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Abstract

Abstract

The translocator protein 18 kDa (TSPO), initially characterised in 1977 as a peripheral binding
receptor for benzodiazepines, is an evolutionarily conserved outer mitochondrial protein
ubiquitously expressed in almost all cell types, albeit in a tissue- and cell-specific manner.
Physiological expression within the brain is relatively weak. However, pathological conditions,
such as Alzheimer’s disease, multiple sclerosis, and cancer, can lead to upregulated TSPO
expression, implying a role for TSPO in the pathophysiology of neurodegenerative,
neuroinflammatory, and neoplastic diseases (Ammer et al., 2020; Rupprecht et al., 2010).
Although TSPO is considered a multifunctional protein associated with various aspects of
mitochondrial physiology, its precise role in mitochondrial homeostasis and its mechanisms of
action remain elusive.

This study aimed to analyse the effect of TSPO on the regulation of mitochondrial metabolism
in a human cellular model. Therefore, using the CRISPR/Cas9 technology, TSPO knockout
(KO) and control (CTRL) variants of human induced pluripotent stem cells (hiPSCs),

reprogrammed from primary adult skin fibroblasts, were generated.
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Figure 1: Graphical abstract

In a multimodal phenotyping approach, parameters of cellular and mitochondrial functions
were investigated and compared in neural progenitor cells, astrocytes, and neurons
differentiated from hiPSC CTRL and KO cell lines. In those different cell types, the bioenergetic
profile, as well as the mitochondrial membrane potential (MMP) and the Ca?* homeostasis was

assessed. Furthermore, oxidative stress, mitochondrial content, and cell size were evaluated.
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Functional characterisation of TSPO KO cells, as compared to CTRL cells, revealed altered
Ca?" levels in the cytosol and mitochondria, a depolarised MMP, and increased levels of
reactive oxygen species (ROS), indicating an unbalanced redox state and oxidative stress.
While the mitochondrial content seemed to be unchanged, the mitochondrial DNA copy
number was significantly decreased in mitochondria devoid of TSPO. Notably, TSPO
deficiency was accompanied by reduced expression of the voltage-dependent anion channel
(VDAC). Respirometry experiments favoured the possible role of TSPO in regulating the
bioenergetic status of the cell, as mitochondrial respiration and glycolysis were significantly
reduced along with the deletion of TSPO protein expression. Interestingly, across all cell types,
TSPO-KO cells were significantly smaller in size.

Moreover, a significant decrease in the protein expression of TSPO and the TSPO-associated
protein VDAC1 in a human cellular model of depression was observed, suggesting a potential
link between TSPO and the pathomechanism of mitochondrial dysfunction in depression.
Taken together, these findings point consistently towards the impairment of mitochondrial
function in TSPO KO cells, contributing to the understanding of the multifaceted role of TSPO
and setting the stage for further investigations to unravel the underlying mechanisms and its

involvement in various physiological and pathological processes.
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Zusammenfassung

Das Translokatorprotein 18 kDa, erstmals 1977 als peripherer Benzodiazepin-Rezeptor
beschrieben, ist ein evolutionar konserviertes Protein der aufleren Mitochondrienmembran.
Obwohl ubiquitar in allen Geweben exprimiert, variieren die Expressionslevel gewebe- und
zellspezifisch. Die physiologische Expression im Gehirn ist vergleichsweise schwach.
Neurodegenerative, neuroinflammatorische, sowie neoplastische Erkrankungen kénnen
jedoch einen pathologischen Anstieg der TSPO-Expression zur Folge haben, was auf eine
TSPO-spezifische Rolle in der Pathophysiologie dieser Krankheiten hinweist. Wenngleich
TSPO als Schlisselprotein funktional mit verschiedenen Aspekien des mitochondrialen
Metabolismus in Verbindung gebracht wird, sind die genauen Funktionen und
Wirkmechanismen von TSPO weiterhin unklar.

Im Rahmen dieser Arbeit sollte der Einfluss von TSPO auf die Regulation des mitochondrialen
Metabolismus in einem humanen Zellmodell analysiert werden. Dazu wurde ein
CRISPR/Cas9-vermittelter TSPO-Knockout in hiPSCs generiert, die aus primaren adulten
Fibroblasten reprogrammiert wurden. Um eine multimodale Analyse eines klar definierten
TSPO-defizienten Phanotyps in verschiedenen Zellarten zu erméglichen, wurden neurale
Vorlauferzellen, Astrozyten und Neurone aus TSPO-Knockout und Kontroll-Stammzellen
differenziert. Es wurde das bioenergetische Profil, sowie das MMP und die Ca?* Homdostase
untersucht. Zudem wurden ROS Level, Mitochondriengehalt und die Zellgré3e analysiert.

Die funktionale Charakterisierung der TSPO-KO Zellen zeigte im Vergleich zu Kontroll-Zellen
veranderte mitochondriale und zytosolische Ca?*-Spiegel, ein depolarisiertes MMP und
Hinweise auf oxidativen Stress innerhalb der Zellen. Wahrend die Anzahl an Mitochondrien
unverandert erschien, konnte eine verringerte mitochondriale DNA copy number in
Mitochondrien ohne TSPO beobachtet werden. Zudem, ging der Verlust der TSPO-Expression
mit einer verringerten Expression des spannungsabhangigen Anionenkanals VDAC1 einher.
Respirometrische Analysen lassen eine mogliche modulatorische Rolle von TSPO auf den
bioenergetischen Status der Zelle vermuten, da die mitochondriale Atmung, sowie die
Glykolyse in Folge der TSPO-Deletion nachweislich reduziert waren. Interessanterweise
waren die Knockout-Zellen aller untersuchten Zelltypen deutlich kleiner.

Darlber hinaus wurde eine signifikante Abnahme der Proteinexpression von TSPO und des
TSPO-assoziierten Proteins VDAC1 in einem zellularen humanen Depressionsmodel
beobachtet, was auf eine mdgliche Verbindung zwischen TSPO und den Pathomechanismen
von mitochondrialer Dysfunktion bei Depression hindeuten kénnte.

Zusammenfassend deuten diese Ergebnisse auf eine Beeintrachtigung der mitochondrialen
Funktion in TSPO-KO-Zellen hin. Dies tragt zum besseren Verstandnis der vielschichtigen

Rolle von TSPO bei und bildet eine Grundlage fir weitere Untersuchungen, um die zugrunde
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liegenden Mechanismen und die Beteiligung von TSPO an verschiedenen physiologischen

und pathologischen Prozessen aufzuklaren.



Introduction

1 Introduction

1.1 Mitochondria: organelles fundamental to life

Mitochondria are crucial organelles fundamental to life and health (Pizzorno, 2014) because
of their essential roles in regulating several processes and pathways. They are the hubs of
respiration and energy production; therefore, they are classically considered the ‘powerhouse’
of the cell (McBride et al., 2006). They produce more than 90% of the ATP required to maintain
the vital functions of the cell (Marchi et al., 2012; Vyas et al., 2016). Besides their traditional
roles as bioenergetic and biosynthetic centres, mitochondria exhibit numerous other functions,
thus playing an important role in cellular signalling and homeostasis (Harvey, 2019; Nunnari &
Suomalainen, 2012).

Mitochondria can transiently store calcium ions in the matrix and rapidly release Ca?*, thereby
serving as cytosolic Ca?* buffers (Alberts, 2015; Nunnari & Suomalainen, 2012; Rossier, 2006).
Mitochondria interact with the endoplasmic reticulum (ER), the primary site of Ca?* storage, at
mitochondria-associated membrane (MAM) contact sites, allowing for substantial Ca?
exchange, thus playing an important role in Ca?* signalling (Pizzo & Pozzan, 2007). In addition
to Ca?* flux regulation, mitochondria are involved in intracellular signalling by producing the
majority of cellular reactive oxygen species (ROS) as byproducts of ATP synthesis. At low
doses, ROS act as pivotal secondary messenger molecules that affect kinases, growth factors,
and transcription factors (Harvey, 2019; R. A. J. Smith et al., 2012). Furthermore, they are
involved in iron-sulphur cluster formation, fatty acid oxidation, and production of metabolic
precursors for macromolecules such as lipids, proteins, DNA, and RNA (Alberts, 2015; Spinelli
& Haigis, 2018). Mitochondria are sites of haem and steroid synthesis, and regulate cellular
stress responses and apoptosis (McBride et al., 2006; Nunnari & Suomalainen, 2012; Zick et
al., 2009).

Overall, mitochondrial function is complex and depends on its unique structure. These
multifaceted organelles serve as integral components of numerous signalling cascades,
regulating not only cellular metabolism, but also cell proliferation, redox states, innate
immunity, and cell death (McBride et al., 2006). Therefore, it is not surprising that mitochondria
are at the nexus of human health and diseases and that mitochondrial defects lead to
pathological states. Accordingly, mitochondrial dysfunction has been identified as an early
occurrence that contributes to the progression of various diseases, including diabetes (Kim et
al., 2008), cancer (Porporato et al., 2018), multiple sclerosis (Barcelos et al., 2019), and

neurodegenerative diseases (Johri & Beal, 2012; Stanga et al., 2020; Wu et al., 2019).
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1.1.1 Mitochondrial structure and morphology

Mitochondria, classically depicted as solitary bean-shaped organelles, exist in a multitude of
shapes and sizes. Their shapes range from fragmented spherical structures to tubular
networks (McCarron et al., 2013; Serasinghe & Chipuk, 2017), highly dynamic by moving along
the cytoskeleton via actin filaments or microtubules (Chan, 2006). Their numbers vary widely
in different tissues and organs depending on metabolic demands, and can change in response
to different physiological, pathological, and environmental conditions (Knez et al., 2016).
Mitochondria exhibit heterogeneity in their structure and function, not only across different cell
types (Lodish et al., 2021) but also within a single cell (Kuznetsov & Margreiter, 2009;
Pekkurnaz & Wang, 2022). Furthermore, recent studies have suggested that even within a
single mitochondrion, multiple distinct regions exist, which are responsible for different
functions (D. M. Wolf et al., 2019). Mitochondrial structure and function are likely to be
inextricably linked (Chan, 2006), and changes in mitochondrial morphology are accompanied
by changes in metabolic activity to regulate cellular bioenergetics (P. Mishra & Chan, 2016).
The relationship between size and function has revealed that metabolically active cells typically
harbour elongated, network-like mitochondria, whereas small, spherical, and fragmented
mitochondria are common in inactive cells (Westermann, 2012).

Mitochondria are complex organelles with unique ultrastructure. They are surrounded by two
phospholipid bilayers, with an outer (OMM) and an inner (IMM) mitochondrial membrane,
which differ in their composition and structure (Lodish et al., 2021). The space between them
defines the intermembrane space (IMS), while the mitochondrial matrix is enclosed by the IMM
(Pagliuso et al., 2018) (Fig. 2). Pore-forming integral membrane proteins, such as the voltage-
dependent anion channel (VDAC) embedded in the OMM, allow for the exchange of
metabolites, nucleotides, and ions and are able to form complexes with enzymatic or other
functional proteins residing in the membrane, cytosol, or IMS compartment (Shoshan-Barmatz
et al., 2017). Instead of cholesterol, the IMM contains cardiolipin (Schiaffarino et al., 2022),
thus forming a diffusion barrier for ions and small molecules, and subsequently setting the
structural barrier for the proton gradient required for ATP synthesis (Lodish et al., 2021).

The inner membrane is highly convoluted and forms long lamellar protrusions, the so-called
cristae, into the mitochondrial matrix, resulting in a large increase in the surface area. The
number of cristae depends on the metabolic activity of the cell (Kihlbrandt, 2015) and contains
mitochondrial respiratory chain complexes, ATP synthase, and various carriers for metabolites
(McBride et al., 2006). The matrix contains a complete genetic system, including mitochondrial
ribosomes, the mitochondrial circular genome (mtDNA), numerous factors for maintaining,
regulating, and expressing the genome (Alberts, 2015; Pfanner et al., 2019), and

approximately 40% of mitochondrial proteins (Backes & Herrmann, 2017).
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Figure 2: Mitochondrial structure. (A) Electron microscopy image illustrating one mitochondrion in cultured
astrocytes. (B) Schematic illustration of mitochondrial architecture. Mitochondria are characterised by a double-
membrane structure consisting of an outer and inner membrane. The OMM separates the mitochondria from the
cytosol. It contains various porins and enzymes that regulate the exchange of nucleotides, ions, and metabolites
involved in a wide range of metabolic processes. The IMM is highly impermeable to all molecules and forms many
invaginations, the so-called cristae, that protrude into the matrix. These cristae enlarge the surface area and
accommodate proteins required for the electron transport chain and many other chemical reactions that are
essential for the mitochondria’s varied functions. The two membranes generate two additional compartments: the
intermembrane space between the two membranes and the mitochondrial matrix, encapsulated within the inner
membrane containing mitochondrial DNA, ribosomes, and granules. Created with BioRender.com.

1.1.1.1 Mitochondrial dynamics: fusion and fission

Mitochondria are constantly changing organelles due to two opposing processes: fusion and
fission, collectively known as mitochondrial dynamics (Serasinghe & Chipuk, 2017). These
processes are responsible for creating the necessary variation in mitochondrial numbers,
shapes, and structures (Chan, 2012), and help them adapt to environmental and physiological
requirements (Alberts, 2015; H. Chen & Chan, 2009; Liesa et al., 2009). However, specific
mitochondrial dynamics vary depending on physiological state, metabolic activity, and cell type
(Pagliuso et al., 2018). Maintaining a balance between fusion and fission is crucial for cell
survival and many physiological processes, including cell growth, death, and migration (Simula
et al., 2017) as well as respiratory capacity, response to cellular stress, and mitophagy (Chan,
2012).

Fission involves the splitting of one large mitochondrion into smaller ones, allowing the
isolation of defective mitochondria, partitioning and inheritance during mitosis, and distribution
of transportable units along the cytoskeleton (Westermann, 2012). During fusion, two
mitochondria join to generate extended mitochondrial networks, allowing functional
complementation and exchange of mitochondrial contents (Serasinghe & Chipuk, 2017;
Westermann, 2012), which are crucial for preserving mitochondrial function by stabilising
mtDNA (Chan, 2012; H. Chen et al., 2010; Pagliuso et al., 2018). These processes serve as
quality control mechanisms to protect the cell by allowing damaged and undamaged
mitochondria to join, thereby diluting the damage or removing damaged parts, which can then
be broken down by mitophagy (Chen & Chan, 2009; Ni et al., 2015) (Fig. 3).

11



Introduction

To initiate mitochondrial fission, endoplasmic reticulum tubules wrap around the mitochondrial
membrane and mark fission zones, leading to mitochondrial constriction (Friedman et al.,
2011). GTPase dynamin-related protein 1 (DRP1) is responsible for inducing mitochondrial
fission by translocating from the cytosol to the OMM fission sites, where it binds to several
receptors, such as mitochondrial fission 1 protein (FIS1), mitochondrial fission factor (MFF),
and mitochondrial dynamics proteins of 49 and 51 kDa (MID49/51) (P. Mishra & Chan, 2016),
subsequently forming a polymeric constrictive ring-like structure around mitochondria (Archer,
2013; Trewin et al., 2018). Upon GTP hydrolysis, the DRP1 polymeric ring exerts pressure on
the mitochondrial fission zone to further constrict the mitochondrion, followed by final scission
into two separate organelles (Serasinghe & Chipuk, 2017).

In contrast, mitochondrial fusion involves both outer and inner membrane fusion and is
regulated by three large GTPase proteins: mitofusin 1 (MFN1), mitofusin 2 (MFNZ2), and optic
atrophy protein 1 (OPA1) (P. Mishra & Chan, 2016). During mitochondrial fusion, MFN1/MFN2
proteins dimerise and interact at the OMM between two adjacent mitochondria, exerting a
pulling motion on each OMM and effectively merging them. After outer membrane fusion,
OPA1 initiates inner membrane fusion depending on GTPase activity and GTP hydrolysis
(Trewin et al., 2018).

By increasing their individual mitochondrial mass and mtDNA copy number, cells can further
adapt to meet the changing energy demands for cellular growth, differentiation, and
development (Scarpulla et al., 2012). However, since mitochondria cannot be created de novo
(Westermann, 2010), mitochondrial biogenesis involves the augmentation and reconfiguration
of existing networks via fusion and fission (Diaz & Moraes, 2008). Mitochondrial biogenesis is
a complex process that requires the coordination of multiple pathways, including nuclear-
mitochondrial communication, the expression and import of nuclear-encoded mitochondrial
proteins, mtDNA amplification and mitochondrion-encoded gene translation, assembly of
multi-subunit enzyme complexes, incorporation of mitochondrion-synthesised and imported
membrane lipids, and regulation of mitochondrial dynamics and turnover (Diaz & Moraes,
2008; Westermann, 2010). The transcriptional co-activator peroxisome proliferator-activated
receptor y co-activator 1a (PGC-1a) is considered the master regulator of mitochondrial
biogenesis and expression of nuclear-encoded mitochondrial proteins (Srivastava, 2017).
PGC-1a upstream modulates two important transcription factors, nuclear respiratory factors 1
and 2 (NRF1 and NRF2), which activate the nuclear transcription of mitochondrial genes (Diaz
& Moraes, 2008; Scarpulla, 2006) and subsequently activate mitochondrial transcription factor
A (TFAM), further driving the transcription and replication of mtDNA (Sanchis-Gomar et al.,
2014).

12
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Figure 3: Mitochondrial dynamics. Mitochondrial morphology is maintained by a balance between fusion and
fission. Mitochondrial fusion is mediated by the GTPases mitofusin 1 and 2 (MFN1/2) and optic atrophy protein 1
(OPA1), resulting in an interconnected, healthy mitochondrial network. Mitochondrial fission leads to mitochondrial
fragmentation, which depends on dynamin-related protein 1 (DRP1). Fragmented dysfunctional mitochondria are
cleared via mitophagy. Upon loss of mitochondrial membrane potential, PTEN-induced kinase 1 (PINK1)
accumulates on the OMM, where it phosphorylates ubiquitin molecules and the E3 ubiquitin ligase parkin. Activated
parkin further promotes ubiquitination of specific substrates in the outer membrane. Poly-ubiquitin chains are
subsequently recognised by autophagy adaptor proteins, which bind to microtubule-associated protein 1 light chain
3 (LC3) on the growing phagophore adjacent to the mitochondria, resulting in the engulfment and degradation of
damaged mitochondria. Created with BioRender.com.

1.1.1.2 mtDNA copy number and replication

Mitochondria are the only organelles that contain their own genomes other than the nucleus.
This double-stranded genome, which consists of 16,569 base pairs in humans, is maternally
inherited and encodes a small number of genes, including 13 polypeptide subunits of the
electron transport chain (ETC), 22 transfer RNAs (tRNA), and two ribosomal RNAs (rRNA)
(Diaz & Moraes, 2008). Most of these genes are located on the guanine-rich heavy strand (H-
strand), whereas only some genes are encoded by the cytosine-rich light strand (L-strand)
(Fig.4). mtDNA lacks an intron-exon structure and the only non-coding regions, the largest
being the displacement-loop or D-loop, regulate mtDNA replication, transcription, and
translation (Diaz & Moraes, 2008; Falkenberg, 2018). However, the vast majority of
mitochondrial proteins are encoded by nuclear DNA (Ferramosca, 2020). Therefore,
mitochondrial structure and function are controlled by both genomes and intergenomic
communication is essential for adequate functioning (Herst et al., 2017).

Single or multiple mtDNA molecules are arranged in nucleoprotein complexes, which are

referred to as nucleoids, and anchored to the IMM facing the mitochondrial matrix (Herst et al.,
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2017). The amount of mtDNA in each cell typically ranges from 10° to 10° copies, which can

vary depending on the type of cell (Filograna et al., 2021).
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Figure 4: Human mitochondrial DNA. The 16,569 bp long circular human mitochondrial genome (mtDNA) with
genes and control regions labelled. Adapted from Picard, Wallace, & Burelle; 2016. Created with BioRender.com.

To maintain the mtDNA copy number, the import of numerous nuclear-encoded proteins is
necessary, which govern maintenance, replication, transcription, RNA maturation, and
mitochondrial translation. The mitochondrial replisome complex orchestrates the replication of
the mitochondrial genome independent of nuclear DNA replication and consists of the unique
heterodimeric DNA polymerase y (POLy), which is only present in mitochondria, the DNA
helicase TWINKLE, and the mitochondrial single-stranded DNA-binding protein (mtSSB)
(Falkenberg et al., 2007; Filograna et al., 2021). Because POLy is unable to use double-
stranded DNA as a template, TWINKLE moves along with POLy at the replication fork to
catalyse the unwinding of mtDNA in the 5’ to 3’ direction. Unlike nuclear DNA replication,
mtDNA replication proceeds continuously on both strands without the formation of Okazaki
fragments. To coordinate the DNA synthesis of both strands, mtDNA features a dedicated
origin of DNA replication on each strand, and replication is initiated at the heavy-strand origin
(On) without simultaneous synthesis of the complementary L-strand. The long stretches of
single-stranded DNA formed at the replication fork are stabilised by mtSSB, which also
promotes the helicase activity of TWINKLE. Once the replisome machinery has synthesised
two-thirds of the mtDNA, replication at the origin of the light strand starts (O.) (Gustafsson et
al., 2016).
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Mutations in mtDNA have been linked to the aging process (A. L. M. Smith et al., 2022; Zapico,
2013) as well as various disorders (Malik & Czajka, 2013), including neurodegenerative
diseases such as Parkinson’s and Alzheimer’s disease (Coskun et al., 2012). This could be
attributed to the close proximity of mtDNA to the ETC, the main site of ROS production,
inefficiency of DNA repair mechanisms, and the absence of introns and histones that protect
mtDNA from oxidative stress (H. Lin et al., 2011). Altered mtDNA levels or mutations may
contribute to increased oxidative stress and inflammation, leading to impaired oxidative
phosphorylation (A. L. M. Smith et al., 2022). Thus, mtDNA copy number alterations have
recently been used as biomarkers to study various disorders associated with mitochondria
(Koller et al., 2020; Mei et al., 2015; Memon et al., 2017).

1.1.1.3 Mitochondrial clearance by mitophagy

When mitochondrial damage exceeds the ability of mitochondrial repair mechanisms,
mitophagy is used to eliminate the entire organelle (Rong et al., 2021), resulting in a decline in
mitochondrial mass (Benischke et al., 2017; Doblado et al., 2021). Mitophagy is a selective
degradation process of damaged mitochondria, which plays a crucial role in maintaining
mitochondrial quality and cellular homeostasis to ensure optimal cellular fitness (Ma et al.,
2020). However, mitophagy is not only important for the clearance of damaged mitochondria,
but also for ensuring optimal cellular energy production, regulating steady-state mitochondrial
turnover, and fine-tuning of mitochondrial numbers (King & Plun-Favreau, 2017). The
clearance of mitochondria in mammals involves the activity of the PINK1/parkin mitophagy
pathway (Fig. 3), which identifies damaged mitochondria through the accumulation of PINK1
after mitochondrial membrane depolarisation (Ashrafi & Schwarz, 2015; Greene et al., 2012).
Under normal conditions, PTEN-induced putative protein kinase 1 (PINK1) is imported into the
IMS and undergoes proteasome-mediated degradation (Greene et al., 2012; Ma et al., 2020).
However, upon loss of mitochondrial membrane potential, PINK1 stabilises and accumulates
in the outer mitochondrial membrane (Narendra et al., 2010). PINK1 kinase activity is activated
by an unknown mechanism of autophosphorylation (Aerts et al., 2015; Okatsu et al., 2012),
which in turn phosphorylates parkin, an E3 ubiquitin ligase of mitochondria (Burté et al., 2015;
Kondapalli et al., 2012), and ubiquitin (Ub) chains present on the OMM, serving as a platform
for parkin recruitment and activation through direct binding (Kane et al., 2014; Tang et al.,
2017; Wauer et al., 2015). This leads to a feed-forward amplification loop, resulting in more
PINK1-mediated phospho-ubiquitin and recruitment of more parkin onto the OMM (Ordureau
et al., 2014). Activated Parkin ubiquitinates various proteins on the mitochondrial surface, such
as VDAC (Geisler et al., 2010), MFN2 (Tanaka et al., 2010), and Miro (Liang et al., 2015),
which arrest the movement and fusion of damaged mitochondria (Ashrafi & Schwarz, 2015;

Wang et al., 2011). Subsequently, ubiquitin-binding autophagy receptors, such as optineurin
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or p62/SQSTM1, are recruited to damaged mitochondria (Geisler et al., 2010; Lazarou et al.,
2015) and bridge ubiquitinated mitochondria to autophagosomal microtubule-associated chain
3B (LC3), directing them to proteasomal degradation and paving the way for autophagic

engulfment and mitophagic digestion (Evans & Holzbaur, 2020).

1.1.2 Mitochondrial bioenergetics in a nutshell

For the development of cellular structures, cell differentiation, and cell growth, the conversion
of organic molecules from the environment into ATP, the energy currency of the cell, is crucial.
Aerobic respiration in mitochondria involves multiple interconnected pathways that converge
to ultimately provide electrons to the ETC (Duchen, 2000). Mitochondria play a fundamental
role in regulating metabolic pathways, and the tight control of their dynamics and functions is
essential for sustaining an adequate energy balance (Nasrallah & Horvath, 2014). They
contain the enzymatic machinery required for the final oxidation of carbohydrates, fatty acids,
and proteins, resulting in the generation of energy in the form of ATP. Carbohydrates are
broken down in the cytosol by glycolysis, and enter the mitochondria in the form of pyruvate.
Pyruvate dehydrogenases inside the mitochondria decarboxylate pyruvate to form acetyl-CoA,
which can subsequently enter the tricarboxylic acid (TCA) cycle, where it is oxidised to form
CO.. Alternatively, fatty acids are converted to acetyl-CoA in the mitochondria via fatty acid
oxidation (FAO), while various enzymes catabolise amino acids into TCA cycle intermediates.
The electrons generated in the TCA cycle are transferred to NAD* and FAD" to generate high-
energy electron carriers, nicotinamide adenine dinucleotide (NADH) and flavin adenine
dinucleotide (FADH>), respectively, which are then re-oxidised in the ETC to produce ATP via
oxidative phosphorylation (OXPHOS).

Table 1: Overview of the main mitochondrial metabolic pathways. The main processes and the needed energy
sources and energy outputs are described.

Metabolic pathway Process Energy Source Energy Output
) ) ) Oxidation of acetyl-CoA to Acetyl-CoA; NAD*; CoA; NADH;
Tricarboxylic acid cycle
release stored energy FAD*; GDP FADHz; GTP
o Redox reactions in the ETC,
Oxidative . NADH, FADH2, ADP, NAD*; FAD*; H20;
) leading to energy release to
phosphorylation 02 ATP
produce ATP
Cn-2-acyl-CoA,
) o Catabolic breakdown of fatty Cn-acyl-CoA, FAD?,
Fatty acid oxidation ) FADH2; NADH,
acids to generate acetyl-CoA NAD*; CoA
acetyl-CoA
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1.1.2.1 Oxidative phosphorylation

The most important process of energy production in aerobic organisms is ATP generation by
oxidative phosphorylation, the primary task of the mitochondria (Duchen, 2000)

During OXPHOS, electrons from the reducing equivalents NADH and FADH,, generated
during TCA cycle activity, FAO, and glycolysis, are transferred to molecular oxygen to form
ATP. This successive electron transfer through a series of redox reactions is accomplished by
an electron transport chain consisting of four multienzyme electron carriers located in the inner
mitochondrial membrane (Fig. 5).
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Figure 5: Schematic representation of mitochondrial oxidative phosphorylation. The reducing equivalents
NADH and FADHz, derived from the breakdown of carbohydrates and lipids, donate electrons (e~) to complex | and
complex Il, respectively. The electrons are then transferred in a series of redox reactions until they reach molecular
oxygen (Oz2), which is the final electron acceptor, resulting in the formation of water. As electrons move through the
electron transport chain, energy is released, which is used by complexes |, Ill, and IV to transport protons (H*) from
the mitochondrial matrix into the IMS against an electrochemical gradient to create a proton motive force. This
proton motive force can drive the production of ATP via the reflux of protons through complex V (ATP synthase).
Created with BioRender.com.

Each complex has a higher standard reduction potential than the electron donors, with
molecular oxygen (O) as the final electron acceptor having the highest standard reduction
potential, ultimately driving ETC and restoring the NAD* and FAD™" pools. Complexes | and Il
accept electrons from NADH and FADHo, respectively, and transfer them to the lipid-soluble
electron carrier coenzyme Q and further to complex Ill. Electron flow continues through
complex IV and finally ends with the reduction of O, to form water. The energy generated by
electron flow across different complexes is used to pump protons (H*) from the matrix into the

IMS against their concentration gradient through the action of complexes |, Ill, and IV. This H*
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transport creates a pH gradient across the inner membrane, with a high pH in the matrix and
lower pH in the IMS. A voltage gradient also develops across the inner membrane, generating
a membrane potential (Aym=150mV).

