunfli et al., 2022). Transcriptome profiling has revealed
that SARS-CoV-2  downregulates transcript expression  of
nuclear-encoded mitochondrial genes, including those related to com-
plex I (Miller et al., 2021). Decreased gene expression of complex I genes
may be a compensatory mechanism as complex I is a major site of ROS
production (Turrens, 1997). In agreement with this observation, cells
expressing the spike glycoprotein displayed elevated rates of mito-
chondrial Hy02 emissions and lower glutathione content (GSH +
2GSSG). The observed decreases in glutathione in SH-Spike cells in our
study could be a result of decreased glutathione synthesis, formation of
various forms of thiol conjugates, and/or increased glutathione efflux
via the multidrug resistance-associated protein 1 (MRP1) (Dringen and
Hirrlinger, 2003; Hirrlinger et al., 2001). In support of this, depletion of
cellular thiols in SARS-CoV-2-infected Vero-E6 cells has been attributed
to both decreased de novo glutathione biosynthesis due to low avail-
ability of cysteine, and also increased glutathione efflux via increased
MRP1 protein expression (Bartolini et al., 2021). Low endogenous levels
of glutathione are thought to underlie severe SARS-CoV-2 infection
(Kumar et al., 2021; Polonikov, 2020), and associate with white matter
hyperintensities in the anterior cingulate cortex in COVID-19 survivors
(Poletti et al., 2022). As oxidative stress is a major contributor to neu-
rodegeneration in Parkinson’s disease (Jiang et al., 2016), SARS-CoV-2
spike-induced increases in both MAO-B and mitochondrial ROS pro-
duction may contribute to neurodegeneration following SARS-CoV-2
infection.

The apparent intrinsic impairment in mitochondrial function in the
neuronal cells expressing the S protein is consistent with previously
reported impairments in mitochondrial function in peripheral blood
mononuclear cells (PBMCs) from patients with SARS-CoV-2 infections
(Ajaz et al., 2021; Gibellini et al., 2020), and brain endothelial cells
treated with recombinant SARS-CoV2 spike glycoprotein (Kim et al.,
2021). Similarly, spike-induced elevations in ROS production have also
been observed in microglia treated with recombinant S protein (Clough
et al., 2021), and SARS-CoV-2 infection-induced loss of mitochondrial
membrane potential has been observed in several tissues and different
cell types (Ajaz et al., 2021; Romao et al., 2022; Shang et al., 2021).
Examination of mitochondrial morphology in electron micrographs of
astrocytes infected with SARS-CoV-2 has also revealed augmented
mitochondrial fragmentation (de Oliveira et al., 2022), demonstrating
the persistence of dysfunctional mitochondria. Elevations in mitochon-
drial content and increases in mtDNA have also been observed in
mechanistic studies on SARS-CoV-2, with reports of time-dependent
increases in mitochondrial volume and fragmentation (Flynn et al.,
2021). Damaged cells release mtDNA into circulation to activate
inflammation and neutrophil recruitment when a cell is unable to
complete the removal of dysfunctional mitochondria via mitophagy
(Caielli et al., 2016). Increased circulating mtDNA is a predictor of
mortality in patients with severe COVID-19 (Harrington et al., 2019),
consistent with mitochondrial dysfunction.

Our findings of elevated mitochondrial content without an increase
in mitochondrial biogenesis support our conclusion that mitochondrial
clearance is perturbed, leading to the accumulation of aberrant mito-
chondria. This observation extends the finding that dysfunctional
mitochondria fail to be encapsulated into autophagosomes in SARS-CoV-
2 infected Vero E6 cells (Shang et al., 2021) by demonstrating that the
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spike glycoprotein may contribute to impaired mitophagy through
decreased parkin-mediated ubiquitination of mitochondrial outer
membrane proteins. The observed decrease in parkin expression may
also contribute to enhanced MAO-B activity, as parkin can suppress the
expression of MAO-B (Jiang et al., 2006). The drastic reduction of p53 in
cells expressing the S protein may contribute to impaired mitophagy and
elicit the Warburg effect by decreasing parkin expression (Zhang et al.,
2011), which is supported by our findings of increased LDH activity and
extracellular lactate. Computational modelling suggests that the
SARS-CoV-2 S? subunit can interact with p53 and modulate its expres-
sion (Singh and Singh, 2020), which may be a mechanism to suppress
type I interferon antiviral responses (Yuan et al., 2015).