The adenine nucleotide translocator (ANT) transports the generated ATP molecules in
exchange for ADP into the cytosol, where it is available for all energy-dependent processes
(Alberts, 2015; Chandel, 2015; Lodish et al., 2021).

Table 2: Characterisation of ETC complexes embedded in the IMM.

ETC complex Enzyme Mechanism

Oxidises NADH by transferring two electrons to
Complex | NADH dehydrogenase ) )
coenzyme Q, while pumping four H*

Oxidises FADH: by transferring two electrons to

Complex Il Succinate dehydrogenase

coenzyme Q
Q Ubiquinone/ubiquinol Electron transfer to complex IlI

Electron transfer to cytochrome ¢ and releasing four
Complex lll Cytochrome c reductase

H* into the IMS

) Oxidises cytochrome c by transferring its electrons to

Complex IV Cytochrome c oxidase

Oz, reducing it to H20 and pumping two additional H*

Apm drives the molecular rotor and phosphorylates
Complex V ATP synthase

ADP to ATP

1.1.2.2 Redox homeostasis and oxidative stress

The mitochondrial electron transport chain is the main source of reactive oxygen species within
a cell. The majority of mitochondrial ROS are produced when electrons leak from complex |
and form highly reactive superoxide (O2) by one-electron reduction of molecular oxygen
(Balaban et al., 2005; Chandel, 2015; Murphy, 2009). Complex I-mediated O, production is
regulated by the NADH/NAD" ratio and the rate of reverse electron transport (RET), which
occurs when reduced ubiquinone transfers electrons back through complex | to flavin
mononucleotides. While the NADH/NAD* ratio is influenced by ATP demand and the activity
of the ETC, RET is driven by a high ubiquinol/ubiquinone ratio alongside a high proton-motive
force (Murphy, 2009). Additionally, complex lll is capable of generating Oz, which is greatly
amplified upon the addition of antimycin A, a complex Il inhibitor (Murphy, 2009; Quinlan et
al., 2011). Both complexes can leak electrons into the mitochondrial matrix, whereas only
complex Il can leak electrons into the IMS (Muller et al., 2004).

To prevent damage, cells possess robust ROS-detoxifying enzymes as well as non-enzymatic
antioxidants such as glutathione, ascorbic acid, and uric acid (Mironczuk-Chodakowska et al.,
2018; Murphy, 2009; Nimse & Pal, 2015). O, is dismutated into the more stable hydrogen
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peroxide (H202) by superoxide dismutase (SOD) enzymes. In the mitochondrial matrix,
manganese-dependent SOD2, and in the cytosol and IMS SOD1, a copper- or zinc-dependent
enzyme catalyses this reaction (Kowaltowski et al., 2009). To maintain cellular redox balance,
H.0- is further deactivated by antioxidant enzymes such as catalase, glutathione peroxidase
(GPx), and peroxiredoxins (Kowaltowski et al., 2009; Mailloux, 2018). Moreover, cytochrome ¢
exhibits antioxidant properties itself and can scavenge O, (Pasdois et al., 2011). Additionally,
ROS can activate mitochondrial uncoupling proteins (UCP) to help dissipate the proton
gradient, thereby limiting ROS production through a negative feedback loop (Brand et al.,
2004; St-Pierre et al., 2006).

When mitochondrial ROS excessively accumulate and exceed the antioxidative capacity of a
cell, oxidative stress causes damage to macromolecules such as proteins, lipids, and mtDNA,
eventually resulting in mitochondrial dysfunction. This can lead to a process known as the
vicious cycle of further ROS production and further mitochondrial dysfunction, exacerbating
the damage caused by ROS (Ma et al., 2020).

In contrast, low levels of ROS play key roles as secondary messengers in cell signalling and
homeostasis, and regulate various biological processes, such as the immune response (West
et al., 2011), autophagy, proliferation, migration, and cell differentiation (Holmstrém & Finkel,
2014; Rhee, 2006; Scherz-Shouval et al., 2007; Sena & Chandel, 2012; West et al., 2011).
H.0- can diffuse through membranes and primarily act as a signal by affecting the activity of
proteins. This causes reversible oxidation of redox-sensitive thiol groups, thereby altering
protein function by changing its binding interactions, lifetime, and subcellular localisation
(Holmstrédm & Finkel, 2014; Sena & Chandel, 2012), and subsequently modifying cross-talk
between the mitochondria and the nucleus (Holmstrém & Finkel, 2014; Murphy, 2009).
Furthermore, peroxiredoxins have been shown to relay H.O-derived oxidising equivalents to
transcription factors or kinases such as MAPK (Barata & Dick, 2020). Interestingly, the MAPK
signalling pathway leads to the transcription of PGC-1a, which is involved in the expression of
antioxidants and mitochondrial biogenesis (Gureev et al., 2019), thereby enabling an optimal

balance between ROS and mitochondrial function (St-Pierre et al., 2006).

1.1.2.3 Calcium homeostasis

Calcium is a key signalling molecule involved in a wide range of cellular processes, including
nuclear transcription, cell dynamics, oxidative energy metabolism, neuronal synaptic
transmission, and neurotransmitter exocytosis (Berridge, 2012; Bravo-Sagua et al., 2017).
Therefore, tight regulation of low-resting cytosolic Ca?* levels and Ca?* signalling is essential
for maintaining cellular homeostasis (Bagur & Hajndczky, 2017).

Mitochondria are multifunctional organelles that contribute to cell signalling through

sophisticated communication mechanisms (Gottschalk et al., 2018), with Ca?* uptake being
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one of the most important processes involved (Cerella et al., 2010). They are intracellular Ca?*
stores that act as Ca?* buffers (Romero-Garcia & Prado-Garcia, 2019) at privileged contact
sites with the ER, known as the MAM and the plasma membrane (Szymanski et al., 2017),
thereby regulating fluctuations in cytosolic levels and playing an important role in cytosolic Ca?*
homeostasis.

Ca?" influx proceeds quite unrestricted across the OMM through the cation-selective open
VDAC conformation (Pavlov et al., 2005); therefore, cytosolic and IMS concentrations are at
equilibrium (Serrat et al., 2022). However, the uptake of free Ca?* into the mitochondrial matrix
is driven by the negative membrane potential Aym of healthy mitochondria (Duvvuri & Lood,
2021) and is strictly regulated via facilitated diffusion across the IMM by the mitochondrial Ca?*
uniporter holocomplex (MCUcx), a Ca?*-selective channel. Therefore, the transport of Ca?* into
the mitochondria is not directly coupled with the import or export of any other ion (Kamer &
Mootha, 2015).

MCUcx is composed of several proteins, including the pore-forming proteins MCU and MCUB,
the essential MCU regulator (EMRE), the mitochondrial calcium uniporter regulator 1
(MCURA1), and the mitochondrial calcium uptake proteins 1, 2, and 3 (MICU1-3), which
modulate the complex activity (J. Mishra et al., 2017; Pallafacchina et al., 2021). MCU is the
Ca?* permeant pore of the complex; however, co-expression with MCUB completely abolishes
MCU currents, thereby suppressing the channel activity (Mammucari et al., 2017). MICU1-3
are localised to the IMS and exhibit a gatekeeper function that regulates channel opening.
While MICU1 acts as both an inhibitor and cooperative activator of MCU by controlling the Ca?*
threshold and facilitating mitochondrial Ca?* uptake at high Ca?* concentrations, MICUZ2 directs
channel closure, inhibiting Ca?* influx at low resting cytosolic Ca?* concentrations (De Stefani
et al., 2015). MICU3 is predominantly expressed in the CNS, acting as an activator of the
channel and increasing Ca?* uptake (Patron et al., 2019).

Ca?* within the mitochondrial matrix plays a crucial role in oxidative metabolism. It improves
the kinetics of multiple TCA cycle enzymes including pyruvate dehydrogenase, isocitrate
dehydrogenase, a-ketoglutarate dehydrogenase, and succinate dehydrogenase. Ca?* ions
bind to and activate the regulatory subunits of these enzymes, leading to increased rates of
substrate oxidation and electron transfer, which ultimately results in increased production of
NADH and FADH2. This in turn enhances the efficiency of OXPHOS and maintains the proton
gradient across the IMM, resulting in increased ATP production and efficient cellular
metabolism (Dejos et al., 2020; Griffiths & Rutter, 2009; McCormack et al., 1990). However,
excessive Ca?* overload can be detrimental, leading to the collapse of Aym and the release
of pro-apoptotic proteins into the cytosol, thereby inducing apoptosis (S. Zhang et al., 2022).
Ca?* efflux from the mitochondrial matrix is primarily mediated by two saturable pathways: the

Na*/Ca?*/Li* exchanger (NCLX), which extrudes calcium in exchange for sodium or lithium
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ions, and the H*/Ca?* (HCX) exchanger, which actively transports Ca?* for 2 H* (Takeuchi et
al., 2015). Another mechanism involves the mitochondrial permeability transition pore (mPTP).
Under pathological conditions, mPTP is involved in cell death regulation, as its long-lasting or
irreversible opening results in the loss of Awm and swelling, eventually leading to cell death
via necrosis. Transient opening of the mPTP, however, plays a role in Ca?* efflux and may also
be involved in ROS signalling, as brief opening of the mPTP causes transient mitochondrial
depolarisation and a short burst of ROS production (Kinnally et al., 2011; Wacquier et al.,
2020).

Overall, strict regulation mediated by the interplay of various proteins is crucial to prevent Ca?*
overload as well as Ca?* depletion by maintaining matrix Ca?* concentrations while enabling
dynamic mitochondrial Ca?* signalling (Pathak & Trebak, 2018), since calcium deregulation

can cause cell damage or even cell death (Cerella et al., 2010).

1.2 Translocator protein 18 kDa: a multi-faceted mitochondrial
protein

The translocator protein 18 kDa (TSPO) was initially discovered in 1977 as a peripheral binding
site for diazepam when investigators attempted to identify endogenous receptors for
benzodiazepines, one of the most widely used drugs for treating patients with anxiety,
convulsions, or insomnia (Braestrup et al., 1977; Braestrup & Squires, 1977; Davies & Huston,
1981).

TSPO has long been referred to as the peripheral-type benzodiazepine receptor (PBR) to
distinguish it from the ‘central’ benzodiazepine receptor (CBR), which is associated with the y-
aminobutyric acid type A (GABA\) receptor (Austin et al., 2013; Papadopoulos et al., 2006;
Selvaraj & Stocco, 2015) forming an essential complex for inhibitory neurotransmission in the
central nervous system (CNS) (Bergman, 1986; Casellas, 2002; Goldschen-Ohm, 2022;
Saano, 1988). CBR and PBR have been reported to be distinct proteins that differ not only
pharmacologically and structurally, but also in tissue distribution and cellular and subcellular
localisation (Casellas, 2002; Marangos et al., 1982), with CBR primarily expressed in the
plasma membrane of neurons (Guilarte, 2019). In comparison, TSPO/PBR is mainly found in
glial cells in the CNS (Casellas, 2002; Papadopoulos et al., 2006; Rupprecht et al., 2010).
Subcellularly, TSPO is primarily located in the OMM (Frison et al., 2017), especially clustered
at outer and inner membrane contact sites (Lacapére & Papadopoulos, 2003; Papadopoulos
et al., 2006; Rone et al., 2012; Rupprecht et al., 2010), but has also been observed in MAMs,
the ER, and the plasma membrane (Loth et al., 2020).

TSPO belongs to a conserved family of widely distributed membrane proteins (Papadopoulos
et al., 2006) that are expressed across the whole mammalian body but in a tissue- and cell-

type-specific manner (Frison et al., 2017). In particular, steroid-synthesising tissues and
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secretory glands, such as the adrenals and gonads, exhibit high expression levels (Austin et
al., 2013; Selvaraj & Stocco, 2015). However, it is also present in other peripheral tissues,
including the lungs, kidneys, heart, and skin (Anholt et al., 1985; Gavish et al., 1999).

Under physiological conditions, TSPO expression within the CNS is relatively low and
restricted mainly to microglia and reactive astrocytes (Casellas, 2002); however, it is also found
in the endothelium and neurons (Notter et al., 2021).

Pathological conditions such as Alzheimer’s disease, multiple sclerosis, and cancer can lead
to upregulated TSPO expression levels in affected tissues, implying a role for TSPO in the
pathophysiology of neurodegenerative, neuroinflammatory, and neoplastic diseases (Arbo et
al., 2015; Casellas, 2002; Rupprecht et al., 2010; Selvaraj & Stocco, 2015).

1.2.1 Evolution and molecular structure

The human TSPO1 gene encodes a sequence of four exons of nuclear DNA on the long arm
of chromosome 22 (22g13.31) (Austin et al., 2013), showing a high degree of conservation
throughout the evolution from bacteria to humans (Papadopoulos et al., 2006). The TSPO
sequence shows a high degree of interspecies homology (M. Jaremko et al., 2015) and is
phylogenetically widespread from archaea and bacteria to insects and vertebrates. However,
itis not ubiquitous and TSPO genes are absent in E. coli and Saccharomyces cerevisiae (Hiser
et al., 2021; M. Jaremko et al., 2015).

Both human and mouse Tspo genes translate to a protein consisting of 169 amino acids with
81% sequence identity (Notter et al., 2021; Selvaraj et al., 2015). The bacterial sequence of
the tryptophan-rich sensory protein (TspO) from Rhodobacter sphaeroides shares 33.5%
sequence homology (Austin et al., 2013; Selvaraj et al., 2015), and TSPO homologues can
also be found in plants, such as Arabidopsis thaliana (Papadopoulos et al., 2006).

TSPO expression is regulated at multiple levels and sequence examination of the TSPO
promoter region has revealed a GC-rich region containing binding sites for specificity proteins
1, 3, and 4 (SP1, SP3, and SP4) (Batarseh et al., 2012). Sequences in the promoter region
that bind to the v-ets erythroblastosis virus E26 oncogene homologue (ETS) and activator
protein 1 (AP1) have also been reported to drive basal TSPO gene transcription (Giatzakis et
al., 2007; Giatzakis & Papadopoulos, 2004), thus providing strong evidence that the PKCe-
ERK1/-AP1/STATS signalling pathway mainly induces TSPO expression by upregulating ETS
and SP1/SP3 transcription factors (Ammer et al., 2020; Batarseh et al., 2008, 2010).
Additionally, non-transcription factor-mediated gene regulation of TSPO via natural antisense
transcripts has been demonstrated. Seven intron-based short interspersed repetitive elements
B2 (SINE B2) reside at the TSPO locus. Within intron 3, one of these elements drives the
expression of a transcript that overlaps with exon 3, thereby functioning as a natural antisense

transcript. This antisense transcript directly targets TSPO mRNA and represses TSPO
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expression via complementary base pairing (Fan & Papadopoulos, 2012). However, the
precise mechanisms regulating TSPO transcription remain unclear (Batarseh et al., 2010).

TSPO is a small 18 kDa integral membrane protein that contains numerous hydrophobic
tryptophan residues distributed throughout the sequence and forms five a-helical amphipathic
transmembrane domains (TM1-TM5) (M. Jaremko et al., 2015; Joseph-Liauzun et al., 1998).
This tightly packed helical bundle spans the lipid bilayer of the OMM in a right-handed
clockwise TM1-TM2-TM5-TM4-TM3 (viewed from the cytosol) order (L. Jaremko et al., 2014)

(Fig. 6).
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Figure 6: Topological model of human TSPO. TSPO consists of 169 amino acids that form five a-helical
transmembrane domains (TM1-TM5) spanning the lipid bilayer. On the cytosolic side, TSPO features a TM1-TM2
loop, a TM3-TM4 loop, and a long, flexible C-terminal tail. At this cytoplasmic carboxy end within transmembrane
helix 5 (TM5), the conserved cholesterol recognition amino acid consensus (CRAC) domain (pink) was identified
as a high-affinity binding site for cholesterol. As intramitochondrial components, TSPO exhibits a short N-terminus
and TM2-TM3 and TM4-TM5 loops. Topology model of full-length human TSPO was generated using PROTTER.
Inset: View of the TSPO monomer, perpendicular and parallel to the membrane plane created with Chimera.

A five amino acid short intramitochondrial N-terminus and a 14 amino acid long flexible C-
terminal tail (V. Milenkovic et al., 2015) flank the pentahelical structure of TSPO. Topological
analysis also revealed several hydrophilic loop regions connecting the individual TM domains
(Joseph-Liauzun et al., 1998): a TM3-TM4 and a TM1-TM2 loop on the extramitochondrial side
and the TM4-TM5 and TM2-TM3 loops as intramitochondrial components (M. Jaremko et al.,
2015). The long TM1-TM2 loop (LP1) near the C-terminus also forms a small, flexible a-helix
(a4,2), which stabilises upon binding of the TSPO ligand PK11195 (L. Jaremko et al., 2014) to
the hydrophobic pocket formed by the five transmembrane helices. This a4 helix forms a lid
to stabilise ligand binding in the fluid-filled centre of the protein (Frison et al., 2017; M. Jaremko
et al., 2015). TSPO interacts with a variety of endogenous ligands and metabolites, such as
cholesterol, porphyrins, phospholipase A2 and diazepam-binding inhibitor (DBI) (Veenman et
al.,, 2016) and also provides a target structure for many small synthetic molecules with

significant in vivo efficacy (L. Jaremko et al., 2015).
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At the cytoplasmic carboxy end, near the transmembrane helix TM5, a conserved cholesterol
recognition amino acid consensus (CRAC) domain (amino acid residues 147-159) was
identified as a binding site with nanomolar affinity for cholesterol (M. Jaremko et al., 2015; H.
Li & Papadopoulos, 1998), suggesting TSPO as a membrane-associated cholesterol transport
protein (Krueger & Papadopoulos, 1990; Lacapére et al., 2001). However, 3D structural NMR
analyses showed that, contrary to previous assumptions of TSPO transporting cholesterol
through the interior core (Lacapeére et al., 2001; Rupprecht et al., 2010), the CRAC domain
does not form a tunnel-like pore for cholesterol binding and translocation. Moreover, the amino
acid side chains essential for cholesterol binding are localised outside the TSPO structure and
point away from the interior of the protein towards the membrane (Frison et al., 2017; t.
Jaremko et al., 2014; M. Jaremko et al., 2015).

Additionally, the extramitochondrial C-terminus comprises a strong positive charge, whereas
the components of the receptor within the IMS are equally positively and negatively charged.
These differentially charged regions may be important for the recognition and interaction of
endogenous ligands and proteins with TSPO (L. Jaremko et al., 2014).

TSPO has been reported to exist in monomer, dimer, and oligomer states, as multiple bands
have been detected by western blotting using TSPO polyclonal antisera (Delavoie et al., 2003).
However, studies using a rabbit monoclonal antibody could detect only a single 18 kDa band
(Morohaku et al., 2013). Electron microscopy (EM) structure and crystallographic studies have
revealed that bacterial TSPO forms a highly stable dimer (Guo et al., 2015; Korkhov et al.,
2010; R. Lin et al., 2015), whereas NMR structural analysis of murine TSPO (mTSPO) has
revealed a monomer (L. Jaremko et al., 2014). However, residue-specific analysis showed that
mTSPO exists in a dynamic monomer-dimer equilibrium in the membrane. It has been shown
that cholesterol binding to mTSO changes the structure across the protein, shifting the dynamic
equilibrium towards the monomer (Jaipuria et al., 2017).

Therefore, further investigations are required to gather more experimental evidence regarding
TSPO oligomerisation and complex formation. In particular, the interaction with VDAC1

appears to be important for a mechanistic understanding.

1.2.2 The many functions of TSPO

Since its discovery in 1977, the structural and functional properties of TSPO have been a topic
of active research, and TSPO has attracted great interest because of its variety of associated
biological functions and potential therapeutic implications (Casellas, 2002).

However, despite over 40 years of extensive investigation and in-depth pharmacological and
biochemical studies, the functions of TSPO remain unclear and controversial (Casellas, 2002;
Notter et al., 2021).
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Its localisation in the outer membrane of mitochondria, a multifunctional organelle itself,
underscores its importance in cell physiology and at the crossroads of critical pathways of
mitochondrial homeostasis and signalling (Frison et al., 2017; Gatliff & Campanella, 2012;
Nutma et al., 2021; Selvaraj & Stocco, 2015). The evolutionarily conserved sequence from
bacteria to humans further supports its functional significance. TSPO is considered a
multifunctional protein involved in a wide array of cellular and mitochondrial functions that are
essential for human health (Nutma et al., 2021). Nevertheless, its precise role in various
physiological and pathophysiological contexts and its specific mechanisms of action remain
elusive. TSPO has been demonstrated to be involved in cholesterol transport, thereby affecting
mitochondrial steroid synthesis in general (Barron et al., 2018; Owen, Fan, et al., 2017;
Papadopoulos et al., 2015) as well as the synthesis of neurosteroids in neuronal cells (Bader
et al., 2019; Da Pozzo et al., 2012; Germelli et al., 2021; Owen, Fan, et al.,, 2017;
Papadopoulos et al., 2018; Selvaraj & Tu, 2016; L. Wolf et al., 2015).

Moreover, TSPO participates in Ca** homeostasis (Gatliff et al., 2017; Gatliff & Campanella,
2012; V. M. Milenkovic et al., 2019), mitochondrial respiration, and bioenergetics (Banati et al.,
2014; G.-J. Liu et al., 2017; V. M. Milenkovic et al., 2019). Other TSPO-associated functions
include the regulation of oxidative stress, generation of ROS, mitophagy (Gatliff et al., 2014),
and beta-oxidation of fatty acids (Tu et al.,, 2016), thereby affecting downstream cellular
processes, such as proliferation, survival, and apoptosis (Papadopoulos & Lecanu, 2009;
Rupprecht et al., 2010; Veenman, et al., 2007), and network functions, such as GABAergic
neurotransmission and related higher brain functions (Rupprecht et al., 2010).

Additionally, TSPO is thought to play a role in the pathophysiology of neuroinflammation,
neurodegeneration, and neoplasia, as its expression is increased in the context of diseases
such as Parkinson's disease, multiple sclerosis, and various tumours (V. Milenkovic et al.,
2015; Rupprecht et al., 2010).

1.2.2.1 TSPO and (neuro-) steroid synthesis

Steroid hormones, cholesterol-derivates with crucial biological functions involved in cellular
signalling and hormonal control (Costa et al., 2018) are produced through de novo
steroidogenesis, mainly in the adrenal cortex, gonads, and placenta. Additionally, a range of
neurosteroids are synthesised in the brain (Schiffer et al., 2019). These endogenous
neuromodulators, as well as neuroactive steroids produced in peripheral organs but acting on
the CNS, are able to rapidly alter neuronal excitability and structural plasticity (Da Pozzo et al.,
2012; Porcu et al., 2016).

As a first step, steroid synthesis involves the conversion of cholesterol to pregnenolone, the
precursor of all steroid hormones. This conversion is catalysed by a specific isoform of

cytochrome P450 (cholesterol side-chain cleavage enzyme P450scc), which is located on the
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matrix side of the IMM (Frison et al., 2017; Miller, 2013). As cholesterol is highly lipophilic and
cannot readily traverse the OMM to the IMM through the aqueous IMS, intracellular transport
machinery is required to facilitate its import as the rate-limiting step of steroidogenesis (Costa
et al., 2020). This process is thought to be carried out by a multimeric protein complex called
the transduceosome, which includes the mitochondrial proteins TSPO, VDAC1 and ATPase
family AAA domain-containing protein 3A (ATAD3A), and cytoplasmic steroidogenic acute
regulatory protein (StAR) (Fig. 7). These proteins work together to enable cholesterol
translocation into the mitochondrial matrix (Aghazadeh et al., 2015; A. Midzak &
Papadopoulos, 2016; A. S. Midzak et al., 2011; Miller, 2013).

Cytosol

OMM

Intermembrane
Space

IMM

Figure 7: Mitochondrial cholesterol import and metabolism machinery. The transduceosome is composed of
cytoplasmic (StAR, ACBD3, PKA, coloured gray), OMM (TSPO and VDAC, coloured orange), and IMM (ATAD3A,
coloured red) proteins. Upon hormonal stimulation, the individual components of the transduceosome non-
covalently assemble and transduce the resultant cAMP signal for cholesterol translocation into the mitochondria.
However, the detailed molecular mechanism underlying cholesterol import remains largely unknown. Once
cholesterol is imported into the mitochondria, the metabolon of the IMM (CYP11A1, FDX, and FDXR, coloured red)
catalyzes the conversion of cholesterol to pregnenolone, the precursor of all steroids, including neurosteroids
Adapted from Midzak & Papadopoulos, 2016. Created with BioRender.com.

Although the precise molecular mechanisms of cholesterol import are not yet fully understood,
it is believed that the individual components of the transduceosome assemble in response to
hormonal stimulation and cholesterol translocation is initiated via StAR in response to cAMP
signalling (Aghazadeh et al., 2015; A. Midzak & Papadopoulos, 2016; A. S. Midzak et al., 2011;
Miller, 2013). StAR is located in the cytoplasm, acts as a cholesterol shuttle, binds to

cholesterol, and moves it to the OMM. VDAC is thought to interact with other proteins and
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anchor TSPO and StAR to facilitate cholesterol transfer from the cytoplasm to the
mitochondrial matrix. ATAD3A is also thought to play a role in transduceosome function. The
N-terminal region of ATAD3A is localised within the OMM, whereas the C-terminus can be
found in the matrix, effectively bridging the two membranes to form a contact site (Rone et al.,
2012). It has also been proposed that ATAD3A acts as a scaffold to help organise other
components of protein complexes and regulate their activity (Arguello et al., 2021).

Once inside the mitochondria, cholesterol is converted to pregnenolone, and subsequently
different steroids are synthesised in a tissue-dependent manner. In the brain, glial cells and
neurons produce neurosteroids such as progesterone, dehydroepiandrosterone (DHEA), and
allopregnanolone. Neurosteroids have been shown to be involved in a variety of physiological
and behavioural functions, such as mood, anxiety and cognition (Da Pozzo et al., 2012; Engel
& Grant, 2001; Garcia-Segura & Melcangi, 2006). By modulating the activity of
neurotransmitter receptors, such as GABA and NMDA receptors, they exhibit anxiolytic,
antidepressant, and antipsychotic effects (Da Pozzo et al., 2012; Porcu et al., 2016; Rupprecht
et al., 2001; Rupprecht, Wetzel, et al., 2022).

The role of TSPO in the regulation of steroid synthesis, including its possible involvement in
CNS diseases and dysfunction, has been extensively studied and characterised (Batoko et al.,
2015; Rupprecht, Wetzel, et al., 2022; Selvaraj & Stocco, 2015). Owing to its ubiquitous
expression, particularly in steroidogenic tissues (Papadopoulos et al., 2006; Rupprecht et al.,
2010; Selvaraj et al., 2015), and its early discovery as a high-affinity cholesterol-binding protein
(H. Li & Papadopoulos, 1998), TSPO has long been considered essential for mitochondrial
cholesterol translocation (Batoko et al., 2015; Selvaraj et al., 2015). Several studies have
provided evidence that TSPO is crucial for steroid production and plays an essential role in
viability and fertility. The link between TSPO and steroid synthesis was established in two
important studies, demonstrating that the binding of synthetic TSPO ligands induced steroid
hormone production in both Y1-adrenocortical (Mukhin et al., 1989) and MA-10-Leydig tumour
cells (Krueger & Papadopoulos, 1990; Papadopoulos et al., 1990). To further confirm the
contribution of TSPO, the endogenous TSPO ligand DBl was used to promote steroid
production in steroidogenic cells (Garnier et al., 1993; Papadopoulos et al., 1991). Subsequent
experiments have also revealed that TSPO is essential for steroidogenesis, as the inhibition
of TSPO expression via gene knockdown (Hauet et al.,, 2005) or gene disruption
(Papadopoulos, Amri, Li, et al., 1997) in rat Leydig cells led to a reduction in steroid production.
These findings confirmed the involvement of TSPO in steroidogenesis and suggested that
TSPO acts as a channel that mediates mitochondrial cholesterol import (Gatliff & Campanella,
2016). As a result of this expanding understanding of its function, PBR was renamed
translocator protein to better reflect its role in cellular physiology (Papadopoulos et al., 2006;
Rupprecht et al., 2010).
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However, recent studies have contradicted these initial findings and have shown that TSPO is
not involved in steroid synthesis (Selvaraj et al., 2015). Conditional TSPO knockout (TSPO~%)
in mouse Leydig cells did not affect testosterone production in vivo (Morohaku et al., 2014). In
contrast to a previous report that described TSPO knockout mice as early embryonically lethal
(Papadopoulos, Amri, Boujrad, et al., 1997), global knockout of TSPO (TSPO™) did not result
in any alterations in viability, fertility, or steroid-producing ability (Banati et al., 2014; Tu et al.,
2014).

Moreover, steroidogenic human adrenocortical cells, which hardly express endogenous
TSPO, produce steroid hormones (Tu et al., 2014). These conflicting results have led to a re-
examination of the biological role of TSPO in steroidogenesis and its significance in health and
disease (Tu et al., 2014).

Nevertheless, recent studies have shown that TSPO is specifically involved in neurosteroid
synthesis in murine (Bader et al., 2019; L. Wolf et al., 2015) and human microglial cells
(Germelli et al., 2021), which increased after stimulation with specific TSPO ligands (Germelli
et al., 2021; L. Wolf et al., 2015). Consistently, the essential contribution of StAR and TSPO in
promoting neurosteroidogenesis has been demonstrated in astrocytes, the main steroidogenic
cells of the CNS (Costa et al., 2020). In particular, a study conducted on primary rat
hypothalamic astrocytes revealed that PKA-mediated phosphorylation of StAR and TSPO was
essential for promoting neurosteroid synthesis after hormonal treatment (C. Chen et al., 2014).
Another study using an astrocytic model showed that stimulation of TSPO with synthetic
ligands increased the expression level of the mitochondrial form of StAR, an indicator of protein
activation (Costa et al., 2020; Santoro et al., 2016).

1.2.2.2 TSPO as a regulator of mitochondrial and cellular homeostasis

TSPO is associated with various aspects of mitochondrial physiology and a significant
hypothesis relates these putative functions to the interaction between TSPO and VDAC (Frison
et al.,, 2017). VDAC exhibits both ion selectivity and voltage dependence, enabling
mitochondrial function and energy supply. In the open state (high conductance), VDAC
transports organic anions, ATP, ADP, inorganic phosphate (P;), and respiratory substrates.
While in the closed state (low conductance), the channel is permeable to smaller cations such
as K*, Na*, and Ca?" (Camara et al., 2017). Under physiological conditions, the cytoskeletal
protein tubulin modulates VDAC function (Camara et al., 2017; Rostovtseva et al., 2008),
whereas other proteins, including TSPO, can competitively bind to VDAC and may in turn
modulate the tubulin-VDAC interaction. Thus, it is assumed that TSPO acts as a modulator of
energy metabolism by altering VDAC permeability to ADP, ATP, and P; (Gatliff & Campanella,
2012).
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Figure 8 TSPO as a regulator of mitochondrial and cellular homeostasis. (A) TSPO Mitochondrial
bioenergetics and redox homeostasis. The impact of TSPO loss on the oxygen consumption rate varies between
cell types and may be due to differences in mitochondrial types and energetic status among cells. Interactions
among TSPO, VDAC1, and NOX2 in the regulation of ROS generation and redox homeostasis have been proposed
in several studies. However, the exact mechanisms of action remain unclear. (B) Calcium homeostasis. Various
studies using specific TSPO ligands and TSPO deficiency models suggest a regulatory role of TSPO in
mitochondrial Ca?* homeostasis and cellular Ca* dynamics by modulating VDAC function. (C) Immunomodulation.
Several findings suggest that TSPO is an immunomodulatory target and emphasise the potential of TSPO ligands
as therapeutic interventions in neurodegenerative diseases, although further research is needed to understand their
underlying mechanisms. Created with BioRender.com.

1.2.2.2.1 Bioenergetics and redox homeostasis

Several studies using the TSPO ligands PK11195 and Ro5-4864 have shown a dose-
dependent reduction in oxygen consumption in the murine C1300 neuroblastoma cell line
(Larcher et al., 1989) and an increase in the rate of stage |V respiration, and a decrease in the
rate of stage Il respiration in isolated mitochondria of rat kidneys, resulting in a significant
reduction in the respiratory control rate due to TSPO binding (Hirsch et al., 1989). However,
recent studies have shown no differences in the oxygen consumption rate (OCR) in isolated
mitochondria from liver-specific TSPOY2 mice compared to the control group (Sileikyté et al.,
2014). Similarly, the OCR of steroidogenic MA-10 Leydig cells, which highly express
endogenous TSPO, did not differ from that of TSPO~2 MA-10 Leydig cells. Interestingly, they
shift their substrate utilisation from glucose to fatty acids, with significantly higher mitochondrial
FAO (Tu et al.,, 2016). In contrast, Banati et al. observed impaired basal mitochondrial
respiration and significantly reduced ATP synthesis in TSPO-deficient murine microglial cells,
suggesting reduced metabolic activity, and provided the first evidence of a regulatory role for
TSPO in the energy metabolism of neural cells (Banati et al., 2014). TSPO knockdown in
mouse BV-2 microglial cells also showed an influence of TSPO on the modulation of energy
metabolism, with gene silencing of TSPO affecting several parameters of mitochondrial
respiration but not the basal and maximal OCR (Bader et al.,, 2019). TSPO knockout in

immortalised human microglia led to reduced basal and maximal oxygen consumption (V. M.
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Milenkovic et al.,, 2019) and TSPO deficiency in primary mouse microglia inhibited
mitochondrial oxidative phosphorylation and glycolysis, suggesting a general metabolic deficit
in microglia (Yao et al., 2020). In contrast, TSPO overexpression in Jurkat cells resulted in
increased ATP production and mitochondrial ETC gene transcription as well as elevated cell
proliferation and motility (G.-J. Liu et al., 2017).

Various seemingly contradictory mechanisms have been proposed to explain the role of TSPO
in redox homeostasis. One hypothesis states that TSPO, when associated with VDAC, induces
ROS production, which can be reversed by knockdown of TSPO expression (Gatliff et al.,
2014). Another study has suggested that TSPO overexpression could reduce mitochondrial
ROS generation through an identical VDAC-dependent interaction (Joo et al., 2012, 2015).
Consistent with this, the loss of TSPO in TSPOY2 Ma-10 Leydig cells resulted in increased
ROS levels (Tu et al., 2016). Additionally, TSPO is thought to act on its own to neutralise ROS
through the abundance of tryptophan residues in its structure, thereby protecting against
oxidative stress (Guo et al., 2015). Furthermore, an association between TSPO and NADPH
oxidase 2 (NOX2), the major source of ROS in the CNS, has been proposed to induce ROS
production in primary mouse microglia. TSPO is assumed to act as a carrier for haeme, which
is essential for Cytbsss, the catalytic core of NOX2 (Guilarte et al., 2016; Loth et al., 2020). An
acute burst of ROS has been shown to cause an increase in TSPO levels, which can be
reversed when a ROS scavenger is used. TSPO has been linked to the principal subunits of
NOX2 in primary murine microglia, suggesting a regulatory role in the formation of Cytbsss and
the subsequent regulation of the expression level and activity of NOX2 and redox homeostasis
in microglia (Loth et al., 2020). Cardiac-specific TSPOY2 mice, however, did not show any
difference in the degree of ischaemia-reperfusion injury (Sileikyté et al., 2014), a pathology
partially directed by myocardial NOX2 (Braunersreuther et al., 2013). Nevertheless, evidence
of TSPO-NOX interaction has also been described in two independent studies. Galtliff et al.
indicated TSPO-mediated Ca?*-dependent activation of NOX5 in various cell types (Gatliff et
al., 2017), whereas Wolf et al. postulated that TSPO is critical for Ca?*-associated NOX1-
mediated generation of extracellular ROS in retinal phagocytes (A. Wolf et al., 2020) (Fig 8A).

1.2.2.2.2 Mitochondrial calcium homeostasis

Ca?" is a crucial intracellular messenger that plays a versatile role in the biochemistry and
signalling pathways of the cell. Ca?* levels within the cell are tightly regulated by steady-state
Ca?" influx and efflux. Diverse stimuli can lead to the release of Ca?* from internal storage,
such as the mitochondria and ER, or external sources, followed by its removal through a variety
of mechanisms, including Ca?* channels, transporters, pumps, and buffering proteins. This in
turn results in the formation of intracellular signals. Ca?* acts over a wide temporal and spatial

range to regulate cellular processes, including enzyme activity, apoptosis, proliferation, gene
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regulation, and metabolism (Berridge, 2012). Dysregulation of Ca?* signalling can lead to
cellular dysfunction and cell death and has been implicated in numerous diseases, including
neurodegenerative disorders, cardiovascular diseases, and cancer (Modesti et al., 2021;
Ureshino et al., 2019).

There is limited evidence for the role of TSPO in Ca?* homeostasis; however, TSPO is
assumed to be involved in maintaining cytoplasmic and mitochondrial Ca?* levels. The
interaction between TSPO and VDAC, the main Ca?* channel in the OMM, may regulate
changes in Ca?* homeostasis. TSPO has been shown to interact with acyl-CoA binding
domain-containing protein 3 (ACBD3), which forms a complex with the cAMP-dependent
protein kinase PKA, subsequently regulating VDAC activity via phosphorylation (Gatliff et al.,
2017). Previous studies have shown that TSPO ligands modulate the mitochondrial and
cytoplasmic Ca?* dynamics. Campanella et al. observed a new pharmacological effect of
PK11195 on Ca?* signalling and provided evidence for the possible regulation of apoptosis
(Campanella, Szabadkai, et al., 2008). Moreover, studies focusing on the contribution of TSPO
and its specific ligands to mitochondrial membrane permeability further suggest a potential role
for TSPO in regulating mitochondrial Ca?* homeostasis and sensitivity to apoptotic signals
(Azarashvili et al., 2007, 2015; Krestinina et al., 2009). PK11195 treatment of the human colon
tumor cell line HT-29 led to a rapid increase in intracellular Ca?* concentration through transient
mitochondrial Ca?* efflux (Ostuni et al., 2007). Hong et al. suggested that the activation of
TSPO by PK11195 is associated with reduced store-operated channel-mediated Ca?* influx
and subsequent modulation of cellular functions in human microglia (Hong et al., 2006).
Although TSPO knockdown in BV-2 murine microglial cells did not affect basal cytoplasmic
Ca?" levels (Bader et al., 2019), knockout of TSPO in immortalised human microglia led to a
significant Ca?* increase, suggesting an important role of TSPO in regulating Ca?* homeostasis
(Bader et al., 2023; V. M. Milenkovic et al., 2019). Protoporphyrin IX (PPIX), a high-affinity
TSPO ligand, reduced mitochondrial Ca?* uptake in isolated rat heart mitochondria in a dose-
dependent manner. In addition, PPIX affected VDAC function and decreased its conductance
(Tamse et al., 2008). However, TSPO overexpression increased the intracellular Ca*
concentration after exposure to IP; generating stimuli and pharmacological inhibition of Ca?*
retention by intracellular stores, thereby deregulating mitochondrial Ca?* uptake capacity
(Gatliff et al., 2017) (Fig. 8B).

Collectively, these findings indicate that TSPO may play a significant regulatory role in VDAC
function, and consequently in the maintenance of mitochondrial Ca** homeostasis, as well as

in the transport of ions and metabolites.
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1.2.2.2.3 TSPO as a target for immunomodulation

The innate immune system, particularly microglia, is involved in neurodegenerative diseases,
with neuroinflammation often preceding neuronal loss (Bae et al., 2014). Therefore, it is
important to detect inflammatory processes during pre-symptomatic stages (Beckers et al.,
2018). Positron emission tomography (PET) is a sensitive, non-invasive imaging technique
used to investigate and quantify receptor and enzyme expression (Ory et al., 2014). A
radiolabelled tracer for a protein overexpressed during neuroinflammation, such as TSPO, can
be used as a diagnostic tool to monitor disease progression, as well as the effectiveness of
anti-inflammatory therapies.

TSPO expression is increased in various neuropathologies such as Alzheimer’s disease,
multiple sclerosis, Parkinson’s disease, major depressive disorder, and schizophrenia
(Rupprecht et al., 2010). This altered expression correlates with the degree of damage (M.-K.
Chen & Guilarte, 2008), and is often colocalised with activated microglia and reactive
astrocytes (Lavisse et al., 2012; Werry et al., 2019). Thus, TSPO has been identified as a
promising biomarker for neuroinflammation, and TSPO-PET radioligands allow localisation of
damaged areas or active inflammatory processes (Ory et al., 2014).

In addition to their diagnostic use in visualising TSPO expression in vivo, several studies have
demonstrated their ability to mitigate microglial reactivity and promote neuronal survival
(Ferzaz et al., 2002; Ryu et al., 2005; Veiga et al., 2005). TSPO ligands are effective in treating
neuroinflammation and degeneration in various disease models (Rupprecht et al., 2010).
Some studies have considered increased TSPO expression in inflammatory tissue, even as
an anti-inflammatory response and hence, making TSPO a potential disease-modifying gene
and an attractive therapeutic target (Bae et al., 2014; S. A. Wolf et al., 2017).

TSPO interacts with several endogenous ligands such as cholesterol and porphyrins, and is a
target structure for many small synthetic molecules with significant in vivo efficacy (L. Jaremko
et al., 2015). Although synthetic TSPO ligands have primarily been developed for diagnostic
imaging purposes, classical and newly developed ligands exhibit anti-inflammatory (Ryu et al.,
2005; Santoro et al., 2016), immunosuppressive (Daugherty et al., 2013), neuroprotective
(Soustiel et al., 2008; Veiga et al., 2005), regenerative (Girard et al., 2012), and anxiolytic
(Rupprecht et al., 2009, 2010; Rupprecht, Wetzel, et al., 2022) activities.

Classical synthetic TSPO ligands, such as the isoquinoline carboxamide PK11195 and the
benzodiazepine derivative R05-4864, which bind TSPO with nanomolar affinity, have been
shown to exert neuroprotective and anti-inflammatory effects. Administration of Ro5-4864 not
only reduced hippocampal amyloid- accumulation and gliosis, thereby reducing behavioural
impairment in younger mice, but also partially reversed the pathological condition in older mice

in an Alzheimer's mouse model (Barron et al., 2018). Additionally, PK11195 treatment
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improved behavioural and pathological disease outcomes in a late-stage Alzheimer’s model
by reducing both soluble and deposited amyloid-g (Christensen & Pike, 2018). In two other
independent neurodegeneration models, Ro5-4864 prevented neuronal loss (Veiga et al.,
2005), and increased neuronal survival and neurofilament network density (Soustiel et al.,
2008). Ryu et al. showed that in a quinolinic acid-induced brain injury model, the TSPO
antagonist PK11195 reduced pro-inflammatory cytokine production, microglial activation, and
neuronal death (Ryu et al., 2005). Moreover, a recent study found that TSPO deficiency in
primary microglia reduced their ability to phagocytose amyloid-f and increased the secretion
of pro-inflammatory cytokines after stimulation with LPS or amyloid- (H. Zhang et al., 2021).
Administration of another well-established TSPO ligand, the benzoxazine etifoxine, protected
and improved symptomatic recovery in a mouse model of multiple sclerosis by reducing the
expression of pro-inflammatory cytokines and peripheral immune cell infiltration in the spinal
cord (Daugherty et al., 2013) as well as decreasing microglial reactivity and promoting
neuronal survival, thereby exerting beneficial effects after intracerebral haemorrhage or
traumatic brain injury (M. Li et al., 2017; Simon-O’Brien et al., 2016).

The TSPO agonist XBD173 (emapunil) is a selective and high-affinity second-generation
ligand. It mediates anxiolytic and antidepressant effects in various experimental models
without causing the side effect profile associated with conventional benzodiazepine derivatives
(Kita et al., 2004; Rupprecht et al., 2009). In a mouse model of Parkinson’s disease, treatment
with XBD173 reduced the degeneration of dopaminergic neurones and improved motor
function (Gong et al., 2019). Two studies have demonstrated the immunomodulatory and
neuroprotective effects of XBD173 by reducing microglial reactivity, accumulation, and
neurotoxicity as well as the expression of pro-inflammatory cytokines in BV-2 microglia
(Karlstetter et al., 2014) and in a mouse model of light-induced retinal degeneration (Scholz et
al., 2015). Additionally, XBD173 increased GABAergic neurotransmission by inducing
neurosteroid synthesis and counteracted pharmacologically induced panic attacks in both
rodents and humans (Rupprecht et al., 2009). Consistent with this, recent clinical studies on
etifoxine reported anxiolytic effects similar to those of clonazepam, an established anxiolytic
compound (Vicente et al., 2020). This might be attributed to the involvement of TSPO ligands
in the synthesis of neurosteroids, which are known to modulate GABAx receptors and are also
targeted by traditional anxiolytic drugs, such as benzodiazepines (Rupprecht, Wetzel, et al.,
2022) (Rupprecht et al., 2022). Allopregnanolone, a potent GABAAa receptor agonist, has been
shown to have therapeutic effects in psychiatric conditions, such as anxiety, depression, and
post-traumatic stress disorder (Rupprecht, Wetzel, et al., 2022; Schiile et al., 2014; Shang et
al., 2020). Other than anxiolytic actions, some TSPO ligands have been found to exert
antidepressant effects in various rodent models of depression (Gavioli et al., 2003; Kita et al.,
2004; L.-M. Zhang et al., 2014). Shang et al. investigated the effects of the TSPO agonist, AC-
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5216, on depression and memory in chronically stressed mice. They found that the TSPO
ligand produced rapid antidepressant-like effects and improved memory performance in
control mice, which was not observed in TSPO KO mice, indicating a TSPO-mediated
anxiolytic action (Shang et al., 2020).

Taken together, TSPO has been widely used as a target for developing new diagnostic and
therapeutic strategies due to its important role in cellular and systemic functions, as well as its
involvement in various dysfunctions and diseases (Frison et al., 2017) and these findings
highlight TSPO as an immunomodulatory target and emphasize the potential of TSPO ligands
as pharmacological therapies in the treatment of neurological and psychiatric diseases, due to
their anti-inflammatory and neuroprotective properties. However, the underlying mechanisms

are still not fully understood (Fig. 8C).

1.3 Aim of the thesis

TSPO is associated with various aspects of mitochondrial metabolism. However, contradictory
and controversial findings from decades of research since its discovery in 1977 impede the
understanding of the physiological role of TSPO in steroid synthesis and its significance in
maintaining mitochondrial homeostasis. Nevertheless, TSPO’s unique characteristics,
including its localisation in the outer mitochondrial membrane, evolutionary sequence
conservation across species, and specific structural properties, support the assumption of an
essential role in regulating cellular and mitochondrial functions. However, the precise
involvement of TSPO in various physiological and pathophysiological contexts, as well as its
potential therapeutic implications, remains yet to be fully elucidated.

Therefore, this thesis aimed to investigate the functional importance of TSPO using a novel
human cellular TSPO knockout model, allowing experiments to be conducted in the presence
and absence of TSPO. Using CRSIPR/Cas9 technology TSPO knockout variants of human
induced pluripotent stem cells (hiPSCs) were generated and differentiated into neural
progenitor cells (NPCs), astrocytes, and neurons, as TSPO function and physiological effects
may vary in a tissue- and cell type-dependent manner. Subsequently, these different cell types
were used to functionally characterise TSPO, with a main focus on mitochondrial phenotyping
in TSPO knockout and control cells.

Accordingly, the present study investigated the involvement of TSPO in neurosteroid
synthesis, calcium homeostasis, mitochondrial respiration, and other bioenergetic parameters,
reflecting the functional integrity of mitochondria. Overall, these studies contribute basic cell
biological knowledge towards understanding the putative role of TSPO as a hub in
mitochondrial metabolism. Given the hypothesis that TSPO regulates mitochondrial
homeostasis, understanding the molecular function and mechanisms of action of TSPO is

indispensable as it may offer future therapeutic possibilities for mitochondria-related disorders.
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2 Material and Methods

2.1 Material

2.1.1 Laboratory consumables and equipment

Table 3: Laboratory consumables

Consumable

Manufacturer

60u-Dish (& 35 mm, high)

Cell culture plates

CellTrics 50 pm cell strainer
Coverslips, glass (& 25 mm; & 12 mm)
Cryo vials 1.5 mL/2 mL

Falcon tubes (15 mL, 50 mL)

Falcon® 5mL Round Bottom Polystyrene Test

Tube, with Cell Strainer Snap Cap
Microplates 96-well (black bottom)

Microplates 96-well (transparent)

PCR tubes

Pipette filter tips

Pipette tips

Reaction tubes (0.2 mL, 0.5 mL)
Safe-lock reaction tubes (1.5 mL, 2, 5 mL)

Seahorse XFp-Flux-Pack

Table 4:Laboratory equipment

Ibidi GmbH; Grafelfing; Germany

Corning Incorporated; Tewksbury, Massachusetts
Sysmex; Hamburg, Germany

VWR by Avantor; Radnor, Pennsylvania
Sarstedt; Nimbrecht, Germany

Greiner Bio One; Kremsmiunster, Austria

Omnilab; Bremen, Germany

Greiner Bio One; Kremsmiunster, Austria
Greiner Bio One; Kremsmdinster, Austria
Biozym; Hessisch Oldendorf, Germany
Greiner Bio One; Kremsmiinster, Austria
Eppendorf, Hamburg, Germany
Sarstedt; Nimbrecht, Germany
Sarstedt; Nimbrecht, Germany

Agilent Technologies; Santa Clara, California

Equipment

Manufacturer

5415R centrifuge

Amaxa Nucleofector 1 Electroporation System
Chamber for coverslips (& 25 mm)

FACS Celesta™

Heracell 150 Incubator

Laminar Flow Hood

Megafuge 1.0 centrifuge

Megafuge 2.0R centrifuge

Mikro 220R centrifuge

Mini-PROTEAN Tetra Cell running system

Eppendorf; Hamburg, Germany

Amaxa biosystems; Koln, Germany

Warner Instruments; Hamden, Conneticut
BD Biosciences; Franklin Lakes, New Jersey
Thermo Fisher Scientific; Carlsbad, California
Thermo Fisher Scientific; Carlsbad, California
Heraeus; Hanau, Germany

Heraeus; Hanau, Germany

Hettich; Tuttlingen, Germany

Bio-Rad; Hercules, California
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Pipet controller accu-jet® pro

Pipettes

RotorGeneQ

Seahorse XFp Flux Analyser

Sonoplus HD 3100

Tecan infinite F450 microplate reader
ThermoCycler GE Advanced D48
Thermomixer CC

Wet/Tank blotting system Mini Trans-Blot Cell

VarioScan plate reader

2.1.2 Chemicals, reagents, and kits

Table 5: Chemicals and reagents

Brand; Wertheim & Grossostheim, Germany
Eppendorf; Hamburg, Germany

Qiagen; Hilden, Germany

Agilent Technologies; Santa Clara, California
BANDELIN; Berlin, Germany

Tecan; Crailsheim, Germany

Bio-Gener; Hangzhou, China

Eppendorf; Hamburg, Germany

Bio-Rad; Hercules, California

Thermo Fisher Scientific; Carlsbad, California

Chemical and reagent

Manufacturer

2-deoxy-D-Glucose

Accutase

Advanced DMEM/F12
Ampicillin

Antimycin A

Ascorbic acid (Vitamin C)
Astrocyte Medium (ScienCell)
B-27 Plus Supplement

Bbsl

BrainPhys™ Neuronal Medium
Citrate Buffer (pH 6)
cOmplete,EDTA-free protease inhibitor (25x)
CryoStor CS10

Culture One Supplement
Cycloheximide

Cytosine arabinoside (Ara-C)
Dibutyryl-cAMP (dcAMP)
Dispase

DMEM/F12

DMSO

Biomol GmbH; Hamburg, Germany

Gibco by Life Technologies; Carlsbad, California
Gibco by Life Technologies; Carlsbad, California
Ratiophar; Ulm, Germany

Biomol GmbH; Hamburg, Germany

Carl Roth; Karlsruhe, Germany

Provitro AG; Berlin, Germany

Thermo Fisher Scientific; Carlsbad, California
New England Biolabs; Ipswich, Massachusetts
STEMCELL Technologies; Vancouver, Canada
ZYTOMED systems; Berlin, Germany

Merck; Darmstadt, Germany

STEMCELL Technologies; Vancouver, Canada
Thermo Fisher Scientific; Carlsbad, California
Sigma-Aldrich; St. Louis, Missouri

Biomol GmbH; Hamburg, Germany

STEMCELL Technologies; Vancouver, Canada
STEMCELL Technologies; Vancouver, Canada
Gibco by Life Technologies; Carlsbad, California

Sigma-Aldrich; St. Louis, Missouri
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DPBS

DPBS, calcium, magnesium
FCCP

FBS

Fluorescent Mounting Medium
Fura-2/AM

Geltrex LDEC

Gentamycin

Glucose

GlutaMax (100x)
H2DCFDA

HBSS

Hoechst

Isopropyl alcohol
ImmersolTM 518 F Immersion Oil
JC-1

Laminin

L-Glutamine

Matrigel

MitoSOX Red

MitoTracker Green

mTeSR Plus Kit
N2-Supplement

Neurobasal Medium
Neurobasal Medium Plus
Non-essential amino acids
Normal goat serum
Oligomycin

Opti-MEM
Paraformaldehyde
Penicillin-Streptomycin Solution
Pluronic 10% F127
Poly-L-ornithine solution
Protease Inhibitor Cocktail

Protein Marker 1V, 10 — 170 kDa

Gibco by Life Technologies; Carlsbad, California
Gibco by Life Technologies; Carlsbad, California
Biomol GmbH; Hamburg, Germany

Sigma-Aldrich; St. Louis, Missouri

Dako; Carpinteria, California

Hélzel Biotec; KéIn, Germany

Thermo Fisher Scientific; Carlsbad, California

Gibco by Life Technologies; Carlsbad, California
Carl Roth; Karlsruhe, Germany

Gibco by Life Technologies; Carlsbad, California
Invitrogen by Life Technologies; Carlsbad, California
Sigma-Aldrich; St. Louis, Missouri

Thermo Fisher Scientific; Carlsbad, California

Carl Roth; Karlsruhe, Germany

Carl Zeiss; Jena, Germany

Invitrogen by Life Technologies; Carlsbad, California
Sigma-Aldrich; St. Louis, Missouri

Sigma-Aldrich; St. Louis, Missouri

Corning Incorporated; Tewksbury, Massachusetts
Invitrogen by Life Technologies; Carlsbad, California
Invitrogen by Life Technologies; Carlsbad, California
STEMCELL Technologies; Vancouver, Canada
Thermo Fisher Scientific; Carlsbad, California

Gibco by Life Technologies; Carlsbad, California
Gibco by Life Technologies; Carlsbad, California
Gibco by Life Technologies; Carlsbad, California
Thermo Fisher Scientific; Carlsbad, California
Biomol GmbH; Hamburg, Germany

Gibco by Life Technologies; Carlsbad, California
Carl Roth; Karlsruhe, Germany

Sigma-Aldrich; St. Louis, Missouri

Thermo Fisher Scientific; Carlsbad, California
Sigma-Aldrich; St. Louis, Missouri

Sigma-Aldrich; St. Louis, Missouri

VWR by Avantor, Radnor, Pennsylvania
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PSC Neural Induction Supplement (50x)
Puromycin

Pyruvate

rH-BDNF

rH-GDNF

Rhod-2/AM

Y27632 ROCK-Inhibitor

Rotenone

Seahorse XF DMEM assay medium, pH 7.4
Sodium pyruvate

T4 DNA Ligase

T4 DNA Ligase Reaction Buffer (10x)
T4 Polynucleotide Kinase

TMRE

Trilostane

STEMdiff Nural Progenitor Freezing Medium

Gibco by Life Technologies; Carlsbad, California
Carl Roth; Karlsruhe, Germany

Sigma-Aldrich; St. Louis, Missouri

PreproTech; Rocky Hill, USA

PreproTech; Rocky Hill, USA

Holzel Biotech; Kéln, Germany

STEMCELL Technologies; Vancouver, Canada
Biomol GmbH; Hamburg, Germany

Agilent Technologies; Santa Clara, California
Gibco by Life Technologies; Carlsbad, California
New England Biolabs; Ipswich, Massachusetts
New England Biolabs; Ipswich, Massachusetts
New England Biolabs; Ipswich, Massachusetts
Biomol GmbH; Hamburg, Germany
Sigma-Aldrich; St. Louis, Missouri

STEMCELL Technologies; Vancouver, Canada

Triton X-100 Sigma-Aldrich; St. Louis, Missouri

Trypan Blue Sigma-Aldrich; St. Louis, Missouri
Table 6: Kits

Kit Manufacturer

CellTiter-Glo® Cell Viability Assay
DNeasy Blood and Tissue

Human Stem Cell Nucleofector™ Kit 2
NucleoBond® XTRA Midi

NucleoSpin® DNARapid Lyse
NucleoSpin® Plasmid

NucleoSpin® RNA Plus

Pierce™ BCA Protein Assay
Pregnenolone ELISA

QuantTech Reverse Transcription

SuperSignal West Pico PLUS, Chemiluminescent
Substrate

TakyonTM Rox SYBR® MasterMix dTTP Blue

Promega; Madison, Wisconsin

Qiagen; Hilden, Germany

Lonza; Basel, Switzerland
MACHEREY-NAGEL,; Duren, Germany
MACHEREY-NAGEL,; Diiren, Germany
MACHEREY-NAGEL,; Diiren, Germany
MACHEREY-NAGEL,; Duren, Germany
Thermo Fisher Scientific; Carlsbad, California
LDN, Nordhorn, Germany

Qiagen; Hilden, Germany

Thermo Fisher Scientific; Carlsbad, California

Eurogene; Seraing, Belgium
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2.1.3 Culture media and buffer composition

Table 7: Buffer and media

Buffer/Media

Composition

Cell Culture

Astrocyte Medium

Astrocyte Freezing Medium 20% FBS

10% DMSO

Astrocyte Medium (ScienCell)
Astrocyte Medium 2% FBS

1% Astrocyte growth supplement

mTeSR Medium

mTeSR Plus Basal Medium
mTeSR Supplement 50x
50 pg/mL Gentamycin

Neural Induction Medium (NIM)

Neurobasal Medium
2% Neural Induction Supplement

0.5% Penicillin/Streptomycin

Neural Expansion Medium (NEM)

48.75% Neurobasal Medium
48.75% Advanced DMEM/F12
2% Neural Induction Supplement

0.5% Penicillin/Streptomycin

Neuronal Medium

BrainPhys™ Neuronal Medium
1% B27 Plus

0.5% GlutaMax

0.5% non-essential amino acids
0.5% CultureOne

200 nM Ascorbic acid

20 ng/mL BDNF

20 ng/mL GDNF

1 mM dibutyryl-cAMP

50 U/mL Penicillin

50 pg/mL Streptomycin

Metabolic Assays

ELISA Buffer

140 mM NaCl
5 mM KCL

1.8 mM CaClz

1 mM MgSOq4
10 mM Glucose
10 mM HEPES
0.1% BSA
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Seahorse Assay Medium

1 mM Pyruvate

2 mM L-Gultamine

10 mM Glucose

Seahorse XF DMEM assay medium, pH 7.4

Microscopy Techniques

Antibody Buffer

0.1% Triton X-100
2% goat serum
1x PBS (pH 7.4)

Blocking Buffer

0.5% Triton X-100
10% goat serum
1x PBS (pH 7.4)

Ringer’s Solution

140 mM NaCl
5 mM KCI

2 mM CaClz

1 mM MgCl2
10 mM HEPES
5 mM Glucose
pH 7.4

Protein Work (Western Blotting)

1x Running buffer

25 mM TRIS
192 mM glycine
0.1% SDS
pH=8.3

1x Transfer buffer

20 mM TRIS
150 mM Glycin
pH 8.8

1x PBS

137 mM NaCl

10 mM NazHPO4
2.7 mM KCL

2 mM KH2PO4

1x PBS-T

1x PBS
0.05% Tween-20

6x SDS loading buffer

250 mM Tris-HCL
30% [v/v] glycerol
10% [w/v] SDS

10 mM DTT

0.05% brophenol blue

SDS-PAGE separating gel (15%)

2.8 mL Aqua dest.