Despite the marked reduction in p53 expression, our results show
that the S protein can enhance the susceptibility to MPTP-induced
neurotoxicity. MAO-B catalyzes the oxidation of MPTP to MPP™ in as-
trocytes prior to MPP™ uptake into dopaminergic neurons (Heikkila
et al., 1984; Javitch et al., 1985; Ramsay and Singer, 1986). Genetic
increases in MAO-B levels increases free radical damage and sensitivity
to MPTP-induced cell death (Wei et al., 1996), implicating a role for
enhanced metabolism of MPTP to MPP' by MAO-B in neuron-like cells
expressing the SARS-CoV-2 S protein. While mechanisms behind cell
death induced by MPTP/MPP™ have are not fully understood, low doses
MPP" are traditionally thought to trigger apoptosis and higher doses of
MPP" are thought to trigger necrosis and/or necroptosis (regulated
necrosis) (Nicotra and Parvez, 2000). However, recent findings have
challenged this paradigm as MPP" -induced cell death in SH-SY5Y cells
was mainly found to be independent of p53 and apoptosis (Ito et al.,
2017). Instead of apoptosis, several forms of necrotic programmed cell
death are thought to be activated in response to MPP' -induced
neurotoxicity, including necroptosis and ferroptosis, which may also
engage members of the BCL-2 family (Ito et al., 2017; Kane et al., 1995;
Tischner et al., 2012). Our results are consistent with previous findings
that the S protein can promote cell death through increases in ROS in
HEK293T cells (Li et al., 2021) and THP-1-like-macrophages (Barhoumi
et al., 2021), as well as the NLRP3 inflammasome-mediated activation of
PANoptosis (pyroptosis, apoptosis, and necroptosis) in cultured adipo-
cytes treated with the SARS-CoV-2 spike S1 subunit (Friithbeck et al.,
2021). Thus, our findings of increased ROS and greater sensitivity to
MPTP-induced neurotoxicity in cells expressing the spike glycoprotein
implicates a role for MAO-B in neurodegeneration during SARS-CoV-2
infection.

In summary, we demonstrate that the SARS-CoV-2 S protein can
interact with MAO-B and increase monoamine oxidation and that it
impairs mitophagy, leading to increased content of aberrant mitochon-
dria. Human SH-SY5Y neuron-like cells expressing S protein also had
increased susceptibility to cell death following a challenge with
Parkinsonian neurotoxin. Together, these findings highlight the mech-
anisms that may cause SARS-CoV-2-induced neurodegeneration and
alterations in monoamine metabolism. Further research is needed to
determine if MAO-B inhibitors could be a useful to prevent or mitigate
SARS-CoV-2-induced neurodegeneration.
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Abbreviation list

ACE2 angiotensin-converting enzyme 2
AIF apoptosis inducing factor

AnnV annexin V

BBB blood-brain barrier

BAX Bcl-2-associated X protein

BCL-2  B-cell lymphoma-2

CNS central nervous system

DRP1 dynamin-1-like protein

Fisl mitochondrial fission 1 protein
GPX4 glutathione peroxidase 4

GSH reduced glutathione

GSSG oxidized glutathione disulfide
LAMP1 lysosomal-associated membrane protein 1
LDH lactate dehydrogenase

LC3B MAP1 light chain 3

MAO-B monoamine oxidase B

MFF mitochondrial fission factor
MFN mitofusin

mtHSP70 mitochondrial heat-shock protein 70

MPTP  1-methyl-4-phenyl-1,2,3,6- tetrahydropyridine

NRF1 nuclear regulatory factor 1

NRF2 nuclear regulatory factor 2

OPA1l optic atrophy 1

PI propidium iodine

PINK1  PTEN-induced putative kinase 1

PGCla  peroxisome proliferator-activated receptor y coactivator-lo
ROS reactive oxygen species

S Spike glycoprotein
SARS-CoV-2 severe acute respiratory syndrome coronavirus 2

SOD superoxide dismutase
TFAM  mitochondrial transcription factor A
VDAC  voltage-dependent anion channel
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