3.0 mL Separating gel buffer
5.9 mL 30 % Acrylamid

80 uL 10 % APS

8 uL TEMED
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SDS-PAGE stacking gel (3.5%)

2.0 mL Aqua dest.

0.8 mL Stacking gel buffer
0.4 mL 30 % Acrylamid

16 puL 10 % APS

7 uL TEMED

Separating gel buffer

1.5 mM TRIS
0.4% SDS
pH 8.8

5% Skimmed milk

5% [w/v] skimmed milk powder
1x PBS-T

Stacking gel buffer

0.5 M TRIS
0.4% SDS
pH 6.8
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2.2 Methods
2.2.1 Cell culture methods

2.2.2 Human induced pluripotent stem cells

The hiPSC line from healthy fibroblasts was generated prior to this study using non-integrating
episomal plasmid vectors encoding KLF4, SOX2, L-MYC, LIN28, OCT3/4, and p53DD (pCXB-
EBNS, pCE-hsk, pCE-hUL, pCE-hOCT3/4, and pCE-mp53DD (Addgene plasmid #41857, #
41814, # 41855, # 41813, and # 41856, gifted by Shinya Yamanaka)) using the Amaxa

Nucleofactor (Lonza).

2.2.2.1 Culturing conditions

Undifferentiated human hiPSCs were cultured and maintained in mTeSR Plus medium
supplemented with 50 ug/mL gentamycin on Matrigel-coated plates (8.7 pg/cm?) under
standard conditions (37°C, 5% CO;). The medium was changed daily, and the cells were
typically passaged at 70-80% confluency in a 1:3 split ratio. Areas of spontaneous
differentiation, characterised by irregular cell morphology within a colony, were mechanically

removed by aspiration.

2.2.2.2 Passaging, freezing and thawing procedure

For passaging, colonies were washed once with DMEM/F12, followed by incubation with 1
U/mL dispase for 5 to 7 min at 37°C. When the edges of the colonies started to detach, the
dispase was removed and the cells were washed three times with DMEM/F12. An appropriate
volume of mTeSR was added, and colonies were broken into small clusters using a 5 mL
disposable glass pipette. After gentle mechanical detachment using a cell scraper, the
disaggregated colonies were transferred immediately to a Matrigel-coated plate, placed in a
37°C incubator, and left undisturbed for the next 24 h to improve attachment.

For long-term storage, the cells were cryopreserved in liquid nitrogen using CryoStore CS10
freezing medium. hiPSCs were collected in small clusters in DMEM/F12, as described above,
and pelleted by centrifugation for 5 min at 800 rpm. Subsequently, cells were taken up in
freezing medium, carefully triturated two to three times to break up larger aggregates, and
transferred into cryovials. The cells were immediately transferred to -80°C in an isopropanol
freezing container to achieve a cooling rate of -1°C/min. After 24 h, the vials were transferred
to liquid nitrogen and stored until further use.

Cryopreserved hiPSCs were thawed in a water bath at 37°C until a small fraction was still
frozen. The cell suspension was quickly transferred dropwise into 5 mL of pre-warmed

DMEM/F12 and spun down for 5 min at 800 rpm. After centrifugation, the supernatant was
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aspirated and the colonies were resuspended in fresh mTeSR and seeded onto a Matrigel-

coated plate.

2.2.3 CRISPR/Cas9-mediated TSPO knockout

To generate a model that would allow experiments to be performed in the presence or absence
of TSPO, CRISPR/Cas9 gene editing was used to generate TSPO-deficient (TSPO™) and
control (CTRL) isogenic clones (three independent clones each) from a parental hiPSC line
derived from a healthy donor. Thus, enabling a more profound analysis of TSPO function in

mitochondrial homeostasis in human neural progenitors, astrocytes, and neurons.

2.2.3.1 Preparation of the CRISPR/Cas9-TSPO sgRNA plasmids

CRISPR/Cas9-TSPO sgRNA plasmids were prepared according to a previously published
protocol (Ran et al., 2013). Therefore, two independent sgRNA-targeting sequences within
exon 2 of the human TSPO gene were selected using the bioinformatics tool CRISPOR
(http://crispor.tefor.net/, accessed on 27 November 2020). The sgRNA sequences were as
follows: #116: 5-TCCCGCTTTGTCCACGGCGAGGG-3', and #126: 5'-
TCCACGGCGAGGGTCTCCGCTGG-3'. The DNA sequences were separately cloned into the
modified pSpCas9 (BB)-2A-Puro (PX459) V2.0 (Addgene plasmid #62988; Addgene,
Teddington, UK) vector cAB03, using Bbsl restriction sites. This vector, kindly provided by Dr.
Emmanuel Nivet (Aix-Marseille Université, France (Arnaud et al., 2022)), contains the human
EF1 alpha promoter instead of the CMV enhancer and drives the expression of the
Streptococcus pyogenes Cas9, the puromycin resistance, and the chimeric sgRNA in
mammalian cells.

For cloning, the target sequencing cloning protocol from ZhanglLab was adapted. Briefly,
oligonucleotide pairs were phosphorylated using T4 Polynucleotide Kinase and hybridised in
a water bath by cooling from 95 to 18°C. The cAB03 vector backbone was linearised with Bbsl
for 30 min at 37°C and then ligated with the annealed oligonucleotides by incubating with T4
DNA Ligase overnight at 16°C. The ligation product was transformed into NEB® Stable
Competent E. coli (C3040H) following the manufacturer’s instructions. After incubation for 1 h
at 30°C, the bacteria were inoculated onto ampicillin-containing LB agar plates (100 pug/mL)
and incubated overnight at 37°C. The following day, bacterial colonies were picked and
amplified overnight in ampicillin-containing LB medium (100 pyg/mL). After miniprep extraction
(NucleoSpin® Plasmid kit, MACHEREY-NAGEL), the presence of sgRNA in the plasmids of
one or two bacterial colonies was confirmed by sequencing using the LKO1.S-F primer. A
validated clone was then amplified, and its plasmid DNA was extracted by means of midiprep
(NucleoBond® XTRA Midi kit, MACHEREY-NAGEL) and stored at -20°C.
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2.2.3.2 Nucleofection

The Human Stem Cell Nucleofector Kit 2 (VPH-5022, Lonza) was used to transfer the cABO3
plasmid into undifferentiated hiPSCs. This method is based on electroporation. Cells were
cultivated to a confluence of approximately 90%. For each nucleofection, a total amount of
1 million cells were required. One hour prior to electroporation, 10 uM of Rho-associated
kinase inhibitor Y27632 (ROCK inhibitor) was added to the cells. The hiPSCs were then
washed once with DMEM/F12 and incubated with Accutase for 8 to 10 min at 37°C to obtain
very small colonies or single cells. The Accutase reaction was stopped by rapid addition of
DMEM/F12 supplemented with 20% FBS. The cell suspension was gently resuspended with a
1000 uL pipette to avoid excessive pipetting to keep the cells intact. Single cells were collected,
transferred into a Falcon tube containing 5 mL of prewarmed DMEM/F12, and centrifuged for
5 min at 800 rpm. During centrifugation, the cell number was estimated using a Neubauer cell-
counting chamber under a light microscope IX70 (Olympus). The pellet was resuspended in
DPBS at a final concentration of 1 million cells/mL. One millilitre of the cell suspension was
transferred to a new Falcon tube and centrifuged at 800 rpm for 5 min. The cells were
resuspended in 100 yL nucleofector mix containing 82 yL human stem cell nucleofector
solution (Kit 2), 18 pL of supplement 1, and 4 ug of cAB03 plasmid DNA and electroporated
with the Amaxa Nucleofector 1 Electroporation System (Amaxa Biosystems) using the program
B-016. The electroporated cell suspension was then flushed into a Matrigel-coated well of a 6-
well plate containing mTeSR medium supplemented with 10 yM ROCK inhibitor. Two
nucleofections were performed for each of the sgRNAs. To define the best time period at which
puromycin selection treatment had to be stopped, two additional wells containing cells
electroporated without plasmids were used as a selection control. The next day, the medium
was replaced with mTeSR supplemented with puromycin (0.5 ug/mL and 1 ug/mL for every
two wells of each sgRNA and control, respectively) until all electroporated control cells died.
Puromycin-resistant cells were maintained in mTeSR medium until clonal colonies were

observed.

2.2.3.3 Clone isolation and screening

Individual colonies arising from a single cell after puromycin selection were manually picked
under a light microscope ECLIPSE Ts2 (Nikon). Therefore, the colony was cut in half using a
200 pL pipette tip. One half was used for genomic DNA (gDNA) extraction, transferred
individually into a 0.5 mL tube, and centrifuged at 13,000 rpm for 5 min. The other half was
slightly dissociated, re-plated onto a Matrigel-coated well of a 24-well plate, and maintained in
culture until validation for TSPO-KO.

For KO validation, gDNA was extracted from every picked colony using the DNeasy Blood and

Tissue Kit (Qiagen). according to the manufacturer’s instructions. Then, a 25 yL PCR reaction
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was performed using 5 pL of the extracted gDNA and 20 uL of a PCR mix, the components

and volumes of which are listed in Table 8, and specific primer sequences are listed in Table 9.

Table 8: Contents of PCR reaction mix

Component Volume [pL]
forward primer 1

reverse primer 1

dNTP [10 mM each] 1

5x amplification buffer 5

Taqg polymerase 0.125

ddH20 11.9

Table 9: Primer sequences used for knockout screening

Gene 5‘3‘-Primer Sequence Manufacturer
TSPO-Exon2
reverse GCCTGGAGAAGACCCTCTGT Germany

2.2.3.4 hiPSC quality control: Genetic off-target screening

Potential off-target sites were analysed by direct DNA sequencing. The top five candidates
were selected using the CRISPOR web tool (http://crispor.tefor.net/, accessed on 27
November 2020). Genomic DNA was isolated from iPSCs using a DNA RapidLyse Kit
(MACHEREY-NAGEL), PCR amplification was performed around the five sites, and the PCR
products were sequenced by Life Technologies, Regensburg. The primers used are listed in
Table 10. Analyses of the sequenced DNA traces were performed using the Snapgene

software (version 5.0.8).

Table 10: Primer sequences used for off-target screening

Off-Target 5‘3‘-Primer Sequence Manufacturer
116-OFF#1

reverse CACCCTACTAGCTAGTCCCG Germany

forward TAAGCTGCCTCTTACCCTGC Metabion; Planegg,
116-OFF#2

reverse GAGTCTTCAGGGCCTCACAT Germany

forward GTGGCTTACAAACTGGGCTC Metabion; Planegg,
116-OFF#3 Germany

reverse CAGCGGGCATATACCTCTCT

forward CTCTTGGCTGTCCTGTCTCA Metabion; Planegg,
116-OFF#4 Germany

reverse GTGCCTGTTGTTGTGTGGAT
116-OFF#5 forward GCTCCTTTCCACCTTCCTCT
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Metabion; Planegg,
reverse CTGCGTTCAAGAAATGGCCT

Germany
forward CCCTGCCTGCTAAATCCAAT Metabion; Planegg,
126-OF F#1 Germany
reverse ATTGAGACTGTCGACGGAGG
forward TGTGTGAAGGACGAGGCTTT Metabion; Planegg,
126-OFF#2 Germany
reverse GTCTCGATCTCCTGACCTCG
forward CCAGACTCAACCTCAGCTGA Metabion; Planegg,
126-OFF#3 Germany
reverse AGAAAGCTCTGGGGTCAAGA
forward AATGATTACCGGGGCTTCCT Metabion; Planegg,
126-OFF#4 Germany
reverse ATGTAGTTGGCTGGCAGTCT
forward TCCCAGGTTCAAGCGATTCT Metabion; Planegg,
126-OFF#5 Germany

reverse TTCCTCAAAGATCCCAGGGG

2.2.4 Neural progenitor cells

2.2.4.1 Neural induction, expansion and cryopreservation

NPCs were derived from hiPSCs following a monolayer culture method based on a previously
published protocol (Yan et al., 2013). Undifferentiated cultures of hiPSCs were plated as small
colonies onto Matrigel-coated culture plates at a density of 2-2.5x10* cells/cm?2. Approximately
24 h after splitting, the culture medium was switched to Neural Induction Medium (NIM)
containing neurobasal medium and neural induction supplement (Life Technologies) and
changed every other day until day 4 of neural induction. After day 4, the medium was changed
daily as cells reached confluence. On day 7, the cells were detached and dissociated with
Accutase by gently pipetting up and down after an incubation time of 5 min at 37°C. The cell
suspension was passed through a 50 uym strainer and centrifuged at 800 rpm for 5 min. The
cells were resuspended in Neural Expansion Medium (NEM) containing Neurobasal medium,
Advanced DMEM/F12, and neural induction supplement, and seeded at a density of 0.5-1x10°
cells/cm? on Geltrex-coated dishes (0.5 mg/mL). To prevent cell death after plating, NPCs
younger than passage four were treated with 5 yM ROCK inhibitor overnight. Afterwards, NEM
was changed every other day until cells reached confluence.

For passaging and expansion, NPCs were dissociated with Accutase as described above and
maintained on Geltrex-coated plates at a density of 1x10° cells/’cm? under standard culture
conditions, with medium changes every other day. Dissociated NPCs were cryopreserved in
STEMdiff Neural Progenitor Freezing Medium and stored at -196°C in liquid nitrogen.
Cryopreserved NPCs were thawed in a water bath at 37°C and quickly transferred dropwise
into 5 mL pre-warmed DMEM/F12. After centrifugation at 800 rpm for 5 min, the pellet was

resuspended in fresh NEM and seeded onto a Geltrex-coated plate.
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2.2.5 Astrocytes

2.2.5.1 Differentiation of astrocyte-like cells from NPCs

hiPSC-derived NPCs were differentiated into astrocytes according to a previously described
protocol (Tcw et al., 2017). Briefly, NPCs were passaged with Accutase, as described above,
and plated at 30,000 cells/cm? on Matrigel-coated plates (8.7 ug/cm?). The next day, NEM
medium was exchanged for a commercially available astrocyte medium containing 2% FBS,
1% astrocyte growth supplement, and 1% penicillin/streptomycin (ScienCell). Full media
changes were performed every 2-3 days during the 30 day-differentiation period and the cells
were maintained under standard culture conditions (37°C, 5% CO3). Upon confluence, 5 to 7
days after the initial seeding, the astrocytes were passaged onto new Matrigel-coated plates.

Astrocytes between 31 and 60 days of differentiation were used in this study.

2.2.5.2 Passaging, freezing, and thawing procedures

For passaging on a weekly basis, astrocytes were washed once with DPBS without Ca®* and
Mg?* and incubated with Accutase for 7 to 10 min at 37°C. Accutase treatment was stopped
with DMEM/F12. The cells were then dissociated by carefully pipetting up and down and
centrifuged at 800 rpm for 5 min. The cell pellet was resuspended in astrocyte medium and
cell numbers were determined using a Neubauer cell counting chamber under a light
microscope IX70 (Olympus). A total of 1.5x10* to 3x10* cells/cm? were seeded onto Matrigel-
coated plates (3.5 ug/cm?).

Between days 20 and 35 of differentiation, cells were amplified, stocked, and frozen.
Therefore, astrocytes were passaged as described above. After centrifugation, a minimum of
5x10° cells were resuspended in 1 mL of astrocyte freezing medium (astrocyte medium
supplemented with 20% FBS and 10 % DMSO) and transferred into a cryovial. A controlled
freezing rate of -1°C/min for successful cryopreservation was guaranteed using an isopropanol
container. After 24 h at —80°C cells were stored in liquid nitrogen until use.

Cryopreserved astrocytes were thawed in a water bath at 37°C and quickly transferred
dropwise into 5 ml of pre-warmed DMEM/F12. After centrifugation at 800 rpm for 5 min, the

pellet was resuspended in fresh astrocyte medium and seeded onto a Matrigel-coated plate.

2.2.6 Neurons: Neuronal differentiation and cultivation

For neuronal differentiation, dissociated NPCs from passages 5 to 12 were plated onto coated
imaging p-dishes (lbidi) at a density of 1 to 1.5x10° cells/cm? and differentiated for 21 days.
The dishes were coated with 20% poly-L-ornithine in sterile water for 4 h at room temperature,
followed by overnight coating with laminin [10 ug/mL] in DPBS with Ca?* and Mg?* at 37°C.
After 24 h, the medium was changed to BrainPhys™ Neuronal Medium supplemented with 1%
B27 Plus, 0.5% GlutaMax, 0.5% non-essential amino acids, 0.5% Culture One, 200 nM
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ascorbic acid, 20 ng/mL BDNF, 20 ng/mL GDNF, 1 mM dibutyryl-cAMP, 50 U/mL Penicillin,
and 50 ug/mL streptomycin, and half of the medium was replaced every 2-3 days. Additionally,
4 pyg/mL laminin was freshly added each time the medium was changed. The cells were

maintained in a humidified incubator at 37°C and 5% CO..

2.3 Biochemical methods
2.3.1 Protein expression analysis

2.3.1.1 Cell lysis, protein isolation and sample preparation

For cell lysis, frozen cell pellets from 1 to 2x108 cells of the respective cell lines were thawed
on ice and resuspended in 200-250 uL DPBS containing 1x protease inhibitor. For complete
homogenisation, the samples were pulse-sonicated thrice for 20 s each on ice (BANDELIN
Sonoplus HD 3100) at 15% amplitude. To determine the protein concentration of whole-cell
lysates, a bicinoic acid assay (BCA) was performed using the Pierce™ BCA Protein Assay Kit
(Thermo Fisher Scientific) according to the manufacturer’s instructions and quantified with a
VarioScan plate reader at 562 nm. The protein concentration was calculated using a BSA
standard curve. The samples were prepared for SDS-PAGE or stored at —20°C until further
use. Protein lysates were mixed with 6xSDS loading buffer and denatured for 5 min at 95°C.

Treating the samples with SDS led to a negative charge in relation to the protein size.

2.3.1.2 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Charged proteins were separated according to their molecular weights by SDS-PAGE. A total
of 15 pg of protein per sample was resolved on a 12.5% or 15% separation gel, depending on
the molecular weight of the protein of interest, and a 3.5% stacking gel. The samples were
loaded together with a pre-stained molecular weight marker (PeqGold Protein Marker 1V, VWR
by Avantor). Electrophoresis was performed at a constant voltage of 140 V for approximately
90 min using a Mini-PROTEAN Tetra Cell running system (Bio-Rad).

2.3.1.3 Immunoblotting and protein transfer detection

Proteins separated by SDS gel electrophoresis were immobilised and transferred to a
nitrocellulose membrane (AmershamTM Protran 0,45 NC, GE Healthcare Life Sciences) using
the Wet/Tank blotting system Mini Trans-Blot Cell (Bio-Rad). Protein transfer was performed
at a constant amperage of 200 mA for 150 min and cooled on ice during blotting. Subsequently,
free binding sites on the nitrocellulose membrane were blocked with 5% non-fat dry milk in
PBS containing 0.05% Tween (PBS-T) for 30 min at RT. After blocking, the membranes were
sectioned and immunostained overnight at 4°C with an array of individual antibodies diluted in
PBS-T, as listed in Table 11. Beta 1 tubulin (BTUB1) or GAPDH antibody was used as the

loading control. The next day, the membranes were washed three times with PBS-T and
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probed with the corresponding HRP-conjugated secondary antibodies diluted in 5% skim milk
in PBS-T for 1h at RT (Table 12). Bands were visualised and documented using
SuperSignal™ West Pico Plus chemiluminescent substrate (Thermo Fischer Scientific) and an
ImageQuant LAS 4000 (GE Healthcare Europe) imaging system. Densitometric analysis was
performed using ImagedJ software (version 2.9.2) and band densities were normalised to the

corresponding loading control.

Table 11: Primary antibodies used for protein expression analysis

Antibody Species Dilution Manufacturer

BTUB1 deposited to the DSHB by Kawakami, A.
mouse 1:10

E7 (DSHB Hybridoma Product E7)

GAPDH
mouse 1:2500 Santa Cruz Biotechnology; Dallas, Texas

sc-47724

LC3B Cell Signaling Technology; Danvers,
rabbit 1:1000

3868S Massachusetts

TSPO Davids Biotechnologie; Regensburg,
rabbit 1:5000

affinity purified Germany

VDACA1
Mouse 1:500 Abcam; Cambridge, UK

ab186321

Table 12: Secondary antibodies used of protein expression analysis

Antibody Species Dilution Manufacturer

Anti-mouse 1IgG HRP ) )
rabbit 1:5000 Abcam; Cambridge, UK

(ab97023)

Anti-rabbit IgG HRP Cell Signaling Technology; Danvers,
goat 1:5000

(7074S) Massachusetts

2.3.2 Cycloheximide protein degradation analysis

To block de novo protein biosynthesis and thus determine the protein half-life, iPSC-derived
NPCs were treated with 100 ug/mL of the translational inhibitor cycloheximide (CHX) for the
indicated time points. Proteins were separated by SDS-PAGE and immobilised onto
nitrocellulose membranes. VDAC1 protein was detected using the VDAC1 ab186321 antibody,
and BTUB1 was used as a loading control. VDAC1 band densities were quantified using
Imaged software (version 2.9.2) as a percentage of the initial VDAC1 protein level (0 h of CHX

treatment) and normalised to the BTUB1 signal from the same blot.
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2.4 Molecular biology techniques

2.4.1 mtDNA copy number analysis

To quantify the mtDNA copy number, primers for the mitochondrial encoded tRNA leucine 1
(mt-TL1) and the nuclear gene Beta-2 microtubulin (B2M) were used. Primer sequences are
listed in Table 13.

Table 13: Primer sequences used for mtDNA copy number quantification

Gene 5‘3‘-Primer Sequence Manufacturer
forward TGCTGTCTCCATGTTTGATGTATCT Metabion; Planegg,
o2 reverse TCTCTGCTCCCCACCTCTAAGT Germany
forward CACCCAAGAACAGGGTTTGT Metabion; Planegg,
T reverse  TGGCCATGGGTATGTTGTTA Germany

Quantitative real-time PCR was performed in technical duplicates from a minimum of three
biological gDNA replicates extracted using the DNA RapidLyse Kit (MACHEREY-NAGEL),
according to the manufacturer’s instructions. After elution in 30 L distilled water, the gDNA
yield was determined using a NanoDrop spectrophotometre (Thermo Fisher Scientific) and
stored at -20°C until further use. qRT-PCR was performed on a RotorGeneQ (Qiagen) cycler
using 1xTakyon SYBR Master Mix (Eurogentec) and specific intron-spanning primers. The
reaction parameters included an initial phase at 95°C for 5 min, followed by 45 cycles of
denaturation at 95°C for 15 s and 30 s annealing/extension at 61°C. The melting curve was
assessed by increasing the temperature (1°C per 5s) from 65 to 95°C. The results were
analysed using RotorGeneQ software V2.3 (Qiagen) and Excel (Microsoft) with the following
equation for quantification of mtDNA content relative to the diploid nuclear DNA:

mtDNA copy number = 2 x E~24¢t

2.4.2 Quantification of gene expression

2.4.2.1 RNA isolation and reverse transcription into complementary DNA (cDNA)
For gene expression analysis, cell pellets from untreated astrocytes were used. Total RNA
was isolated either directly after harvesting the cells or cell pellets were snap-frozen on dry ice
and stored at —20°C for later use. RNA extraction was performed according to the
manufacturer’s instructions using an RNA Plus Kit (MACHEREY-NAGEL). RNA was eluted
using 24 uL of RNase-free water. The RNA concentration was measured using a Nanodrop
spectrophotometre (Thermo Fischer Scientific) and stored thereafter at -80°C.

For each reverse transcription, 1 ug of total RNA was used and conducted using the
QuantiTect Reverse Transcription Kit (Qiagen), following the manufacturer’s instructions. The

obtained cDNA was used immediately for gqRT-PCR analysis or stored at -20°C.
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2.4.2.2 Quantitative real-time PCR

Quantitative real-time PCR was performed to determine mRNA expression levels of
mitochondrial dynamics proteins MFN1, OPA1, and DRP1, the mitochondrial transcription
factor TFAM, and the mitophagy proteins PINK1 and PARK2. In addition to the genes of
interest, one housekeeping gene, HPRT, was quantified to normalise the mRNA expression.
An H;O sample was used as a negative control. For each gene, a reaction mixture of 9 pyL
containing 1xTakyon SYBR Master Mix (Eurogentec), 3 uL H2O, and X uM of forward and
reverse primers (Table 14). All samples were analysed in duplicate using 50 ng/uL of cDNA.
gRT-PCR was performed on a RotorGeneQ (Qiagen) cycler using a comparative experimental
approach. The reaction parameters included an initial phase at 95°C for 5 min, followed by 45
cycles of denaturation at 95°C for 15 s and 30 s annealing/extension at 61°C. The melting
curve was assessed by increasing the temperature (1°C per 5 s) from 65 to 95°C. The results
were analysed using RotorGeneQ software V2.3 (Qiagen) and Excel (Microsoft) with the AACt

method for relative quantification.

Table 14: Primer sequences used for gene expression analysis

Gene 5‘3‘-Primer Sequence Manufacturer

forward TTGCTTTCCTTGGTCAGGCA
HPRT Metabion; Planegg, Germany
reverse ATCCAACACTTCGTGGGGTC

forward TCAAGACAGTGTGCCAAAGG
DRP1 IDT; Leuven, Belgium
reverse TGGCCTACTAGCTCACTCTGA

forward AGGATGATTGTTAGCTCCACGA
MFN1 IDT; Leuven, Belgium
reverse CACAGGCGAGCAAAAGTGG

forward ACTGAAGTTAGGCGATTAGAGAA
OP1 IDT; Leuven, Belgium
reverse CCAGTTGAACGCGTTTACCA

forward AGAAAACCACCAAGCCCTGT
Parkin Metabion; Planegg, Germany
reverse CAGTTCCAGCACCACTCGAG

forward GTACCAGTGCACCAGGAGAA
PINK1 Metabion; Planegg, Germany
reverse AACCTGCCGAGATGTTCCAC

forward CGCAGGAAAAGCTGAAGACTG
TFAM IDT; Leuven, Belgium
reverse TCGTCCTCTTTAGCATGCTGA
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2.5 Metabolic analysis

2.5.1 Mitochondrial Respiratory Function Analysis: Seahorse XF Flux analysis
Agilent Seahorse XF technology is a live-cell metabolic assay platform which simultaneously
measures oxygen consumption rates (OCR) and extracellular acidification rates (ECAR) in real
time in a multi-well plate, interrogating key cellular functions, such as mitochondrial respiration
and glycolysis (Fig. 9A).
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Figure 9: Measurement of cell metabolism using an XFp Extracellular Flux Analyser. (A) The assays reveal
standard parameters of mitochondrial and glycolytic function by injecting different inhibitors: oligomycin, FCCP, a
mixture of rotenone and antimycin A, and 2-deoxy-D-glucose (2-DG). (B) Agilent seahorse technology is a plate-
based live-cell assay that allows nondestructive metabolic measurements in real time. Biologically compatible
optical microsensors, integrated into the cartridge, contain two fluorophores which measure oxygen (O2) and proton
(H*) concentrations in the extracellular medium without any dye. These sensors monitor changes in oxygen and
proton concentrations during each measurement cycle and calculate oxygen consumption (OCR) and extracellular
acidification rate (ECAR). (C) The Seahorse XF mitochondrial stress test determines the cells’ mitochondrial
respiration signature, consisting of basal respiration, ATP-related OCR, proton leak, maximal respiration, and spare
respiratory capacity. (D) Glycolytic parameters are measured using the Seahorse XF Glycolytic Rate Assay which
calculates the basal glycolytic rate and compensatory glycolysis following the injection of rotenone/antimycin A and
2-DG. (E) The Seahorse XF Real-Time ATP Rate Assay measures and quantifies the rate of ATP production from
glycolysis and mitochondrial oxidative phosphorylation after serial addition of the mitochondrial inhibitors,
oligomycin and rotenone/antimycin A. Created with BioRender.com

It is based on solid-state sensor probes containing polymer-embedded fluorophores which
detect oxygen and proton levels in a small volume of culture medium above a cell monolayer.
A decrease in the oxygen level indicates the extent of oxygen reduction to water during

OXPHOS. An increase in proton concentration is an indicator of the glycolytic activity of cells.
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An integrated drug delivery system allows the automated injection of up to four compounds
during measurement (Fig. 9B). Seahorse XF assays were performed according to the
manufacturer’s instructions using an XFp Extracellular Flux Analyser (Seahorse Agilent).

The day prior to the assay, the cells were detached as described above and seeded at 80,000
NPCs/well or 30,000 astrocytes/well into a Matrigel-coated XFp Miniplate. The sensor
cartridges were hydrated with Seahorse XF Calibrant in a non-COzincubator overnight at 37°C.
On the day of the assay, the cells were washed once and incubated with Seahorse XF Assay
medium (buffered Seahorse XF DMEM supplemented with 10 mM glucose, 2 mM L-glutamine,
and 1 mM pyruvate) in a non-CO. incubator for 45 min at 37°C. Meanwhile, the injection ports
of the sensor cartridge were loaded with the appropriate assay compounds for either the
Seahorse XF Mito Stress Test, the Seahorse XF Glycolytic Rate Assay, or the Seahorse XF
Real-Time ATP Rate Assay. The sensor plate was calibrated in an XFp flux analyser prior to
loading the cells and running the individual assay. For the Seahorse XF Glycolytic Rate and
Real-Time ATP Rate Assays, the cells were washed once again with Seahorse XF Assay
medium after incubation in a non-CO; incubator. The OCR is reported as pmol/min and
mpH/min, respectively. For comparability, ECAR is expressed as the proton efflux rate (PER)
[pmol/min]. Data were acquired and analysed using Wave software (Agilent). Following the
assay, cells were fixed in 4% paraformaldehyde at RT for 15 min. After washing with PBS, the
nuclei were stained with Hoechst (1:1000 in PBS) for 10 min in the dark and images of each
well were captured using an Axio Observer Z1 fluorescence microscope (Zeiss, Oberkochen,
Germany). With the help of an ImageJ macro (provided on request), nuclei were counted to

normalise respiration data.

2.5.1.1.1 Seahorse XF Mito Stress Test

To test oxidative phosphorylation, the sensor plate was loaded with oligomycin (1 uM final),
FCCP (1 uM final for NPCs and 2 uM final for astrocytes), and a combination of rotenone
(0.5 yM final) and antimycin A (0.5 uM final). After four baseline measurements, OCR and
ECAR were conducted four times after sequential injection of each compound to calculate the
standard parameters defining the mitochondrial respiration signature of the cells (Fig. 9C):

Basal respiration is an indicator of basal OXPHOS and represents the oxygen consumption
that meets the cell’'s endogenous ATP demand. Basal respiration comprises two processes:
respiration, which drives ATP synthesis, and respiration, which is associated with
mitochondrial proton leak pathways. Oligomycin leads to the inhibition of ATP synthase
(complex V) and, consequently, to a decrease in OCR, which corresponds to mitochondrial
respiration utilised for cellular ATP production (ATP-related OCR). The resulting proton
congestion leads to reduced electron flow across the respiratory chain, thus reducing the

oxygen consumption. ATP-related respiration is controlled by ATP utilisation, ATP synthesis,
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substrate supply, and oxidation. The remaining mitochondrial respiration rate insensitive to
oligomycin corresponds to proton leakage, a measure of proton flux through the inner
mitochondrial membrane, which occurs independently of ATP synthase. Proton leakage is
caused by the incomplete coupling of electron transport and ATP synthase activity, but its
molecular nature is not entirely understood. Injection of FCCP, an uncoupler of the respiratory
chain, results in the breakdown of the proton gradient and collapse of the mitochondrial
membrane potential. To maintain the mitochondrial membrane potential, substrate oxidation
and ETC function increase, and FCCP mimics physiological “energy demand”. FCCP shuttles
protons across the inner membrane, thereby dissipating the proton motive force, and electron
flow through the electron transport chain proceeds unimpeded, maximising oxygen
consumption by complex IV (maximal respiration). Maximal respiration is dictated by
substrate availability and oxidation, and changes in maximal respiration may indicate changes
in mitochondrial biogenesis or cristae structure. The maximal increase in OCR can be used to
calculate the spare respiratory capacity (SRC) of the cells. SRC is the mitochondrial reserve
capacity, which indicates the ability of the cell to meet increased energy demands and respond
to oxidative stress. Finally, the addition of rotenone (a complex | inhibitor) and antimycin A (a
complex Il inhibitor) leads to complete inhibition of mitochondrial respiration. The remaining
oxygen consumption reflects the non-mitochondrial respiration of cells, which occurs
outside the mitochondria. The calculation for each respiratory parameter is presented in Table
15.

Table 15: Mitochondrial respiration parameters determined using the Seahorse XF Mito Stress Test

Respiration Rate Calculation

o (Baseline OCR before addition of oligomycin) — (non-
Basal respiration.
mitochondrial respiration)

) o (Minimal OCR after oligomycin addition but prior to FCCP
Proton leak-linked respiration
injection) — (non-mitochondrial respiration)

ATP-related respiration (basal respiration) — (proton leak)

) o (Maximal OCR after FCCP injection) — (non-mitochondrial
Maximal respiration
respiration)

Spare respiratory capacity (Maximal respiration) — (basal respiration)

Non-mitochondrial respiration (Minimal OCR after rotenone/antimycin A injection)

2.5.1.1.2 Seahorse XF Glycolytic Rate Assay

For measuring the glycolytic rate by calculating and subtracting mitochondrial-produced
acidification the mitochondrial inhibitors rotenone and antimycin A were used in a final

concentration of 0.5 uM each as well as 50 mM 2-deoxy-D-glucose (2-DG) as a glycolytic
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inhibitor. The Seahorse XF Glycolytic Rate Assay (Fig. 9D) uses both the ECAR and OCR
measurements to report and calculate the following parameters (Table 16):

During glycolysis, glucose is converted to pyruvate and then to lactate in the cytoplasm. This
breakdown of glucose results in proton efflux (glycoPER) and acidification of the extracellular
medium, which is detected as ECAR by the Seahorse flux analyser. However, cells may also
use glucose for energy production via oxidative phosphorylation. The TCA cycle, which fuels
ETC, produces CO.. This mitochondria-derived CO: hydrates the medium, resulting in
additional extracellular acidification. The basal proton efflux rate (basal PER) indicates the
total extracellular acidification and measures the protons secreted by cells under basal
conditions. Injection of rotenone and antimycin A inhibits mitochondrial respiration and is used
to calculate the contribution of non-mitochondrial respiration to the OCR and, subsequently,
the proton efflux rate from mitochondrial TCA activity (mitoPER). Inhibition of OXPHOS drives
compensatory changes in the cell to meet the cells’ energy demands, resulting in increased
glycolysis (compensatory glycolysis). The glucose analogue 2-DG stops glycolytic
acidification through competitive binding of hexokinase, the first enzyme in the glycolytic
pathway. This leads to a decrease in PER and confirms the pathway specificity. The remaining
PER includes other sources of extracellular acidification (post-2-DG acidification), which are

not attributed to glycolysis or mitochondrial TCA activity.

Table 16: Key glycolytic parameters determined using the Seahorse XF Glycolytic Rate Assay

Respiration Rate Calculation

Basal PER. Baseline PER prior to rotenone/antimycin A injection
mitoPER Basal OCR * pre-determined COz2 contribution factor
glycoPER (basal PER) — (mitoPER)

Compensatorcy glycolysis Mean PER after rotenone/antimycin A injection
Post-2-DG acidification Mean PER after 2-DG injection

2.5.1.1.3 Seahorse XFp Real-Time ATP Rate Assay.

Glycolysis and OXPHOS pathways provide the maijority of cellular ATP in mammalian cells,
which is the ubiquitous, dominant energy currency for cells. To adjust for changes in ATP
demand and subsequent changes in ATP production to maintain overall intracellular ATP
levels, cells regulate their metabolism. While OXPHOS consumes oxygen, as indicated by the
OCR, both pathways contribute to extracellular acidification of the assay medium, driving
changes in ECAR. By obtaining both, OCR and ECAR, simultaneously under basal conditions
and after serial addition of 1.5 uM oligomycin followed by 0.5 yM of each rotenone and
antimycin A, pathway-specific mitoATP (associated with OXPHOS in the mitochondria) and

glycoATP production rate (associated with the conversion of glucose to lactate during
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glycolysis) and total ATP production rate (sum of mitochondrial ATP and glycolytic ATP
production rates in live cells) can be measured (Table 17). Therefore, the Seahorse XFp Real-
Time ATP Rate Assay (Fig. 9E) provides an overview of cellular bioenergetics and allows a

quantitative comparison of energy engines under basal conditions.

Table 17: ATP production rates determined using the Seahorse XF Real-Time ATP Rate Assay

ATP Production Rate Calculation

glycoATP production rate glycoPER

(OCR after Oligomycin injection) * 2(pmol O/pmol O2) * P/O

mitoATP production rate
(pmol ATP/pmol O)

total ATP production rate (glycoATP) + (mitoATP)

2.5.2 Total ATP content quantification

For the quantification of whole-cell ATP content, 1x10° NPCs and 1x10° astrocytes were
collected in a 1.5 mL Eppendorf cup and stored at —20°C until use. ATP content was measured
using the CellTiter-Glo® Luminescent Cell Viability Kit (Promega) based on an ATP-dependent
luciferase reaction (Fig. 10). According to the manufacturer’s instructions, CellTiter-Glo®
Reagent containing CellTiter® Substrate and CellTiter® Buffer and ATP standards were thawed
on ice. For the standard curve, ATP concentrations of 10 uM, 1 uM, 100 nM, 10 nM, and 1 nM
in DPBS were used. The cell pellets were resuspended in 500 yL DPBS, heated at 100°C for
2 min to inactivate endogenous ATPases, and kept on ice afterwards. Fifty microlitres of each
sample and standard were applied to a black 96-well plate in duplicate, together with 50 pL of
CellTiter-Glo® reagent. After shaking for 2 min in the dark, absorption was measured with the
VarioScan (Thermo Fisher Scientific) at an integration time of 1 s. The relative light unit (RLU)
generated by the SkanlT Software was used to calculate the ATP concentrations in relation to
the standard curve. ATP concentrations were normalised to pg/mL protein using a BCA assay

(Thermo Fisher Scientific)

Ultra-Glo™ Recombinant

HO S ki COOH Luciferase -0 s N o~
ol — . Y |
\QNHS +ATP+0, Mgt N/>_<S +AMP+PP+CO,+Light
Beetle Luciferin Oxyluciferin

Figure 10: Luciferase reaction for total ATP quantification. Luciferin mono-oxygenation is catalysed by
luciferase in the presence of Mg?*, ATP, and molecular oxygen. CellTiter-Glo® Luminescent Cell Viability Assay
Technical Bulletin, Promega.
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2.5.3 Pregnenolone quantification

Pregnenolone quantification was performed using an enzyme-linked immunosorbent assay
(ELISA) adapted from a previously published protocol (Germelli et al., 2021). Briefly, 1.5x10°
astrocytes/well were seeded in duplicate in a Matrigel-coated 24-well plate and maintained
under standard culturing conditions for two days. On the day of the experiment, the culture
medium was replaced with ELISA buffer (140 mM NaCl, 5 mM KCI, 1.8 mM CaClz, 1 mM
MgSOQO4, 10 mM glucose, 10 mM (HEPES)-NaOH, pH 7.4, and 0.1% BSA) containing inhibitors
of pregnenolone metabolism ftrilostane (25 uM) and SU10603 (10 uM). To quantify
pregnenolone accumulation, the supernatant was collected after 3 h of incubation at 37°C. The
supernatant was analysed by ELISA according to the manufacturer's instructions
(Pregnenolone ELISA, LDN, Nordhorn, Germany). The resulting absorbance intensity was
quantified using a Tecan Spectra microplate reader (Tecan, Crailsheim, Germany) at 450 nm
and then inversely related to the pg/mL of pregnenolone using the Magellan Data Analysis
Software (Tecan). Quantified pregnenolone concentrations were normalised to the protein
concentration of each sample, as determined using the Pierce BCA Protein Assay (Thermo

Fisher Scientific), as described above.

2.6 Microscopy techniques

2.6.1 Immunocytochemical staining

For immunocytochemistry, cells were grown on either Geltrex- or Matrigel-coated glass
coverslips (12 mm) and fixed in a 4% PFA solution for 15 min at RT. Neurons were fixed for
immunostaining after live-cell fluorescent imaging on day 20 or 21 of differentiation. Fixed cells
were washed and stored in PBS until further use. For certain antibodies, antigen retrieval was
performed prior to staining to enhance the antibody intensity by unmasking epitopes.
Therefore, coverslips were cooked for 15 min in citrate buffer (pH 6, Histo-Line) in a steamer
(Braun) and allowed to cool to RT. Subsequently, cells were washed three times with DPBS
and simultaneously permeabilised and blocked using a blocking solution containing 0.5%
Triton X100 and 10% normal goat serum for 20 min. The indicated concentrations of the
primary antibodies (Table 18) were incubated overnight at 4°C. The next day, coverslips were
rinsed again three times with PBS, followed by a 2 h incubation at RT in the dark with species-
specific fluorochrome-conjugated secondary antibodies (Table 19) and Hoechst to
counterstain nuclei. Primary and secondary antibodies were diluted in antibody buffer. After
three additional washing steps, the coverslips were mounted on glass slides with Dako

fluorescent mounting medium overnight for long-term storage.
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Table 18: Primary antibodies used for immunocytochemistry and respective protocol modifications

. L Protocol
Antibody Host Dilution Manufacturer .
modification
ALDHL1
rabbit 1:500 Abcam; Cambridge, UK
ab87117
EAAT1
rabbit 1:200 Abcam; Cambridge, UK
ab416-1001
GFAP
mouse 1:400 Sigma-Aldrich; St. Louis, Missouri
C53893
MAP-2
chicken 1:500 Abcam; Cambridge, UK
ab5392
NeuN
rabbit 1:1000 Abcam; Cambridge, UK
ab177487
PSD95 UC Davis/NIH NeuroMab Facility;
mouse 1:250
K28/43 Davis, California
deposited to the DSHB by Kawakami,
PAX6 mouse 1:10
A. (DSHB Hybridoma Product PAX6)
TSPO
rabbit 1:500 Abcam; Cambridge, UK antigen retrieval
ab109497
S1008
mouse 1:1000 Sigma-Aldrich; St. Louis, Missouri
S2532
SOX2
rabbit 1:1000 Abcam; Cambridge, UK
ab97959
Synaptophysin
rabbit 1:250 Abcam; Cambridge, UK
ab52636
Tuj-1
mouse 1:2000 Promega; Madison, USA
G712A
VDAC1
mouse 1:500 Abcam; Cambridge, UK antigen retrieval
ab186321
VGLUT-1
rabbit 1:250 Abcam; Cambridge, UK
ab180188

Table 19: Secondary antibodies used for immunocytochemistry

Antibody Host Dilution Manufacturer
Alexa Fluor® 488 anti-rabbit

goat 1:1000 Gibco by Life Technologies; Carlsbad, USA
A11008
CY3® anti-mouse

goat 1:1000 Gibco by Life Technologies; Carlsbad, USA
A10521
CY5® anti-chicken

goat 1:1000 Abcam; Cambridge, UK

ab97147
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2.6.2 Fluorescent live-cell imaging

Live cell imaging experiments were conducted using an inverted Zeiss Axio Observer Z.1
microscope equipped with a Fluar 40/1.3 objective lens (Zeiss, Oberkochen, Germany). All
recordings were taken at a magnification of 40X with oil and detected using an AxioCam MRm
CCD camera (Zeiss, Oberkochen, Germany). lllumination control and image acquisition were
performed using a Lambda DG-4 high-speed wavelength switcher (Sutter Instruments, Novato,
California) and the ZEN 2012 imaging software. Analysis of the measurements in the regions
of interest, manually drawn over selected cells in the visual field, was performed using ImageJ
(version 2.9.2). The macros used for background subtraction and analysis will be provided on

request.

2.6.2.1 Analysis of mitochondrial membrane potential

MMP of NPCs and neurons was assessed using the ratiometric fluorophore JC-1 (5,5',6,6'-
tetrachloro-1,1’,3,3’-tetraethylbenzimidazolylcarbocyanineiodide). It is a membrane-
permeable cationic cyanine dye that accumulates in the mitochondria in a potential-dependent
manner. Due to its dual emission properties, monomeric green fluorescence (530 nm) is the
predominant form in cells exhibiting lower MMP, whereas red fluorescent aggregates of JC-1
(J-aggregates with an emission maximum at 596 nm) are found in cells with higher
mitochondrial membrane potential. Consequently, mitochondrial depolarisation is indicated by
a decrease in the ratio of red to green fluorescence intensity. This ratio depends only on the
MMP and no other factors, such as the size, density, or shape of the mitochondria.
Furthermore, the ratio signal is independent of dye concentration and intracellular distribution,
dye leakage, photobleaching, and cell thickness, allowing MMP to be determined
independently of these artefacts.

To investigate the mitochondrial membrane potential in astrocytes, the fluorescent dyes TMRE
(tetramethylrhodamine, ethyl ester) in non-quenching mode and MitoTracker® Green (MTG)
were used. TMRE is a lipophilic, cationic, red-orange fluorescent dye that accumulates in the
mitochondria according to their MMP in a Nernstian fashion. Depolarised or inactive
mitochondria with decreased MMP fail to sequester TMRE. MitoTracker® Green is a cell-
permeable probe containing a mildly thiol-reactive chloromethyl moiety that allows
mitochondrial labelling independent of MMP. The dye selectively accumulates in the
mitochondrial matrix, where it reacts and covalently binds to the free thiol groups of cysteine

residues of mitochondrial proteins.

2.6.2.1.1 Cell preparation and staining procedure

Approximately 1.8x10° NPCs and 1.2x10° astrocytes were grown on Matrigel-coated sterile

glass coverslips (diameter 25 mm) overnight and loaded with 200 nM JC-1/Pluronic or 25 nM
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TMRE/Pluronic and 200 nM MTG, respectively, in OptiMEM for 30 min at 37°C in humidified
air and 5% CO.. To improve solubilisation, the dyes were mixed at a ratio of 1:2 with the
nonionic poloxamer Pluronic F-127. For imaging, the coverslips were washed three times with
Ringer’s solution containing glucose (300 mOsmol/kg) and placed in a measuring chamber
under a microscope. Neurons were measured on day 20 of differentiation in imaging p-dishes.
The wavelength switcher allowed excitation of JC-1 at 480/36 nm, TMRE at 545/25 nm, and
MitoTracker® Green at 470/40 nm. The emitted light was filtered at 537/42 nm and 620/60 nm
for green or red JC-1 fluorescence and 605/70 nm and 525/50 nm for TMRE and MTG
fluorescence, respectively. MMP was analysed as the ratio of red/green (JC-1) or as the ratio

of TMRE/MTG fluorescence intensity in the regions of interest.

2.6.2.2 Analysis of intracellular and mitochondrial Ca%* concentrations with Fura-
2/AM and Rhod-2/AM dye

Cytosolic [Ca?*], calcium levels were quantified using the cell-permeable acetoxymethyl (AM)
ester of Fura-2, which is a ratiometric fluorescent chelator selective for Ca?* over other ions.
Within the cell, cleavage of the ester group by cytosolic esterases leads to the release and
polarisation of the Ca?'-sensitive form, resulting in accumulation of active hydrophilic
fluorescent Fura-2 in the cytoplasm. The excitation wavelength of Fura-2 depends on the free
or Ca?"bound state of the dye. Unbound Fura-2 exhibits a maximum excitation wavelength
(Aex) of 363 nm. Upon binding of free Ca?* ions, the excitation spectrum of the dye shifts to
335 nm, whereas the peak emission remains steady at approximately 510 nm. The intracellular
Ca?" concentration in NPCs, astrocytes, and neurons was assessed by measuring the
emission fluorescence at 510 nm after excitation at 340 or 380 nm, as the ratio of emission
fluorescence at Aex(340)/Aex(380) is directly related to the amount of intracellular Ca?*. Because
the fluorescence intensity of Fura-2 increases at 340 nm and decreases at 380 nm with
increasing Ca?* binding, the ratio can be used as a direct measure of free [Ca?*]; (Fraio340/380).
Rhod2-AM is a membrane-permeable rhodamine derivative, which is a positively charged
fluorescent dye that allows the measurement of the mitochondrial [Ca?']n calcium
concentration. Rhod-2/AM, a multivalent cation, effectively accumulates in negatively charged
mitochondria due to the hydrolysis of acetoxymethyl groups. Rhod-2 is an intensity-based Ca?*
sensor that, unlike Fura-2, responds to increasing Ca?* levels not by changes in its emission

and excitation spectrum, but by an increase in fluorescence emission at 580 nm.

2.6.2.2.1 Cell preparation and staining procedure

Approximately 1.8x10° NPCs and 2x10° astrocytes were seeded onto Matrigel-coated 25 mm
glass coverslips and incubated overnight in a humidified incubator at 37°C and 5% CO.. The

following day, the cells were simultaneously loaded with Fura-2/AM and Rhod-2/AM. To
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improve solubilisation, the dyes were mixed at a ratio of 1:2 with the nonionic poloxamer
Pluronic F-127, followed by further dilution to a final concentration of 2 uM in OptiMEM. After
incubation for 30 min at 37°C, the cells were washed three times with Ringer’s solution
containing glucose (300 mosmol/kg). The coverslip was then mounted on an object holder,
covered with Ringer’s solution, and measured using an inverted microscope. Neurons were
stained and measured likewise on day 21 of differentiation on imaging p-dishes.

For intracellular Ca?* signals, Fura-2/AM-loaded cells were excited with light at 340 nm and
380 nm (BP 340/HE, BP 387/15 HE), and fluorescence emission was detected at 510 nm (BP
510/90 HE and FT 409). Mitochondrial Ca?* in Rhod-2/AM-loaded cells was excited at
545/25 nm and expressed as mean Rhod-2 fluorescence intensity using a 605/70 nm emission
filter.

2.6.3 Electron microscopy

Astrocytes were grown on a Matrigel-coated 6-well plate until they reached 70 to 80%
confluency. The culture medium was aspirated and the cells were washed with PBS and fixed
with Karnovsky fixative for 4 h. Subsequently, the cells were scraped off the plate and
centrifuged for 5 min at 800 rpom. The cell pellet was then convicted in cytoblock reagent
(Epredia) and surrounded by 4% low-melting agarose. A LYNX microscopy tissue processor
(Reichert-dung, Wetzlar, Germany) was used for the embedding process (post-fixation with
osmium tetroxide, dehydration, and infiltration with EPON). Semi-thin-sections (0,75 ym) for
the selection of relevant areas and ultrathin sections (80 nm) were cut using a Reichert Ultracut
S Microtome (Leica, Wetzlar, Germany). The grids were contrasted with aqueous 2% uranyl
acetate, followed by a 2% lead citrate solution for 10 min each. Electron microscopic analysis
was performed using a LEO 912AB transmission electron microscope (Zeiss, Oberkochen,
Germany) by Heiko Siegmund. Mitochondrial morphology (i.e., area, perimeter, and sphericity)
in the regions of interest, manually drawn over visible mitochondria, was analysed using
RADIUS software (EMSIS GmbH, Minster, Germany)

2.7 Flow cytometry analyses

Flow cytometry was performed on a BD Biosciences FACS Celesta™, which was run using
the Diva software v7.0 (BD Biosciences). The cytometer was equipped with violet (405 nm),
blue (488 nm) and red (640 nm) lasers. Particle size and granularity were measured using
forward scatter (FSC) and side scatter (SSC) detectors. The area, height, and width
parameters of the FSC and SSC detectors were used for doublet exclusion. Compensation
was not required. For each sample 0.15x10° to 0.3x106 (astrocytes) or 0.5x10° to 1x10° (NPCs)
cells were harvested enzymatically with accutase and centrifuged at 1300 rpm for 7 min at

4°C. All tests were performed in at least three independent experiments. Data were acquired
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immediately after staining using the FACS Celesta™ flow cytometer (BD Bioscience, capturing
1x10% (NPCS) or 2x10* (Astro) events per sample. FlowJo software (V10.8., Tree Star) was

used for the analysis.

2.7.1 Cytosolic and mitochondrial reactive oxygen species/oxidative stress

Cytosolic ROS levels were determined by applying 10 uM 2',7'-dichlorofluorescein diacetate
(H2DCFDA) for 20 min under standard culturing conditions in FACS buffer (DPBS
supplemented with 2% FBS) in airtight tubes. To analyse mitochondrial ROS production, the
cells were washed with Hank’s Balanced Salt Solution (HBSS), stained with 5 yM MitoSOX™
Red Superoxide indicator in HBSS, and incubated in a humidified atmosphere at 37°C and 5%
CO.. Subsequently, the cells were washed with cold DPBS (cytosolic ROS) or FACS buffer
(mitochondrial ROS), resuspended in 200-300 uL FACS buffer, and transferred into tubes

using a cell strainer to ensure singularity.

2.7.2 Mitochondrial mass

Mitochondrial content was assessed by staining with 1 yM MitoTracker® Green in RPMI 1640
supplemented with 2 mM L-glutamine for 1 h at 37°C in a cell incubator. To prevent
mitochondrial depolarization 1.5 yM cyclosporin A was added to prevent mitochondrial
depolarisation. After washing and resuspension in 200-300 uyL FACS buffer, the cells were

filtered and immediately analysed by flow cytometry.

2.8 Statistical analysis

Graphical depictions and statistical analyses were performed using GraphPad Prism 9.5.1
(GraphPad Software) for at least three independent experiments. For all experiments, two to
three technical replicates were calculated, and at least three biological replicates were
averaged. Statistical outliers were identified using the ROUT-method and removed before the
analysis. Normal distribution of the data was assessed using the D’Agostino-Pearson omnibus
normality test. Nonparametric data that did not follow a Gaussian distribution were analysed
using the Mann-Whitney U test (MW), whereas parametric data were analysed using
independent samples t-test. The cut-off value for statistical significance was set at p<0.05.
Results are presented as mean + standard error of the mean (SEM). The asterisks in the

figures represent p-values as follows: * p<0.05, ** p<0.01, *** p<0.001, and **** p<0.0001.
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3 Results

3.1 CRISPR/Cas9-mediated TSPO knockout and differentiation of
human induced pluripotent stem cells into neural progenitors,
astrocytes, and neurons

3.1.1 Validation of TSPO knockout in hiPSCs and off-target screening

To study the role and function of TSPO in neural cells, CRISPR/Cas9-mediated TSPO
knockout variants were generated from hiPSCs, reprogrammed from primary skin fibroblasts
of a healthy donor. The knockout was validated by DNA sequencing of PCR products and
Western Blot analysis.

In one clone (KO1), the nucleofection of the cAB03 plasmid containing the sgRNA-targeting
sequence #116 deleted a 17 bp fragment, which resulted in a shift in the open reading frame
(ORF) after the amino acid V26 in allele 1. An additional 246 bp insertion in allele 2 generated
a stop codon (*) after residue R24. A second clone (KO2) demonstrated a 26 bp deletion in
allele 1 and a deletion of a 16 bp fragment in allele 2, resulting in a frameshift and generation
of a non-functional TSPO gene. Electroporation of the hiPSCs with the cAB03 vector, including
the #126 targeting sequence, generated a third clone (KO3), which lost the complete exon 2
and adjacent bases (286 bp) in allele 1. While the deletion of 19 bp in allele 2 led again to a
shift in the ORF and a non-functional TSPO gene (Fig. 11A).
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Figure 11: Translocator protein 18 kDa (TSPO) gene deletion in human induced pluripotent stem cells. (A)
Schematic overview displaying the CRISPR/Cas9 sgRNA #116 and #126 targeting sites on exon 2 of the TSPO
gene, along with their respective PAM sequences, indicated by cyan colour. Successful TSPO knockout in both
alleles was confirmed using DNA sequencing. (B) Western Blot analysis of TSPO protein expression in hiPSC
control (CTRL1, CTRL2, and CTRL3) and knockout (KO1, KO2, and KO3) cells, demonstrating a complete loss of
TSPO. BTUB1 was used as a loading control.
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Western Blot analysis of TSPO protein expression in all three clones revealed a complete loss
of TSPO in the mutated cell lines KO1, KO2, and KO3, whereas the corresponding isogenic
control cell lines CTRL1, CTRL2, and CTRL3 exhibited prominent TSPO expression at 18 kDa
(Fig. 11B).

CRISPR/Cas9 genome editing is a promising tool in research. However, it can lead to
undesired editing outcomes, both on-target at the intended editing site and off-target at other
genomic loci. To ensure the reliability of the results and eliminate the possibility of biased
outcomes due to potential off-target effects in a given clone, three independent isogenic clones
were created. Additionally, three distinct isogenic control hiPSC lines were generated as a
physiological reference.

To allow valid comparisons between edited cells and their non-edited isogenic controls,
unintended alterations must be excluded. Therefore, guide RNAs with low predicted off-target
scores were selected using the CRISPOR web tool. After genome editing, potential off-target
sites were analysed by DNA sequencing of the top five off-target hits from the scoring
algorithm. As shown in Table 20, the top five off-target candidates within the genome remained
unaltered after CRISPR/Cas9 editing using sgRNAs #116 and #126.

Table 20: Off-target screening

sgRNA Off-target Sequence Locus description Sequencing
chr9
TCCTGTTTAGTCCACGGCAAAGG v
intron: CTSV
chrX
TCCTGCTTTATCCACAGAGATGG v
intergenic: LLOXNCO01-73E8.1-BEX1
chr8
#116 TGCAGCTCTGTCCACGGTGAGGG v
intron:DNAJC5B
chr9
TTCCTTTTTGTCCACAGCGAGGG v
intron:RAPGEF1
chr18
TCCCTCTCAGTCCACGGCAAAGG v
intergenic:Y_RNA-RP11-715C4.1
chr20
TTCTCAGCGAGGGTCTCCTCTGG v
intergenic:RP5-984P4.4-PAX1
TCCATGGTGAGGATCTCTGCAGG chr19 y
exon:SPC24
TCCACAGTCAGGGTCTCCTCTGG chr1
#126 v
exon:SH3D21
GCCACCGCTAGGGTCTCCACAGG chrX Y
exon:FAM127B
chr7
GCCACGGGCAGGGTCCCCGCAGG v
intergenic:AC091729.9-UNCX
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3.1.2 Differentiation of hiPSCs into neural progenitor cells

Within seven days of changing the culture medium from mTeSR to neural induction medium,
early neural progenitor cells (NPCs) were obtained by differentiating hiPSC colonies (Fig. 12A)
derived from the three edited KO cell lines as well as the three corresponding isogenic CTRL
cell lines. The NPCs were allowed to further mature for five passages before being stained
with the neural progenitor markers SOX2 and PAX6 (Graham et al., 2003; X. Zhang et al.,
2010) (Fig. 12B).
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Figure 12: Generation of the hiPSC-based TSPO knockout model. (A) Schematic illustration depicting the
experimental process. hiPSCs obtained from a healthy donor were differentiated into neural progenitor cells (NPCs),
which were subsequently directed to differentiate into astrocytes or neurons. Images captured under a light
microscope show the morphological characteristics of the resulting cell types. (B) Representative images of NPCs
from both control and knockout groups showing the expression of the neural progenitor cell markers PAX6 and
SOX2. Scale bar indicates 20 pm.

The percentage of cells positively labelled with the respective antibodies presented in Table 21
indicates that the majority of cells co-expressed both markers and could therefore be

considered neural progenitors.

Table 21: Generation of PAX6/SOX2 positive hiPSC-derived NPC. Numbers represent proportion [%] of SOX2
and PAXG6 positive cells in the analysed cultures.

Cell line S0OX2 positive [%] PAX6 positive [%]
CTRLA1 89.7 93.0
CTRL2 91.6 95.2
CTRL3 88.8 91.1
KO1 88.7 94.7
KO2 93.8 95.9
KO3 87.1 93.2
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3.1.3 Differentiation of hiPSC-derived NPCs into astrocytes

Following the investigation of TSPO function in neural progenitor cells, astrocytes and induced
cortical-like neurones were generated by differentiating NPCs, following the protocol described
by (Tcw et al., 2017) and (Yan et al., 2013), respectively.

To identify and confirm the maturity of the astrocytes (Astro), the expression of specific markers
was examined by immunostaining. Some of these astrocyte-specific markers include glial
fibrillary acidic protein (GFAP), S100 calcium-binding protein B (S100p3), glutamate transporter
excitatory amino acid transporter 1 (EAAT-1) and aldehyde dehydrogenase 1 family member
L1 (ALDH1L1) (Jurga et al., 2021; Verkhratsky et al., 2017). Within 30 days, hiPSC-derived
astrocytes were immunopositive for the aforementioned astrocyte markers, as shown in
Figure 13A.

Additionally, the functionality of mature astrocytes was verified by the presence of spontaneous
and ATP-elicited Ca?* transients, as previously described for astrocytes (Aguado et al., 2002;
Barbar et al., 2020; Scemes & Giaume, 2006; Tcw et al., 2017; Volterra et al., 2014). The Ca?*
indicator Fura-2/AM was used to monitor Ca?* signalling under basal conditions and in
response to a pulse of extracellular ATP (100 uM) (Barbar et al., 2020). While some cells
showed already spontaneous Ca?* spikes (Fig. 13B), a single pulse of the gliotransmitter ATP
produced a slow Ca?* response in the majority of cells (Fig. 13C), suggesting a network of
interconnected astrocytes with Ca?* fluctuations serving as the signal by which they respond,

integrate, and convey information (Scemes & Giaume, 2006).
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Figure 13: Validation of hiPSC-derived astrocytes. (A) Immunofluorescence stainings demonstrate the presence
of mature astrocyte markers, including GFAP, ALDH1L1, S1008, and EAAT1. Scale bar represents 20 um.
Representative examples of (B) spontaneous and (C) ATP-responsive Ca?* transients in astrocytes loaded with
Fura-2/AM are shown. The curves depict spontaneous Ca?* oscillations, a common feature of astrocytes, and ATP-
responsive calcium transients in the recorded changes of the fluorescent Fura-2 ratio Fzsonm/F3sonm [rU] over time in
astrocyte somata. The gliotransmitter ATP was added at a final concentration of 100 uM to elicit a response. On
the left, representative Fura-2 ratio images display brighter cells post-ATP treatment, indicating increased
intracellular calcium levels. Scale bar indicates 50 um.
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3.1.4 Differentiation of hiPSC-derived NPCs into neurons

To characterise the identity of hiPSC-derived neurons, the expression of specific neuronal
markers was investigated using immunocytochemical analysis. Somato-dendritic microtubule-
associated protein 2 (MAP-2) and class Ill B-tubulin (Tuj-1)-positive neuronal cells were
detected after 21 days of differentiation, representing the neurite network. Additionally,
visualisation of the post-mitotic nuclei via the neuronal marker NeuN, co-localising with the
nuclear-specific dye Hoechst, indicated a highly pure neuronal culture (Chalatsa et al., 2019).
The induced neurons displayed mature synaptic terminals, as evidenced by distinct punctate
labelling with antibodies against presynaptic (synaptophysin, VGLUT1) and postsynaptic
(PSD95) markers (Fig. 14A). Vesicular glutamate transporters (VGLUTs) are essential for
normal synaptic function by incorporating the excitatory neurotransmitter glutamate into
synaptic vesicles (Martineau et al., 2017). The scaffolding postsynaptic density protein 95
(PSD95) is involved in orchestrating excitatory synapse maturation and specificity and
regulates the trafficking and localisation of glutamate receptors (Prange et al., 2004; Yoo et
al., 2019). Both proteins serve as distinctive biomarkers for glutamatergic synapses and
neurons, and therefore, identify the differentiated cells as cortical-like glutamatergic neurons.
To further visualise neuronal morphology, high-resolution electron micrographs were
generated, revealing densely interconnected networks of neurites and protrusions (Fig. 14B).
Excitability is a hallmark of neuronal function and is involved in both spontaneous and evoked
neurotransmission as well as synaptic control. Spontaneous neuronal activity plays a crucial
role in the maturation of the developing brain and is vital for processes such as neuronal
migration, axonal and dendritic growth, and formation and refinement of neuronal connectivity
and synapses (Aguado et al., 2002). Spontaneous activity, which refers to the firing of neurons
in the absence of sensory input, represents a fundamental characteristic of the nervous system
(Uddin, 2020). As changes and oscillations in intracellular Ca?* concentrations through voltage-
dependent Ca?* channels, evoked by the electrical activity of individual neurons (Tada et al.,
2014), are an important aspect of spontaneous activity, neuronal Ca?* signalling was monitored
in hiPSC-derived neurons to verify their functionality (Fig. 14C). Additionally, the occurrence
of the first synchronous patterns of coactive neurons, contributing to the coordination of neural
network activity (Aguado et al., 2002), further confirmed successful differentiation into neurons
(Fig. 14D).
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Figure 14: Validation of hiPSC-derived neurons. (A) Immunofluorescence stainings at day 21 of differentiation
reveal the expression of neuronal markers in the induced neurons. The neurons display typical neuronal
cytoskeleton proteins MAP-2 and Tuj-1, as well as the presynaptic synaptophysin (SYN) and postmitotic neuronal
nuclear marker NeuN. Immunostaining for VGLUT1 and postsynaptic PSD95 indicates that the majority of induced
neurons exhibit a glutamatergic phenotype. Scale bar indicates 20 uM. (B) Electron micrographs provide high-
resolution visualisation of neuronal morphology after 21 days of differentiation. (C) Changes and oscillations in
intracellular Ca?* concentrations visualised via Fura-2/AM live-cell imaging demonstrate the spontaneous activity
of induced neurons at day 21 of differentiation. (D) First signs of a synchronous activity pattern assessed with the
HD-MEA system from Maxwell technologies at day 30 of differentiation.

3.1.5 Validation of TSPO knockout in NPCs, astrocytes, and neurons
TSPO knockout was validated in differentiated NPCs, astrocytes, and neurons using
immunofluorescence. Anti-VDAC1 fluorescence clearly demonstrated the presence of a

mitochondrial network in both the CTRL and KO cells. TSPO expression, as indicated by anti-
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TSPO antibody staining, was only visible in CTRL cells, but was completely absent in KO cells,
validating the loss of TSPO expression in mutated NPCs, astrocytes, and neurons. (Fig 15).
Therefore, TSPO knockout cell lines are considered a viable and promising tool for studying

the role of TSPO in different cell types derived from induced human neural cells.

TSPO VDAC1 merge
@
2
c
(]
(o]
o
o
g
=
(]
P4
(]
e
&
=
()
<
0
c
S
3
[}
| - - -

Figure 15: TSPO knockout in hiPSC-derived neural progenitors, astrocytes, and neurons. TSPO gene
deletion was further confirmed by TSPO antibody co-staining, using VDAC1 as a mitochondrial marker. Scale bar

indicates 20 ym.
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3.2 Effect of TSPO expression on steroid synthesis in hiPSC-derived
astrocytes

Neurosteroids act on the nervous system and therefore, play an important role in maintaining
CNS homeostasis by regulating neural development, neural function, and the response of
nervous tissue to injuries (Garcia-Segura & Melcangi, 2006). They are synthesised from
cholesterol or other steroidal precursors by neurons and glial cells (Lloyd-Evans & Waller-
Evans, 2020; Xu et al., 2022). The translocator protein, which is highly expressed in activated
glial cells, has been reported to be involved in the mitochondrial cholesterol transport, thus
making it a key regulator of pregnenolone synthesis (Bader et al., 2019; Barron et al., 2021;
Costa et al., 2018; Papadopoulos et al., 2018; Rupprecht, Wetzel, et al., 2022; L. Wolf et al.,
2015). Of all the potential physiological functions of TSPO, its role in the modulation of
steroidogenesis is best characterised and studied. Thus, to evaluate the involvement of TSPO
in neurosteroidogenesis, the concentration of pregnenolone in hiPSC-derived astrocytes was
investigated using an ELISA assay. The supernatants collected from TSPO-knockout cells
exhibited significantly lower concentrations of pregnenolone than those from CTRL cells
(3.961+0.18 pg/ug/mL protein, n=17 vs. 5.144+0.33 pg/ug/mL protein, n=18, p=0.0031) after
3 h of incubation with the enzyme inhibitors trilostane (3B-hydroxysteroid dehydrogenase,
HSD3B1) and SU10603 (17-OH-steroid hydroxylase, CYP17A1), which were used to prevent
further metabolism of the newly synthesised pregnenolone (Fig. 16A). By omitting these
inhibitors from the assay medium, the supernatants of both CTRL and TSPO™ cells revealed

a generally low basal rate of steroid production, indicating limited endogenous synthesis of

steroids.
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Figure 16: Pregnenolone synthesis in TSPO-knockout and control astrocytes. (A) TSPO knockout led to
significantly lower basal pregnenolone production in hiPSC-derived astrocytes compared to CTRL cells. Dot blots
represent normalized concentrations + SEM using independent samples t-test. (B) Relative mRNA levels of key
steroidogenic proteins (CYP11A1, CYP17A1, HSD3B1, and StAR) in hiPSC-derived astrocytes and the
adrenocarcinoma cell line H295-R related to the very low gene expression in C20 microglial cells. Bar graphs
represent the mean fold change + SEM.
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To gain insight into the steroid-synthesising capacity of hiPSC-derived astrocytes, quantitative
analysis of gene expression was performed for key steroidogenic enzymes, including
cytochrome P450 (CYP11A1), HSD3B1, and CYP17A1, which are crucial for the conversion
of cholesterol to pregnenolone and subsequent pregnenolone and neurosteroid production, as
well as steroidogenic acute regulatory protein (StAR), which is essential for cholesterol
transport. As shown in Figure 16B, the results demonstrate higher mRNA transcript levels of
these proteins in astrocytes than in the C20 microglial cell line, which does not produce
substantial amounts of pregnenolone (Milenkovic et al., 2019). However, it is noteworthy that
the mRNA levels observed in hiPSC-derived astrocytes were still considerably lower than
those found in the steroidogenic adrenocarcinoma cell line H295-R, indicating a relatively low
steroid-synthesising capacity of astrocytes. Nevertheless, these findings support the potential
importance of TSPO in neurosteroidogenesis, as evidenced by the reduced pregnenolone
concentration in the TSPO-knockout cells.

In a next step, the impact of TSPO on the modulation of mitochondrial homeostasis and

function in hiPSC-derived neural progenitors, astrocytes, and neurons was investigated.

3.3 TSPO-deficient neural progenitors, astrocytes, and neurons show
altered bioenergetic properties

3.3.1 Impact of TSPO expression on mitochondrial respiration

Mitochondria are crucial for generating and regulating cellular bioenergetics by providing
nearly all of the cell's energy through OXPHOS facilitated by the mitochondrial respiratory
chain. To investigate the functionality and performance of OXPHOS, the oxygen consumption
rate (OCR) was measured using extracellular flux analysis. By using metabolism-altering
reagents and selective enzyme inhibitors to evaluate the activity and capacity of the individual
molecular respiratory complexes, the cellular metabolic profile can be characterised. To this
end, the functions of ETC and OXPHOS in the mitochondria of both CTRL and KO cells were
assessed. When examining TSPO-deficient knockout NPCs (Fig. 17A-C) and astrocytes (Fig.
17D-F) alongside their respective CTRL cells, it was discovered that TSPO expression had a
significant impact on mitochondrial respiration. This resulted in almost all respiratory
parameters being affected. Figures 17A and 17D show representative Seahorse
measurements obtained using the Agilent Seahorse XF Cell Mito Stress Test, monitoring the
oxygen consumption rates in different respiratory states. KO cells of both cell types showed
significantly lower basal respiration than TSPO-expressing CTRL cells (NPC: p=0.0002;
Astro: p=0.0022). Moreover, maximal respiration in the presence of the uncoupler FCCP and
the resulting spare respiratory capacity, which reflects the cell’'s bioenergetic reserve and

flexibility in meeting an energetic challenge or high energetic demand, were significantly
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reduced in TSPO-deficient cells (maximal respiration: NPC p<0.0001; Astro p =0.0019; spare
respiratory capacity: NPC p=0.0145; Astro p =0.0039).
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Figure 17: Mitochondrial respiration in TSPO-knockout and control cells. The oxygen consumption rate (OCR)
was measured in TSPO KO and CTRL cells to assess the basal conditions and the effects of sequential injections
of oligomycin (Oligo), carbonyl cyanide-4-(trifluoromethoxy)-phenylhydrazone (FCCP), and rotenone/antimycin A
(Rot/AA) targeting different complexes of the electron transport chain. Representative examples of kinetic profiles
of the Agilent Seahorse XF Mito Stress Test are shown for (A) NPCs and (D) astrocytes. Key respiratory
parameters, including basal OCR, maximal respiration, proton leak, ATP-related oxygen consumption, spare
respiratory capacity, and non-mitochondrial respiration, were compared between the KO and CTRL groups in (B)
NPCs and (E) astrocytes. Total ATP content was quantified in (C) NPCs and (F) astrocytes using a bioluminescence
assay. Dot plots display the normalised mean OCR values for NPCs and astrocytes. ATP levels in nM normalised
to the total protein amount [ug/mL] are shown for the ATP content in NPCs and astrocytes. Data are presented as
mean + SEM using independent samples t-test.
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Additionally, oxygen consumption related to ATP production differed significantly between KO

and CTRL neural progenitors and astrocytes (NPC p=0.0004; Astro p=0.003). Proton leak,

the flux of H* across the mitochondrial membrane independent of the ETC, was again

significantly lower in the knockout group than in the CTRL group (NPC p=0.0031; Astro

p=0.0123). Finally, non-mitochondrial respiration, which is caused by enzymatic reactions or

oxygenases outside the mitochondria, was determined after the inhibition of mitochondrial

respiration with Rotenone and Antimycin A. TSPO-KO astrocytes exhibited significantly

decreased non-mitochondrial respiration (Astro p=0.0117), indicating an overall decrease in

cellular metabolism, whereas, in NPCs, TSPO loss had no effect on non-mitochondrial
respiration (NPC p=0.1311) (Fig. 17B and 17E).

Table 22: Mitochondrial respiration in TSPO-knockout and control cells

Basal respiration
[pmol/min/1000 cells]

Maximal respiration
[pmol/min/1000 cells]

Proton leak
[pmol/min/1000 cells]

ATP-related Oz
consumption
[pmol/min/1000 cells]

Spare respiratory capacity
[pmol/min/1000 cells]

Non-mito. Oz consumption
[pmol/min/1000 cells]

ATP
content
[nM/ug/mL protein]

Neural Progenitors Astrocytes
CTRL KO CTRL KO
6.47+0.19 5.33+0.22 20.28+0.84 16.76+0.66
n=36 n=35 n=18 n=18
p=0.0002 p=0.0022
9.10+0.25 7.47+0.31 40.72+1.98 31.62+1.85
n=36 n=35 n=18 n=18
p<0.0001 p=0.0019
1.42+0.06 1.18+0.06 4.03+£0.17 3.39+0.17
n=36 n=34 n=17 n=18
p=0.0031 p=0.0123
5.05+0.16 4.22+0.16 16.02+0.65 13.3610.52
n=36 n=36 n=18 n=18
p=0.0004 p=0.003
2.63+0.15 2.10£0.15 20.44+1.26 14.87+1.29
n=36 n=36 n=18 n=18
p=0.0145 p=0.0039
2.67+0.12 2.43+0.11 7.67+0.43 6.02+0.45
n=36 n=34 n=15 n=15
p=0.1311 p=0.0117
11.95+0.89 12.30+0.89 10.45+0.76 9.54+1.11
n=12 n=12 n=13 n=12
p=0.7834 p=0.5011
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To provide a more comprehensive understanding of OXPHOS activity and to study the
bioenergetic core function of mitochondrial metabolism — electron transport coupled with ATP
synthesis — the total ATP levels within the cells were measured, since the Seahorse assay
measures ATP production only indirectly by inhibiting the mitochondrial complex V.
Surprisingly, in contrast to the Seahorse-derived data, there was no difference in cellular ATP
content, either in TSPO-KO NPCs or astrocytes, compared with their respective controls (NPC
p=0.7834; Astro p=0.5011) (Fig. 17C and 17F).

These findings provide comprehensive insights into the effects of TSPO on OXPHOS and
mitochondrial respiration in neural cells. Altered respiratory parameters in TSPO-deficient cells
highlight the significance of TSPO in regulating mitochondrial bioenergetics. Moreover, the
unaffected ATP levels suggest compensatory mechanisms within TSPO” cells to maintain
intracellular ATP levels, despite the potentially reduced energy production associated with
decreased OXPHOS.

3.3.2 Role of TSPO in the modulation of mitochondrial membrane potential

During OXPHOS, a proton gradient across the IMM contributes to the formation of the MMP.
The MMP represents the chemo-electrical potential difference between the mitochondrial
matrix and the IMS, serving as an indicator of the bioenergetic state of mitochondria. This
potential difference is generated through consecutive redox reactions and translocation of
electrons and protons across the IMM via the ETC. The resulting proton gradient is the primary
driving force for ATP synthesis, while active ATP synthase allows the backflow of protons into
the matrix, which in turn diminishes the gradient. Thus, MMP provides valuable insights into
mitochondrial function, metabolic activity, and potential imbalances arising from mitochondrial
dysfunction.

To visualise the MMP in NPCs and neurons, mitochondria were labelled with the ratiometric
cationic dye JC-1 (200 nM), which forms potential-dependent red fluorescent aggregates in
highly energised mitochondria, whereas in response to the dissipation of the MMP, the dye
molecules disaggregate into green fluorescent monomers. The MMP of hiPSC-derived
astrocytes was assessed by loading the cells with a combination of the cationic dye TMRE
(25 nM, non-quenching mode) and MitoTracker Green (MTG) (200 nM). TMRE also
accumulates in negatively charged mitochondria to an extent that is dependent on the strength
of the electric field. The mitochondria-specific dye MTG is nearly potential-independent and is
used to normalise the TMRE fluorescence. The ratio of the fluorescence signals emitted by the
two different states of JC-1 (red/green), as well as the ratio Frmre/Fure, is therefore a measure
of the strength of the MMP (Chaudhuri et al., 2016).

TSPO deficiency in hiPSC-derived neural progenitors and astrocytes decreased the
fluorescence ratio from 1.078+0.01 and 0.498+0.005 to 0.856+0.01 and 0.469+0.006,
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respectively (p<0.0001). Given that the mitochondria residing in the soma or neurites of the
neurons were located at different focal planes, separate images of JC-1 fluorescence of the

relevant structures were captured.
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Figure 18 Effects of TSPO gene deletion on mitochondrial membrane potential. TSPO deficiency resulted in
significant reduction of mitochondrial membrane potential in knockout cells of hiPSC-derived neural progenitors,
astrocytes, and neurons (p<0.0001, Mann-Whitney U test (MW)). The MMP in NPCs and neurons is indicated by
the JC-1 fluorescence ratio of red/green (JC-1 aggregates/monomers) and in astrocytes by the ratio of TMRE/MTG
fluorescence. Dot plots show mean red/green or TMRE/MTG ratio + SEM of n=3 biological replicates of several
individual cell lines (NPC: CTRL n=3, KO n=3; Astro: CTRL n=2, KO n=2; Neuron: CTRL n=2, KO n=2).
Representative fluorescence microscopy images of NPCs and neurons loaded with the cationic dye JC-1, and of
astrocytes loaded with the cationic dye TMRE and the mitochondria-specific dye MitoTracker Green. Scale bar

indicates 20 ym.
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The TSPO-knockout neurons showed again a significantly reduced JC-1 ratio (p<0.0001),
especially in the neurites, thereby indicating a less hyperpolarised membrane potential in the
mitochondria devoid of TSPO (Soma 0.88210.23 vs. 0.445+0.008; Neurites 12.07£0.23 vs.
7.851£0.16) (Fig. 18). Collectively, knocking out TSPO resulted in a robust and significant
decline in the mitochondrial membrane potential across all examined cell types. This again
indicates that the overall function of the ETC, the translocation of protons, and the parallel
backflow of protons through the ATP synthase, which determines the mitochondrial membrane

potential, is disrupted.

Table 23: Mitochondrial membrane potential in TSPO-knockout and control cells

Neural Progenitors Astrocytes Neurons
CTRL KO CTRL KO CTRL KO

1.078+0.01  0.856+0.01 0.498+0.005 0.469+0.006 0.882+0.02 0.445+0.008
MMP n=3095 n=3032 n=930 n=643 n=694 n=747
Soma
[ratio] p<0.0001 (MW) p=0.0001 (MW) p<0.0001 (MW)

12.07+0.23 7.85+0.16

MMP n=349 n=344
Neurite
[ratio] p<0.0001 (MW)

3.3.3 Involvement of TSPO in Ca2* Homeostasis

Mitochondria play a critical role in Ca?* homeostasis, which is essential for numerous signalling
pathways, enzyme function, and cellular metabolism. Driven by their negative membrane
potential, they attract and accumulate calcium ions within the mitochondrial matrix, thereby
directly influencing and regulating cellular Ca?* dynamics. With their capability to store or
release calcium ions, mitochondria serve as calcium buffers with both beneficial and
detrimental effects. The MMP, along with Ca?*-conducting channels (e.g., voltage-dependent
anion channel, VDAC) and the activity of Ca?'-transporting proteins in the IMM (e.g.,
mitochondrial calcium uniporter, MCU), influence the extent of mitochondrial Ca?* uptake.
Using Ca?*-sensitive dyes, the cytosolic [Ca?*]c and mitochondrial [Ca*']m levels, were
investigated. Cytosolic Ca?* concentrations were measured by loading the cells with the
ratiometric dye Fura-2/AM, which is characterised by two excitation spectra depending on its
Ca?"-bound or Ca?*-free state, and is directly related to the cytosolic amount of Ca?*. For the
assessment of the mitochondrial Ca?* levels, the intensity-based dye Rhod-2/AM was used.
Consistent within all analysed cell types, a significantly reduced Fura-2 ratio (Fzsonm/F3sonm) was
observed in the TSPO™ cell lines compared to the respective CTRL cells, showing a decreased
basal cytosolic Ca?* concentration (p<0.0001) (Fig. 19A). While the Rhod-2 fluorescent
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intensity showed a significant increase amongst all KO cell lines (p<0.0001) which may be a
consequence of altered Ca?* flux or active transport processes (Fig. 19B).

According to current hypotheses, TSPO plays a crucial role in coordinating and regulating the
activity and expression of proteins within a multimeric complex. As a highly interactive protein,
TSPO may function as a molecular hub of VDAC-containing supercomplexes, thereby

contributing to the maintenance of intracellular Ca?* homeostasis.
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Figure 19: Impact of TSPO gene deletion on cytosolic and mitochondrial Ca?* and on the expression of
mitochondrial VDAC1 protein. (A) TSPO-knockout cells showed significantly reduced cytosolic Ca?* levels, as
indicated by the Fura-2 fluorescence ratio Faso/3s0. While the mitochondrial Ca?* concentration was significantly
increased in TSPO” NPCs, astrocytes, and neurons, as indicated by Rhod-2 mean fluorescence intensity (MFI) +
SEM. (B) Deletion of TSPO gene led to decreased expression of VDAC1 protein. Representative Western Blots
depict the expression of housekeeper gene BTUB1 at 55 kDa and VDAC1 at 32 kDa in NPCs and astrocytes. Bar
graphs show densitometric, relative mean of VDAC expression. Individual values were normalised to the respective
expression level of BTUB1 and related to CTRL mean. Data are presented as mean + SEM using Mann-Whitney
U test (MW).
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Table 24: Cytosolic and mitochondrial Ca?* concentration in TSPO-knockout and control cells

Neural Progenitors Astrocytes Neurons
CTRL KO CTRL KO CTRL KO
0.590+0.0008  0.569+0.0005 | 0.638+0.001  0.628+0.001 1.637£0.02  0.9984+0.01
[Ca?*]e n=5380 n=5159 n=1206 n=1055 n=910 n=1049
[ratio]
p<0.0001 (MW) p<0.0001 (MW) p<0.0001 (MW)
156.7+0.88 163.7+0.88 209.7£1.95  226.7+2.09 192.242.23 210.8+2.38
[Ca?*]m n=4485 n=4550 n=1215 n=1065 n=961 n=1061
[MF1]
p<0.0001 (MW) p<0.0001 (MW) p<0.0001 (MW)

Western Blot analyses with an anti-VDAC1 antibody showed that TSPO deficiency in hiPSC-
derived NPCs and astrocytes was accompanied by a 33.5+4.4% and 44.814.2% reduction in
VDAC1 protein expression, respectively, compared to the respective control (p<0.0001, Mann-
Whitney U test), as shown in Figure 19C. This finding supports the idea of functional and
structural interactions between these two proteins. This altered VDAC1-expression suggests
that changes in TSPO expression have a direct or indirect effect on key physiological aspects
of mitochondrial function.

To gain insight into the underlying mechanisms, quantitative analysis of VDAC1 mRNA
expression and protein stability was performed. gRT-PCR analysis indicated that the loss of
TSPO expression had no effect on VDAC1 transcription (Fig. 20A).
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Figure 20: Effect of TSPO deficiency on VDAC1 gene expression and protein stability. (A) qRT-PCR analysis
revealed no significant differences in mRNA transcript levels of VDAC1 in TSPO knockout NPCs compared to CTRL
cells. Bar graphs show fold change + SEM related to CTRL of n=2 biological replicates. (B) CTRL and KO cells
were treated with cycloheximide (100 pg/mL) for the indicated times and endogenous VDAC1 was detected using
a specific anti-VDAC1 antibody. Values were normalised to the expression level of BTUB1 and were related to the
initial VDAC1 protein level (0 h of CHX) for each group. Data are shown as relative mean + SEM of n=9 biological
replicates.
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To assess the stability of the endogenous VDAC1 protein, a cycloheximide (CHX) chase
protein degradation assay was conducted. Therefore, neural progenitors were incubated with
100 pg/mL CHX, a well-known inhibitor of eukaryotic translation, for a maximum of 24 hours
to evaluate VDAC1 protein levels at different time points after CHX treatment. VDAC1 protein
expression was quantified as a percentage of the initial VDAC1 protein level (0 h of CHX
treatment) and was normalised to BTUB1 expression. Findings indicate that the amount of
VDAC1 protein in CTRL NPCs declined to 67.43+3.77% of the initial value after 24 h, while the
KO cells showed higher protein degradation (55.89+5.55% of initial value), as shown in Fig.
20B.

3.3.4 Impact of TSPO on cellular bioenergetics and glycolysis

The proton gradient which constitutes the MMP, serves as a proton motive force that drives
the activation of ATP synthase, resulting in ATP production. Most of the cell’'s ATP is produced
during mitochondrial respiration. However, during glycolysis, the second pathway to provide
ATP to meet the energy requirements of the cell, ATP is produced via the breakdown of
glucose.

To measure glycolytic flux, the proton efflux rate (PER) of the TSPO KO and CTRL groups
was analysed. Using the Agilent Seahorse Glycolytic Rate Assay, TSPO neural progenitors
(Fig. 21A), and astrocytes (Fig. 21B) showed significantly lower basal glycolysis (glycoPER)
than CTRL (NPC p<0.0001; Astro p=0.0023). According to basal glycolysis, TSPO-deficient
cells also had significantly reduced compensatory glycolysis (NPC p<0.0001; Astro
p=0.0002), which is induced when mitochondrial ATP synthase is inhibited, thereby redirecting
the cell to rely on glycolysis to meet its ATP requirements. In addition, the basal PER and post-
2-DG acidification rate of KO cells also showed a statistically significant difference compared
to that of CTRL cells (basal PER: NPC p<0.0001; Astro p<0.001; post-2-DG acidification: NPC
p=0.0005; Astro p=0.00238). Conversely, the CTRL and KO groups did not differ significantly
in their basal mitoOCR/glycoPER ratios (NPC p=0.3124; Astro p=0.2965).
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Figure 21: Glycolytic rates in TSPO-knockout and control cells. Oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) were measured in TSPO KO and CTRL cells. Following basal measurement
of OCR and ECAR, to determine the basal proton efflux rate (PER), rotenone and antimycin A (Rot/AA) were added
to determine compensatory glycolysis and basal glycolysis (glycoPER) by blocking mitochondrial respiration.
Subsequently, 2-deoxy-D-glucose (2-DG), an inhibitor of glycolysis by competitively binding hexokinase, was
injected to ensure that the observed PER was caused by glycolysis. Representative kinetic profiles of the Agilent
Seahorse Glycolytic Rate assay and key glycolytic parameters are shown for (A) neural progenitors (NPCs) and
(B) astrocytes. Key glycolytic parameters, including basal glycolysis, basal PER, compensatory glycolysis, post-
2DG acidification, and mitoOCR/glycoPER, were compared between KO and CTRL groups. Dot plots display
normalised mean PER values + SEM using independent samples t-test or Mann-Whitney U test (MW) for NPCs
and astrocytes.
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Table 25: Key glycolytic parameters of TSPO-knockout and control cells

Neural Progenitors Astrocytes
CTRL KO CTRL KO
40.37+1.66 30.951£0.95 52.96+1.21 45.586+1.71
Basal glycolysis [pmol/min/1000 n=42 n=42 n=23 n=22
cells
] p<0.0001 (MW) p=0.0023 (MW)
43.54+1.75 33.60+£1.01 63.93+1.17 53.93%£1.79
Basal PER n=42 n=42 n=21 n=22
[pmol/min/1000 cells]
p<0.0001 (MW) p<0.0001
56.64+1.92 44.31+1.42 114.6+£2.89 98.01+2.87
Compensatory glycolysis n=42 n=42 n=24 n=22
[pmol/min/1000 cells]
p<0.0001 (MW) p=0.0002
12.81+0.54 9.72+0.38 17.52+1.16 13.06+0.81
Post-2DG acidification n=42 n=42 n=24 n=24
[pmol/min/1000 cells]
p=0.0005 (MW) p=0.0028
0.18+0.008 0.17+0.005 0.3895+0.02 0.3670+0.01
mitoOCR/glycoPER n=42 n=42 n=24 n=24
[ratio]
p=0.3124 p=0.2965

Collectively, TSPO KO cells demonstrated lower basal respiration, spare respiratory capacity,
glycolysis, and compensatory glycolysis in comparison with CTRL cells, but a similar
mitoOCR/glycoPER ratio, indicating a lower metabolic flux in TSPO™ cells.

Cells rely on energy to sustain their viability, growth, and normal functioning. ATP serves as
the primary source of chemical energy within cells, and is predominantly generated via two
pathways: glycolysis in the cytosol and oxidative phosphorylation in the mitochondria.
Measurement of cellular ATP production rate is an effective means of characterising cellular
metabolism and can be quantitatively reflected by extracellular fluxes (Cumming et al., 2018;
Mookerjee et al., 2017). Using the Agilent Seahorse XFp Real-Time ATP Rate Assay, the total
ATP production rates as well as the fractions of ATP produced through mitochondrial OXPHOS
and glycolysis of hiPSC-derived neural progenitors and astrocytes were analysed. As shown
in Fig. 22 and consistent with the Seahorse Mito Stress Test, the mitochondrial-derived ATP
production rate was significantly decreased in the TSPO” group of both cell types (basal
mitoATP production rate) (NPC p=0.0035; Astro p<0.0001). Regarding the glycolysis-specific
ATP rate fraction, only TSPO deficiency in NPCs resulted in a significant reduction compared
to that in the control cells (NPC p<0.0001). The contribution of glycolysis to the total ATP
production rate was not altered in KO and CTRL astrocytes (Astro p=0.1664).

However, consistent with the unchanged basal mitoOCR/glycoPER ratio, the overall metabolic

flux, represented by the total ATP production rate, was lower in both TSPO-deficient NPCs
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and astrocytes than in TSPO-expressing cells (NPC p<0.0001; Astro p=0.002). The XF ATP

Rate Index, a metric for detecting changes or differences in metabolic phenotypes, showed a

significant decrease in TSPO-KO astrocytes, indicating a less oxidative phenotype compared
to CTRL cells (Astro p=0.0051). As both mitochondrial and glycolytic ATP rates decreased

due to TSPO loss in NPCs, the XF ATP Rate Index remained unchanged (NPC p=0.2192).

Table 26: ATP production rate in TSPO-knockout and control cells

Basal glycoATP
production rate
[pmol/min/1000 cells]

Basal mitoATP
production rate
[pmol/min/1000 cells]

Total ATP Production Rate
[pmol/min/1000 cells]

Basal ATP Rate Index
[ratio]

Neural Progenitors Astrocytes
CTRL KO CTRL KO
40.6511.54 29.50+0.92 49.93+2.09 45.79+2.08
n=27 n=27 n=27 n=26
p<0.0001 p=0.1664
28.42+1.80 21.34+0.82 97.72+3.72 72.68+2.61
n=27 n=27 n=25 n=26

p=0.0035 (MW)

p<0.0001 (MW)

69.08+2.97 50.85+1.57 143.316.27 118.514.22
n=27 n=27 n=27 n=26
p<0.0001 p=0.002
0.6978+0.04 0.7274+0.02 1.874+0.07 1.606+0.06
n=27 n=27 n=27 n=27

p=0.2192 (MW) p=0.0051
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Figure 22: ATP production rates in TSPO-knockout and control cells. Oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) were measured, and ATP production rates were calculated for TSPO KO and
CTRL cells after sequential addition of the metabolic modulators oligomycin (oligo) and rotenone/antimycin A
(Rot/AA). Representative kinetic profiles and ATP production rates conducted with the Agilent Seahorse XFp Real-
time ATP Rate assay are shown for (A) NPCs and (B) astrocytes. Dot plots display normalised mean ATP
production rate £+ SEM for NPCs and astrocytes using independent samples t-test or Mann-Whitney U (MW) test.

Taken together, these findings demonstrate the impact of TSPO expression on the
bioenergetic capacity of cells, and support the regulatory role of TSPO in cellular and

mitochondrial energy homeostasis.
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3.4 TSPO-deficient Neural Progenitors and astrocytes show oxidative
stress

Mitochondria, as central organelles involved in cellular metabolism, exert a crucial role in
maintaining the cell’s redox homeostasis. Efficient functioning of the electron transport chain
coupled with mitochondrial ATP production comes at the cost of reactive oxygen species
(ROS), generated primarily at complexes | and Ill of the ETC. When maintained at low or
moderate concentrations, ROS are involved in various cellular signalling pathways. However,
an imbalance between the production and accumulation of reactive oxygen species causes
oxidative stress, leading to molecular and cell damage. Cellular redox was analysed by flow
cytometry using the fluorescent dyes DCFDA and MitoSOX™ Red to detect global cytosolic
hydrogen peroxide (H202) and peroxyl radicals (HO;) and mitochondrial superoxide,
respectively. As shown in Fig 23, both cytosolic and mitochondrial ROS were increased in
TSPO-knockout neural progenitors (cytosolic ROS p=0.0028; mitochondrial ROS p=0.0131)
(Fig. 23A), and astrocytes (cytosolic ROS p=0.0311; mitochondrial ROS p=0.0462) (Fig.
23B) compared with the respective controls, indicating oxidative stress and an imbalanced

redox state of the cell.
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Figure 23: Oxidative stress indicators in TSPO-knockout and control cells. Cytosolic reactive oxygen species
(ROS) and mitochondrial ROS (superoxide) were measured in (A) NPCs and (B) astrocytes by flow cytometry and
are indicated by DCFDA and MitoSOX mean fluorescence intensity (MFI). Dot blots show MFI + SEM using
independent samples t-test. of n=4 individual experiments; 1x10° and 2x10* events were recorded for each replicate
of NPCs and astrocytes, respectively.
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Table 27: Cytosolic and mitochondrial ROS levels in TSPO-knockout and control cells

Neural Progenitors Astrocytes
CTRL KO CTRL KO

555.0+33.66 960.8+115.9 2290+298.6 3606+470.2
Cytosolic n=12 n=12 n=8 n=8
ROS
[MFI] p=0.0028 p=0.0311

496.0+35.01 613.8+22.20 2367+195.9 2963+193.5
Mitochondrial n=12 n=12 n=8 n=8
ROS
[MFI] p=0.0131 p=0.0462

3.5 Effect of TSPO loss on mtDNA copy number, mitochondrial content
and cell size

Mitochondria possess their own genetic material, mtDNA, which encodes rRNA, tRNA, and
essential components of mitochondrial ETC that are involved in maintaining mitochondrial
function. The dynamic equilibrium between mtDNA degradation and synthesis, which does not
coincide with the cell cycle, determines the mtDNA copy number, ranging from 103 to 10*
copies in different cells. The quantity and quality of mtDNA directly affect mitochondrial
function, with mtDNA copy number serving as an indicator of mitochondrial integrity. Levels of
mtDNA copy number are correlated with energy reserves, oxidative stress, and changes in
MMP. Thus, altered mtDNA copy number can disrupt mitochondrial energy metabolism and
contribute to diverse pathologies.

In order to evaluate whether the observed differences in the mitochondrial membrane potential
and respiratory activity are related to lower mitochondrial content, the mtDNA copy number
was determined in relation to the diploid genome in TSPO™ and CTRL cells. Relative mtDNA
content was quantified using quantitative polymerase chain reaction (QRT-PCR) targeting the
mitochondrial-encoded gene tRNA leucine 1 (mt-TL1) and the nuclear-encoded single-copy
gene beta-2-microglobulin (B2M).

Consistent with the observation of altered bioenergetic properties and oxidative stress, TSPO-
deficient NPCs, astrocytes, and neurons contained significantly less mtDNA compared to their
controls (NPC p<0.0001; Astro p=0.0168; Neuron p<0.0001) (Fig. 24A).

Reduced mitochondrial mass is an adaptive response to a decreased mtDNA copy number.
Consequently, the mitochondrial content was determined by flow cytometry using the
fluorescent dye MitoTracker Green. However, mitochondrial mass did not differ significantly
between KO and CTRL cells (NPC p=0.2576; Astro p=0.6665) (Fig. 24B).
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Figure 24: mtDNA copy number, mitochondrial content, and cell size in TSPO-knockout and control cells.
(A) mtDNA copy numbers in TSPO- and CTRL cells are presented as single values of a minimum of three individual
gRT-PCR of n=9 (NPCs), n=6 (astrocytes, neurons) biological replicates. (B) Mitochondrial content was measured
by flow cytometry and is indicated by MitoTracker Green mean fluorescence intensity (MFI) of n=4 individual
experiments; 1x10°% and 2x10* events were recorded for each replicate of NPCs and astrocytes, respectively. (C)
Cell size was analysed by assessing the area [pixels] of Fura-2/AM-loaded cells, and the dot plots show the number
of pixels. Data are presented as mean + SEM using independent samples t-test or Mann-Whitney U (MW) test.

Surprisingly, but consistently among all cell types examined, cells lacking TSPO protein

exhibited a considerably reduced soma size (p<0.0001), as determined by pixel counting of

the fluorescent area during Fura-2 imaging (Fig. 24C).
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Table 28: mtDNA copy number, mitochondrial content, and cell size of TSPO-knockout and control cells

Neural Progenitors Astrocytes Neurons
CTRL KO CTRL KO CTRL KO
mtDNA 470373 298.8216.76 | 1405:74.42  1153:71.32 | 611.6:22.78 485621413
z:m or n=27 n=29 n=38 n=39 n=28 n=30
a.u] p<0.0001 (MW) p=0.0168 0<0.0001(MW)
Mito- 3341622088  30140%1894 | 36996+2700 39285:2281
z:z:'ednrt'a' n=12 n=12 n=9 n=9
[MFI] p=0.2576 (MW) p=0.6665
23141089 1814071 | 23674579  1497+24.05 | 177.8:157  114.310.74
Cell si
[pfx eﬁ'ze n=5983 n=6401 =822 =889 n=1106 n=1445
0<0.0001 (MW) 0<0.0001 (MW) p<0.0001 (MW)

3.6 Impact of TSPO on mitochondrial dynamics and morphology
Mitochondrial dynamics and mitophagy play vital roles in maintaining mitochondrial function.
By undergoing dynamic fusion and fission processes, mitochondria maintain their shape, size,
and distribution, important for efficient cellular communication and energy transfer within the
cell. Mitophagy selectively eliminates damaged or dysfunctional mitochondria, thereby
preventing detrimental effects on cellular health. These processes collectively contribute to the
integrity and functionality of the mitochondrial network, which is essential for sustaining cellular
bioenergetics and overall homeostasis.

To investigate the impact of TSPO deficiency on mitochondrial dynamics, the mRNA
expression levels of key fusion proteins, mitofusin 1 (MFN1) and optic atrophy protein 1
(OPA1), and fission protein dynamin-related protein 1 (DRP1) were analysed in hiPSC-derived
astrocytes. Fig. 25A shows that TSPO knockout significantly reduced MFN1 mRNA levels
(p=0.0348), whereas OPA1 and DRP1 transcripts remained unchanged. Additionally, the gene
expression of mitochondrial transcription factor A (TFAM), a crucial activator of mitochondrial
transcription and regulator of mtDNA copy number, was examined. Consistent with the
decreased mtDNA copy number, TFAM mRNA expression was significantly reduced in
astrocytes lacking TSPO protein (p=0.05) (Fig. 25B). Furthermore, the role of TSPO in
mitophagy was examined by gene and protein expression analyses. While PTEN-induced
putative protein kinase 1 (PINK1) transcripts were not significantly different between TSPO™
and CTRL cells parkin (PARK2) mRNA levels were considerably lower in TSPO-deficient
astrocytes (p=0.0041) (Fig. 25C). Surprisingly, LC3B-Il protein expression, the cleaved

lipidated form of LC3B, which is tightly associated with the autophagosomal membrane and
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indicates the degree of autophagic activation, was upregulated in TSPO-deficient NPCs and
astrocytes. Western Blot analyses with an anti-LC3B antibody showed that TSPO deficiency
in hiPSC-derived NPCs and astrocytes led to an increase of 42.1+10.3% and 49.9+14.3% in
LC3B-IlI protein expression, compared to the respective control (NPC p=0.007; Astro
p=0.0066), as shown in Figure 25D
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Figure 25: Relative gene and protein expression in TSPO-knockout and control cells. Gene expression of (A)
mitochondrial fusion and fission proteins MFN1, OPA1, and DRP1; (B) mitochondrial transcription factor TFAM;
and (C) mitophagy proteins PINK1 and PARK2. mRNA levels of TSPO-deficient cells related to TSPO-expressing
control cells. MFN1: 0.9097, p=0.0348; OPA1: 0.9393, p=0.1989; DRP1: 0.9703, p=0.6444; TFAM: 0.8581, p=0.05;
PINK1: 0.8401, p=0.0988; Parkin: 0.6546, p=0.0041. Data are presented as mean single values of five gqRT-PCR
+ SEM (n=10), Welch’s corrected t-test. (D) Deletion of TSPO led to increased expression of the lipidated form of
LC3B protein (LC3B-Il) in hiPSC-derived NPCs and astrocytes. Representative Western Blots show the expression
of housekeeper gene GAPDH at 37 kDa and LC3B-I at 16 kDa and LC3B-Il at 14 kDa. Bar graphs show
densitometric, relative mean of LC3B-II expression levels. Individual values were normalised to the respective
expression levels of GAPDH and were related to the CTRL mean. Data are presented as mean + SEM using Mann-
Whitney U test (Astro) and independent samples t-test (NPCs) of three biological replicates.

These findings suggest a role for TSPO in modulating mitochondrial dynamics, mitophagy, and

the maintenance of the mitochondrial genome.
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As mitochondrial morphology is regulated by the dynamic interplay between fusion and fission,
ensuring mitochondrial network integrity and function, electron micrographs of hiPSC-derived
astrocytes were quantified to investigate the influence of TSPO expression on mitochondrial
morphology. Mitochondria devoid of TSPO were significantly smaller, as indicated by
decreased surface area (p<0.0001) and perimeter (p<0.0001). Additionally, the sphericity of
the mitochondria was significantly increased (p=0.0306) in TSPO KO astrocytes, indicating a

rounder, less polymorphic shape, as depicted in Fig. 26.
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Figure 26: Analysis of mitochondrial structure by electron microscopy in TSPO-knockout and control
astrocytes. (A) Representative images of mitochondria from astrocytes of both control and knockout groups (n=3
each). (B) Semi-quantitative analysis of mitochondrial area, perimeter, and sphericity. Dot plots display single
values of TSPO-expressing (n=686) and TSPO-devoid (n=854) mitochondria. Data are presented as mean + SEM
using Mann-Whitney U test.

3.7 TSPO expression in Major Depressive Disorder

TSPO has been implicated in neurodegenerative and neuroinflammatory processes, as
presumed by the observation of increased TSPO expression in various neuropathologies such
as Alzheimer’s disease, multiple sclerosis, Parkinson’s disease, and major depressive disorder
(MDD) (Rupprecht et al., 2010). Although the molecular pathomechanisms underlying MDD
are still not fully understood, accumulating evidence suggests a link between mitochondrial
dysfunction, bioenergetic imbalance, and the aetiology and pathology of depression (Kuffner
et al., 2020; Triebelhorn et al., 2022). Thus, the protein expression of TSPO and VDAC1 was
analysed in fibroblast cell lines derived from 16 MDD patients and sex- and age-matched
controls. Surprisingly, the levels of both TSPO (Fig. 27A), and VDAC1 (Fig. 27B) proteins were
significantly reduced (TSPO 76.03+4.94%, p=0.0004; VDAC1 76.48+3.92% p=0.0028) in
patients with MDD, pointing towards a potential involvement of TSPO in the development of

mitochondrial dysfunction and subsequent manifestation of MDD.
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Figure 27: TSPO and VDAC1 protein expression in human primary fibroblasts of major depressive disorder
(MDD) patients and healthy controls. Relative expression of (A) TSPO and (B) VDAC1 proteins normalised to
the respective expression levels of BTUB1 and related to the CTRL mean. Bar graphs show densitometric, relative
mean + SEM using Mann-Whitney U test of three individual biological replicates of n=16 fibroblast cell lines.

These findings highlight the potential contribution of dysregulated TSPO and altered

bioenergetics and redox homeostasis in the context of MDD.
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4 Discussion

Since its discovery as a peripheral binding site for benzodiazepines in 1977, TSPO has been
the subject of numerous studies that have revealed varying and sometimes conflicting
functional roles. Despite decades of research, its involvement in regulating cellular and
mitochondrial processes, such as steroid synthesis, oxidative stress, and mitochondrial
bioenergetics, remains controversial, with no clear consensus on its specific physiological
properties.

Under physiological conditions, TSPO expression in the central nervous system (CNS) is
relatively low. Pathological conditions such as multiple sclerosis, Parkinson’s disease, glioma,
and major depressive disorder can lead to a marked and diagnostically relevant increase in
TSPO expression. However, the underlying causality between elevated TSPO expression and
disease onset remains a subject of debate, and its precise role in neuropathology is yet to be
determined.

In this study, the effect of TSPO on cellular and mitochondrial homeostasis was investigated
using a novel CRISPR/Cas9-mediated TSPO knockout model in human iPSCs. Despite its
evolutionary conservation, the physiological significance of TSPO seems to be tissue- and cell
type-specific. Thus, TSPO”and CTRL hiPSCs were differentiated into neural progenitor cells,
astrocytes, and neurons to elucidate metabolic changes related to neurosteroid synthesis,
cellular and mitochondrial bioenergetics, VDAC1 protein expression, redox and calcium
homeostasis, and mitochondrial dynamics and morphology in the presence and absence of

TSPO across different cell types.

4.1 Role of TSPO in neurosteroidogenesis

TSPO has long been considered essential for mitochondrial cholesterol import (Selvaraj et al.,
2015), because of its localisation in the OMM, the specificity of the structural C-terminal CRAC
domain with high affinity for cholesterol, and its particularly high expression in steroid-
synthesising tissues. Thus, many studies using biochemical, pharmacological, and genetic
experimental approaches have provided evidence for the important role of TSPO in steroid
production (Costa et al., 2018; Hauet et al., 2005; Kelly-Hershkovitz et al., 1998; Mukhin et al.,
1989; Papadopoulos, Amri, Li, et al., 1997; Papadopoulos et al., 1990, 2018, 2018). Although
recent in vivo and in vitro TSPO knockout studies have refuted the role of TSPO in
steroidogenesis (Banati et al., 2014; Morohaku et al., 2014; Tu et al., 2014), its specific role in
neurosteroid synthesis is still largely unclear (Selvaraj & Tu, 2016).

To shed further light on this contradictory debate, pregnenolone concentration in the

supernatants of CTRL and TSPO™ hiPSC-derived astrocytes was measured using ELISA. A
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significant decrease in pregnenolone levels in TSPO-deficient astrocytes was observed,
supporting the potential importance of TSPO in neurosteroid synthesis. But generally, the
amount of quantified pregnenolone was considerably low, ranging between 2.5 and
7.2 pg/ug/mL protein, indicating a low steroid-synthesising capacity of the hiPSC-derived
astrocytes, similar to human C20 microglia (V. M. Milenkovic et al., 2019). While astrocytes
showed higher P450scc (CYP11A1) transcripts compared to C20 microglial cells, the mRNA
expression was still considerably lower than that found in the steroidogenic adrenocarcinoma
cell line H295-R.

Neurosteroidogenesis occurs in both neurons and glia; however, the expression of
steroidogenic enzymes in the CNS is specific to certain cell types and regions (Yilmaz et al.,
2019). Recent results from a TSPO knockdown study in murine microglial BV-2 cells support
a TSPO-related de novo neurosteroid synthesis pathway as well as a direct and TSPO-
mediated effect of TSPO ligands on neurosteroidogenesis (Bader et al., 2019). In contrast, a
study using human C20 microglial cells reported low pregnenolone synthesis, independent of
TSPO depletion, which could not be stimulated by specific TSPO ligands or dibutyryl-cAMP
(V. M. Milenkovic et al., 2019). Whereas, a more recent study not only confirmed the
steroidogenic role of human microglia but also highlighted the explicit involvement of TSPO in
this process (Germelli et al., 2021). Another study found that the human microglial cell line
HMC3 and the human astrocyte cell line NHA produce pregnenolone in a TSPO-related
manner, as pregnenolone production could be enhanced by XBD173 (Y. C. Lin et al., 2022).
Moreover, Angeloni et al. suggested an essential autocrine control of neurosteroid synthesis
in orchestrating cholesterol trafficking, since TSPO silencing, which is unable to promote native
neurosteroidogenesis, resulted in impaired cholesterol homeostasis, leading to excessive
cholesterol accumulation (Angeloni et al., 2023).

It has been discovered that murine and human microglia lack cholesterol-metabolising
enzymes, that is exhibiting only low mRNA levels of StAR and no transcripts of P450scc, which
are indispensable for de novo steroid synthesis (Gottfried-Blackmore et al., 2008; Owen,
Narayan, et al.,, 2017). Instead, microglia are only able to metabolise androgens and
oestrogens from available steroid precursors and convert dehydroepiandrosterone (DHEA) to
5-androstene-3-beta, 17-beta-diol, but lack the enzymes to synthesise progesterone and
DHEA (Yilmaz et al., 2019).

On the contrary, astrocytes have been shown to be the most active steroidogenic cells in the
brain producing pregnenolone, progesterone, DHEA, androstendion, testosterone, oestradiol
and estrone (Zwain & Yen, 1999). Additionally, various studies have consistently indicated that
elevated neurosteroid levels in hepatic encephalopathy, a neuropsychiatric syndrome, are
linked to increased neurosteroid synthesis, and may be partly caused by the upregulation of
TSPO in astrocytes (Bélanger et al., 2005; Bender & Norenberg, 1998; ltzhak et al., 1995). A
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more recent study on primary rat hypothalamic astrocytes found that PKA-mediated activation
of StAR and TSPO promoted neurosteroidogenesis following hormonal treatment (C. Chen et
al., 2014). Another study conducted on an astrocytic model showed that stimulating TSPO
using synthetic ligands could increase the expression level of the mitochondrial form of StAR,
suggesting protein activation (Costa et al., 2020; Santoro et al., 2016).

Mellon and Deschepper discovered that the overall quantity of P450scc mRNA in the rat brain
was only approximately 0.01% of that measured in the adrenal gland. Interestingly, they found
vastly different ratios of P450scc mRNA and protein expression compared to the adrenal
cortex, suggesting the importance of translational regulation or protein stability for P450scc
activity in the brain (Mellon & Deschepper, 1993). This may indicate that only a small
subpopulation of cells is capable of synthesising neurosteroids de novo (Selvaraj & Tu, 2016).
However, Lin et al. demonstrated the ability of human microglia and astrocytes to produce
pregnenolone despite low levels of P450scc mRNA and no detectable protein expression.
They further provided evidence for a CYP11A1-independent pathway for pregnenolone
synthesis and proposed the involvement of a CYP450 other than CYP11A1, responsible for
producing pregnenolone in the human CNS (Y. C. Lin et al., 2022).

Although TSPO is highly expressed in microglia and astrocytes, it is less abundant in neurons.
However, neurosteroidogenesis primarily occurs within principal neurons of various brain
regions that possess the enzymatic machinery required to convert cholesterol into neuroactive
steroids (Porcu et al., 2016). Single-cell transcriptomics and TSPO-antibody immunolabelling
have confirmed low neuronal TSPO expression in rodent and human brains (Barron et al.,
2021; Betlazar et al., 2018; Notter et al., 2021), which could be upregulated by neuronal activity
(Notter et al.,, 2021). Moreover, Barron et al. demonstrated reduced depression-related
behaviour, an effect caused by TSPO overexpression and dependent on steroidogenesis
(Barron et al.,, 2021). Although these studies provide initial evidence of the functional
importance of neuronal TSPO, further studies are required to verify the significance of these
findings at physiological neuronal TSPO levels, which could be assessed using the novel
TSPO knockout model in hiPSCs. Notably, nerve cells often possess only one steroidogenic
enzyme, unlike classical endocrine steroidogenic cells which express multiple enzymes of the
biosynthetic pathway. Consequently, the production of neurosteroids, such as DHEA or
allopregnanolone, which requires the involvement of multiple enzymes, would necessitate the
steroid precursor molecules to navigate from one type of nerve cell to another, and potentially
even from glial cells to neurons, and vice versa (Do Rego et al., 2009). Furthermore, as
opposed to peripheral steroidogenesis, which is predominantly regulated by pituitary hormones
via the transcriptional regulation of StAR, neurosteroidogenesis is governed by

neurotransmitters and neuropeptides (Barron et al., 2021).
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Given the potential journey of steroids through different cell types, including their unique
regulation, further investigation of the interactions between TSPO and other proteins involved
in cholesterol transport and steroidogenesis may provide valuable insights into the complexity
of neurosteroid synthesis in the brain.

Additionally, is has been indicated, that TSPO may have an impact on steroidogenesis beyond
the immediate translocation of cholesterol into mitochondria. Studies have observed increased
accumulation of lipid droplets in conditional TSPO-deficient (TSPO*2) Leydig cells (Fan et al.,
2015) and primary murine microglia (Fairley et al., 2023), indicating a blockade of cholesterol
utilisation. Furthermore, Fairley et al. observed TSPO-dependent transcriptional upregulation
of genes associated with lipid synthesis in the hippocampi of TSPO-KO mice. Given the fact
that ACLY, a key enzyme involved in the shift from carbohydrate metabolism via the TCA cycle
to cholesterol and fatty acid synthesis, is upregulated, they proposed that TSPO deletion
results in a switch to the conversion of glucose into lipids for storage. Hence, TSPO may
regulate steroidogenesis by affecting the bioavailability of cholesterol for steroid production by
influencing lipid synthesis from carbohydrate substrates (Fairley et al., 2023).

Taken together, in contrast to the periphery, where TSPO is not essential for maintaining
baseline steroidogenesis except during aging or in response to stress (Barron et al., 2021),

these findings suggest a critical role for TSPO in steroid production in the brain.

4.2 Impact of TSPO on the energetic status of the cell

4.2.1 Mitochondrial and cellular respiration

Mitochondria are often referred to as the powerhouse of the cell because they play a crucial
role in providing cellular energy by generating ATP through oxidative phosphorylation.
Quantification of mitochondrial respiration, which directly reflects electron transport impairment
and depends on the oxidation of cytochrome ¢ in complex IV leading to the consumption of
molecular oxygen to form water, can serve as an indicator of OXPHOS functionality and
efficiency (Triebelhorn et al., 2022; Yépez et al., 2018).

The involvement of TSPO in regulating the bioenergetic state of cells remains controversial.
However, recent and growing literature on the evolving knowledge of TSPO functions (Betlazar
et al., 2020) points to a central role of TSPO in modulating mitochondrial energetic processes.
Therefore, respirometry measurements and analyses of functional bioenergetic parameters in
hiPSC-derived CTRL and KO cells were performed using a Seahorse Extracellular Flux
Analyser. Consistently, both TSPO-deficient NPCs and astrocytes showed reduced
mitochondrial respiration, as indicated by lower basal and maximal respiration rates as well as
decreased spare respiratory capacity and ATP-related respiration. Surprisingly, while the ATP
content remained unchanged, the mitochondrial and total ATP production rates were

significantly reduced in CTRL and TSPO” NPCs and astrocytes, indicating decreased
95



Discussion

metabolic flux. An increased glycolytic activity of TSPO KO cells to compensate for decreased
OXPHOS to maintain total intracellular ATP levels seemed likely. Thus, the Seahorse
Glycolytic Rate assay was used to evaluate key glycolytic parameters. However, contrary to
the presumption of increased glycolysis, basal and compensatory glycolysis were reduced in
TSPO-deficient NPCs and astrocytes. Moreover, TSPO knockout in NPCs resulted in a lower
glycolysis-specific ATP rate fraction.

Banati et al., provided the first evidence for a regulatory impact of TSPO in the metabolic
activity of primary murine microglia from genetically modified TSPO knockout mice. In this
context, loss of TSPO expression resulted in decreased basal oxygen consumption as well as
ATP synthesis-related OCR (Banati et al., 2014). Since then, several groups have studied the
role of TSPO in energy metabolism. Recent results using both rodent and human microglia
suggest that TSPO and TSPO ligands may have differential effects on energy metabolism,
some of which are specific or independent of TSPO expression. In the human C20 microglial
cell line, basal and maximal respiration, as well as ATP-related oxygen consumption, were
significantly reduced in TSPO-knockout cells compared to wild-type cells. Lentiviral
overexpression of TSPO was able to rescue the impaired mitochondrial respiration in C20
knockout cells (V. M. Milenkovic et al., 2019). Similarly, TSPO deficiency in primary murine
microglia restrained mitochondrial OXPHOS, as indicated by the lower basal and maximal
OCR and subsequent ATP production, resulting in reduced mitochondrial ATP levels (Fairley
et al., 2023; Yao et al., 2020). In a lentiviral TSPO knockdown model in the rodent microglial
cell line BV-2, mitochondrial respiration was unchanged compared with that in SCR control
cells. However, treatment with the specific TSPO-ligands PK11195 and Ro5-4864 stimulated
basal and ATP-related oxygen consumption only in TSPO-expressing SCR microglia, in favour
of a specific and TSPO-dependent effect on OXPHOS (Bader et al., 2019). Similarly, Fairley
et al. observed a bioenergetic effect of Ro5-4864 in cultured BV-2 microglia, indicated by
higher basal and maximal OCR (Fairley et al., 2023). Using murine TSPO-deficient glioma
cells, TSPO knockdown patient-derived stem-like GBM1B cells and human glioma U87MG
cells Fu et al. demonstrated, that TSPO deletion or silencing promoted glioma growth by
suppressing mitochondrial function, i.e. mitochondrial respiration and global ATP production
(Fu et al., 2019). Treatment of wild-type rodent glioma cells with the specific TSPO-antagonist
PK11195 reduced mitochondrial function. Intriguingly, the TSPO-specific agonist Ro5-4864
also significantly decreased mitochondrial bioenergetic parameters (Fu et al., 2019). In
contrast, human neuroblastoma SH-SY5Y cells treated with TSPO ligands showed increased
ATP synthesis (Grimm et al., 2020; Lejri et al., 2019). However, conflicting results have been
published regarding the effects of TSPO on glycolysis in primary murine microglia. Yao et al.
observed a decrease in the extracellular acidification rate (ECAR), representing inhibited

glycolytic function in TSPO-deficient microglia (Yao et al., 2020). Fairley et al. reported a
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modest increase in glycolysis in TSPO™ microglial cultures as measured by ECAR. Moreover,
TSPO deletion in GL261 mouse glioma cells enhanced glycolysis, which could be reversed by
restoring TSPO expression (Fu et al., 2019).

Although these findings suggest an effect of TSPO on the bioenergetic status of cells in the
central nervous system, the underlying mechanisms remain to be elucidated.

Reduced mitochondrial respiration may be attributed to diminished mitochondrial respiratory
chain activity or the limited availability of substrates or enzymes. If glucose or fatty acid
substrates are restricted or enzymes involved in their metabolic breakdown malfunction, the
levels of NADH/H* and FADH; reduction equivalents decrease. Moreover, the transport of
these reduction equivalents into the mitochondria may be a limiting factor for ETC function
(Leverve, 2007). Inhibition of complex | of ETC has been shown to affect the activity of complex
Il, as the tricarboxylic acid (TCA) cycle ceases succinate production in the absence of
NADH/H* (Steinlechner-Maran et al., 1997).

The voltage-dependent anion channel VDAC, ubiquitously expressed in mammalian cells, is a
crucial regulator of various mitochondrial functions. As the major pore of the OMM, VDAC1
facilitates the transport of respiratory chain substrates, such as ADP, ATP, NAD*, and NADH.
Furthermore, VDAC is involved in the regulation of metabolite diffusion, including glucose,
pyruvate, glutamate, succinate, and citrate and cations, such as Ca?* and Mg?* (Shoshan-
Barmatz et al., 2019). The association between TSPO and VDAC has been extensively
studied, suggesting their involvement in an insufficiently characterised protein complex that
exerts a joint influence on physiological functions.

Interestingly, TSPO deficiency was accompanied by reduced VDAC1 protein expression in
hiPSC-derived NPCs and astrocytes. While the gene expression level was unchanged, protein
stability assays using cycloheximide revealed higher protein degradation in TSPO” NPCs.
This negative correlation between TSPO and VDAC expression has also been shown in a
TSPO-knockout model of human C20 microglial cells (Bader et al., 2023; V. M. Milenkovic et
al., 2019). Moreover, decreased VDAC expression in glioblastoma cancer cells resulted in a
decline in TSPO expression (Arif et al., 2016), whereas patients with bipolar disorder showed
highly increased expression levels of both TSPO and VDAC in their PBMCs (Scaini et al.,
2019), further demonstrating the mutual dependence of TSPO and VDAC expression.
Proteomic protein-protein interaction analysis identified the metabolic regulators 14-3-3 family
scaffold adaptor and chaperone proteins as hubs in the TSPO-interactome network of the brain
(Fairley et al., 2023). Notably, phosphoserine protein-binding motifs of 14-3-3 adaptors have
been identified on functionally important sites of both TSPO and VDAC (Aghazadeh et al.,
2012, 2014).

Mechanistically, TSPO has been associated with F1F,-ATP synthase of complex V, which is

responsible for generating ATP. Studies on isolated rat brain mitochondria have demonstrated
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that specific TSPO ligands PK11195, Ro05-4864, and protoporphyrin IX affect the
phosphorylation of subunit ¢ of F1Fo-ATP synthase (Krestinina et al., 2009). Additionally,
PK11195 was found to inhibit F1Fo-ATPase activity in an oligomycin sensitivity-conferring
protein-dependent manner, which decreased ATP synthesis and increased intracellular
superoxide levels (Cleary et al., 2007). Seneviratne et al., showed that PK11195 is able to
inhibit the activity of the F1Fo-ATP synthase, similar to oligomycin, demonstrating a biological
effect for PK11195 beyond TSPO binding (S.D. Seneviratne et al., 2012).

It is worth noting, that PAP 7, which can bind both TSPO and the regulatory protein kinase A
(PKA) subunit Rla, may act as an endogenous TSPO ligand (Krestinina et al., 2009). Serving
as a PKA-Rla-anchoring protein (J. Liu et al., 2003), PAP7, when associated with
mitochondria, can be targeted by PKA in TSPO-expressing mitochondria influencing the
phosphorylation/dephosphorylation of mitochondrial proteins (Krestinina et al., 2009).
Phosphorylated F1Fo-ATP subunit ¢ can transmit signals to both the & subunit and catalytic 8
subunit, which subsequently undergoes phosphorylation. Thus, TSPO ligands may regulate
mitochondrial energy metabolism by regulating phosphorylation of F1Fo-ATP subunit ¢
(Krestinina et al., 2009). Additionally, ATP synthase, previously reported as an interactor with
the TSPO-VDAC complex (Veenman et al., 2010) and regulated by 14-3-3 adaptor proteins,
has recently been identified in the brain TSPO interactome. This interaction of both TSPO and
ATP synthase with 14-3-3 adaptor proteins may provide an explanation for the contribution of
TSPO to mitochondrial OXPHOS (Fairley et al., 2023).

The impact of TSPO on glycolysis may also be attributed to VDAC interactions. A study by
Fairley et al. revealed that the higher glycolytic capacity observed in TSPO” microglia was
caused by a compensatory increase in hexokinase Il (HK2) activity, a key enzyme involved in
glucose metabolism. This elevated HK activity was mediated by the recruitment of HK to the
mitochondria, a process that has been shown to involve VDAC interaction (Roberts &
Miyamoto, 2015). Moreover, mitochondrial HK recruitment is regulated by the phosphorylation
of HK (Miyamoto et al., 2008) or VDAC (Das et al., 2008; Pastorino et al., 2005), and TSPO
has been implicated in VDAC phosphorylation (Gatliff et al., 2014), suggesting a possible
interaction between TSPO and HK activity (Fairley et al., 2023). A previous study also
demonstrated the upregulation of HK2. Furthermore, hypoxia inducible factor 1 subunit a (HIF-
1a), a key regulator of glycolysis, was found to be upregulated due to TSPO deficiency, which
likely increased the expression of the key glycolysis-associated enzymes glucose transporter
1 (GLUT1) and lactate dehydrogenase (LDH) (Fu et al., 2019).

When cellular respiration is impaired, cells may have a “choice” to either maintain their
mitochondrial membrane potential and consume ATP or to depolarise the mitochondria and
preserve cellular ATP levels. The choice between these options may depend on the glycolytic

capacity of the cells. However, it is unclear which option would be more beneficial for cell
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survival, as allowing mitochondria to depolarise could lead to the release of pro-apoptotic
molecules, triggering cell death (Campanella, Casswell, et al., 2008). Under any circumstances
in which MMP is compromised, such as oxygen deprivation or damaged mitochondrial
respiratory proteins, the enzymatic activity of ATP synthase can be reversed. The enzyme
functions as a proton-motive ATPase, consuming ATP and pumping protons from the
mitochondrial matrix to sustain MMP. However, inhibitor factor 1 (IF1) can mitigate ATP
hydrolysis by binding to the F1F, complex and inhibiting ATPase activity without affecting ATP
synthesis during OXPHOS (Campanella, Casswell, et al., 2008). IF activity may explain the
observed MMP depolarisation and unchanged ATP levels in the hiPSC-derived TSPO-
deficient cells. However, KO cells also exhibited reduced ATP-related OCR and total ATP
production rates, suggesting a lower ATP demand and turnover. Thus, CTRL and TSPO
knockout cells may consume ATP through different pathways. Previous studies have indicated
the presence of a hierarchy of ATP-consuming reactions within a cell, and the utilisation of
ATP can be determined by both ATP-producing and ATP-consuming processes. Hence, if the
ATP supply is compromised, non-essential cellular processes are given up first, prioritising the
preservation of critical functions vital for sustaining cellular ionic integrity (Buttgereit & Brand,
1995).

Cells conserve energy by converting ADP to ATP, similar to the function of rechargeable
batteries. The energy released by the hydrolysis of ATP back to ADP is utilised to power most
energy-dependent processes, including cell growth, division, communication, and movement

(Hardie, 2018). Maintaining a balanced equilibrium between ATP production and consumption,

[ATP+0.5*ADP]

represented by the ratio [ATP+ADP+AM |’

is crucial for proper cellular function. Although the

mitochondrial and glycolytic pathways generate energy from various fuel sources, the
phosphocreatine (PCr) shuttle is used to meet immediate energy requirements (Johnson et
al., 2019). Mitochondrial creatine kinase, along with cytosolic isoenzymes, produces highly
diffusible phosphocreatine for the temporal and spatial buffering of ATP levels to maintain
cellular energy homeostasis (Schlattner et al., 2006). Interestingly, mitochondrial creatine
kinase, has been identified in the brain TSPO interactome network (Fairley et al., 2023).
Additionally, the coordinated actions of AMP deaminase (AMPD), AMP-activated protein
kinase (AMPK), and adenylate kinase (AK) contribute to energy regulation. AMPK serves as
an energy-charge sensor that modulates AMPD activity. AMPD converts AMP to IMP to
maintain a higher energy charge and to facilitate the forward AK reaction, which generates
ATP and AMP from two ADP molecules (Johnson et al., 2019).

Notably, reduced respiration in TSPO-knockout cells can be attributed to a reduced

mitochondrial mass. However, the mitochondrial content measured by flow cytometry in TSPO-
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knockout hiPSC-derived NPCs and astrocytes was unchanged compared with that in CTRL
cells.

In summary, the reduced mitochondrial and cellular respiration observed in TSPO-deficient
cells can be caused by various factors, including diminished ETC activity, restricted substrate
or enzyme availability, malfunctioning of ETC complexes, and improper functioning of the
TSPO-VDAC interactome. Further investigations are needed to fully understand the

mechanisms underlying the regulatory role of TSPO in cellular and mitochondrial respiration.

4.2.2 Mitochondrial membrane potential and Caz+* and redox homeostasis

The electrochemical proton gradient across the IMM, generated by the respiratory complexes
of the ETC by pumping protons into the intermembrane space, forms a proton motive force.
This driving force, which is composed of a pH gradient and mitochondrial membrane potential,
is essential for mitochondrial respiration (Lodish et al., 2021). MMP and ATP synthesis are
typically maintained at stable levels with minor temporary fluctuations. However, prolonged
periods of MMP instability can lead to altered bioenergetic states, resulting in mitochondrial
dysfunction and cell death (llkan & Akar, 2018; Zorova et al., 2018). Fluctuations in MMP
triggered by local Ca?* release from the endoplasmic reticulum are an indication of
mitochondrial viability and functional capacity. Although mitochondria are largely autonomous
organelles, their MMP can be modulated by their cellular environment and interactions with
other organelles, particularly the ER (Keil et al., 2011). Thus, MMP serves as an important
functional parameter for the bioenergetic state of mitochondria, influencing mitochondrial
functions, such as Ca?* homeostasis (V. M. Milenkovic et al., 2019), and provides information
on the balance between energy supply and demand (Schmidt et al., 2021). A more negative
or polarised MMP implies an increase in the coupling efficiency of OXPHOS, whereas a less
negative or depolarised MMP suggests a decrease in efficiency or may result from rate
limitations in the ETC or substrate oxidation (Schmidt et al., 2021).

Following respirometry analyses, MMP measurements were conducted to investigate its
correlation with the observed metabolic changes in relation to the impact of TSPO on the
cellular energy status. Consistent across all analysed cell types, TSPO-deficiency resulted in
prominent depolarisation of MMP. This is in line with several studies reporting that inhibition of
TSPO expression causes depolarisation of the mitochondria. In murine BV-2 microglial cells,
RNA interference-mediated TSPO knockdown resulted in a lower MMP (Bader et al., 2019;
Yao et al.,, 2020). Similarly, mitochondrial depolarisation has been observed in primary
microglia isolated from genetically modified TSPO-knockout mice (Fairley et al., 2023; Yao et
al., 2020). Moreover, CRISPR/Cas9-mediated knockout of TSPO in human C20 microglia
caused a robust reduction in MMP (V. M. Milenkovic et al., 2019). A comprehensive study on

the impact of TSPO on key mitochondrial functions reported similar results. TSPO-knockout
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mouse glioma cells also showed lower MMP (Fu et al., 2019). In contrast, downregulation of
TSPO expression in canine C35 epithelial cells resulted in hyperpolarised mitochondria (Gatliff
et al., 2017), whereas TSPO deletion in murine MA-10 Leydig cells did not affect the MMP (Tu
et al., 2016). However, in a recent study, TSPO-deficient MA-10 Leydig cells exhibited a
significantly decreased MMP (Fan et al., 2018). Fan et al. attributed the depolarisation of MMP
to the lack of regulation of VDAC/tubulin interaction caused by the loss of TSPO expression,
as indicated by the reduced overlap of mitochondria and polymerised tubulin in TSPO-deficient
cells (Fan et al., 2018). Tubulin, a cytoskeletal protein, has been shown to modulate VDAC
function. Upon binding, the voltage sensitivity of VDAC increases, thereby inducing VDAC
closure at low transmembrane potentials. This regulates ATP/ADP flux and limits mitochondrial
metabolism and respiration, leading to alterations in MMP (Rostovtseva et al., 2008;
Rostovtseva & Bezrukov, 2012). In cancer cells, MMP and concomitant VDAC conductance
change depending on the amount of free tubulin present (Maldonado et al., 2010). Tubulin
further controls VDAC conductance in a PKA-dependent manner. PKA agonists cause VDAC
closure, which leads to reduced MMP levels. Conversely, antagonists reduce tubulin-
dependent VDAC closure and MMP depolarisation (Maldonado & Lemasters, 2014). In turn,
TSPO can modulate this tubulin/VDAC interaction by competitive binding and altering VDAC
conductance (Gatliff & Campanella, 2012). The interaction between TSPO and ACBD3 leads
to recruitment and complexation of ACBD3 with cAMP-dependent PKA. The resulting
phosphorylation of VDAC regulates VDAC activity by decreasing its conductance (Gatliff et al.,
2017).

Bioenergetic homeostasis and mitochondrial functionality are essential for energy supply. In
respiring mitochondria, a negative MMP is a major driving force for the accumulation of Ca?*
ions. The concentration gradient between extracellular Ca?* levels and cytosolic Ca?'
concentration [Ca?*]. is essential for the induction of Ca?*-dependent signalling cascades.
Maintaining this gradient requires a significant amount of cellular energy, as extracellular Ca?*
levels are 20,000 times higher than [Ca?*]. (Hopp, 2021). In the resting state, the mitochondrial
matrix Ca?* concentration [Ca®']m of approximately 100 nM is in equilibrium with the cytosol.
Upon an increase in [Ca?*]. due to its release from intracellular Ca?* stores or influx from the
extracellular space, Ca?* uptake can increase [Ca®']m to more than 100 uM. This rapid and
transient accumulation of Ca?* ions allows mitochondria to contribute to the regulation of
cytosolic Ca?* transients and the maintenance of Ca?* homeostasis as intracellular Ca?* stores
and buffers (Rostovtseva, 2017).

Limited evidence suggests a modulatory role of TSPO in maintaining cellular and mitochondrial
Ca?" homeostasis. However, the direct association and complex formation with VDAC, the
main Ca?* channel of the OMM, supports the involvement of TSPO in the regulation of

intracellular Ca?*. Furthermore, changes in MMP are closely related to changes in Ca?*
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homeostasis. Thus, basal cytosolic and mitochondrial Ca?* levels were investigated in hiPSC-
derived NPCs, astrocytes, and neurons. Consistently, all TSPO-knockout cells showed
decreased cytosolic and increased mitochondrial Ca?* levels. This is in line with a previous
study that reported an ATP-induced increase in [Ca?*]m and a decrease in [Ca?']. in TSPO-
knockdown cells and reversed effects in TSPO-overexpressing cells from different species,
suggesting a conserved mechanism of mitochondrial Ca?* homeostasis. This mechanism
involves TSPO, which limits the transport efficiency of Ca?* ions into the mitochondria and
controls mitochondrial Ca?* uptake through VDAC (Gatliff et al., 2017). Consistently, treatment
of isolated mitochondria with the endogenous ligand hemin (iron protoporphyrin IX) limited
mitochondrial Ca?* accumulation by reducing VDAC conductance (Tamse et al., 2008). In
contrast, TSPO loss in human C20 microglia resulted in increased cytosolic Ca?* levels (Bader
et al., 2023; V. M. Milenkovic et al., 2019). However, [Ca®'],, was also increased in microglia
devoid of TSPO (Bader et al., 2023).

The ability of mitochondria to accumulate and release Ca?*, which represents the Ca?*
buffering capacity, can be both beneficial and detrimental. It contributes to Ca?* homeostasis
by removing cytosolic Ca?* ions, and modulates mitochondrial activity. Upon cytosolic Ca?*
rise, mitochondria take up Ca?', which regulates the activity of matrix dehydrogenases,
triggering the generation of reducing equivalents that fuel ETC and ATP synthesis (Gherardi
et al., 2020). Thus, the elevated [Ca?*]n observed in hiPSC-derived TSPO™ cells could be
attributed to a regulatory response to decreased mitochondrial respiration and ATP production.
Mild depolarisation significantly reduces Ca?* efflux from the matrix, facilitated by the major
mitochondrial Ca?* efflux system, the mitochondrial sodium/calcium exchanger protein NCLX.
As a result, the rise in [Ca?']n triggers the stimulation of OXPHOS (Dejos et al., 2020).
Additionally, [Ca?']m regulates cAMP activation via a PKA-dependent pathway, and the
subsequent increase in matrix CAMP levels, in turn, regulates mitochondrial ATP production
capacity (Di Benedetto et al., 2013). However, according to a recent study by Malyala et al.,
the accumulation of mitochondrial Ca?* as phosphate precipitates inhibits complex | of the
ETC, resulting in decreased OXPHOS activity (Malyala et al., 2019).

Mitochondrial Ca?* uptake occurs not only during a substantial global rise in cytosolic Ca?* but
also after stimulus-induced Ca?* release from the ER. The efficiency of this uptake depends
on the interaction between the mitochondria and ER at specialised contact sites known as
mitochondria-associated membranes (MAMs). They are composed of specific proteins located
in both organelles, serving as tethers for a physical interface, and allowing the release of Ca?*
at maximal proximity (Yang et al., 2021). The main mechanism of ER Ca?* release is facilitated
by the tethering complex between the ER-Ca?* channel inositol-1,4,5-trsphosphate receptor
(IPsR) and VDAC1 in the OMM, which is supported by chaperone GRP75 (Betzer & Jensen,
2018). Notably, PKA plays an important role in Ca?* signalling by modulating both IPsR
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(deSouza et al., 2002) and VDAC (Gatliff et al., 2017). PKA phosphorylation increases IP;R
channel activity (deSouza et al., 2002) and the on-rate of tubulin binding to VDAC, leading to
a reversible cation-selective, closed state that favours Ca?* influx (Sheldon et al., 2011).
Depletion of cytosolic Ca?* triggers the active migration of mitochondria towards cellular Ca?*,
such as the ER. This promotes the formation of ER-mitochondrial contact sites through MAMs,
and facilitates the uptake of mitochondrial Ca?* (Panda et al., 2021). However, an increase in
the number of MAMs results in mitochondrial Ca?* overload (Arruda et al., 2014).

Notably, Ca?* has been reported to regulate VDAC expression. Ca?*-mobilising agents caused
an increase in [Ca?*]; and induced VDAC1 overexpression, whereas chelation of intracellular
Ca?* reduced VDAC1 expression (Weisthal et al., 2014).

Taken together, disruptions in cellular Ca?* signalling cascades, such as altered Ca?* release
from intracellular Ca?" stores, impaired Ca?* sensing and buffering mechanisms, and
dysregulation of Ca?*-transporting proteins or channels, can affect mitochondrial function and
compromise OXPHOS.

Although Ca?" is required for ATP synthesis, excess influx of Ca?* into the mitochondrial matrix
can lead to increased ROS formation, which eventually induces MMP loss and may trigger
mPTP opening, ultimately resulting in apoptosis (Panda et al., 2021). While low levels of ROS
serve crucial signalling functions, excessive ROS accumulation leads to oxidative stress and
molecular damage. Mitochondrial ETC, specifically complexes | and Ill, acts as the primary
source of ROS and plays a key role in maintaining cellular redox homeostasis. Flow cytometry
analysis of hiPSC-derived NPCs and astrocytes revealed a significant increase in cytosolic
ROS and mitochondrial superoxide levels in TSPO-deficient cells. Similarly, TSPO-knockout
murine glioma cells and TSPO-knockdown human microglial cells displayed significantly
higher cytosolic ROS levels than wild-type cells, indicating a more hypoxic microenvironment
(Angeloni et al., 2023; Fu et al., 2019). Interestingly, VDAC was also affected by hypoxic
conditions. Hypoxia leads to HIF-1a-dependent cleavage of the C-terminal end of VDAC,
reflecting the survival response of hypoxic cells to prevent apoptosis and permit the
maintenance of ATP supply and cell survival (Brahimi-Horn et al., 2012, 2015).

The closed, low-conductance VDAC conformation has higher selectivity for cations than
anions, thus facilitating Ca?* influx. In addition, VDAC closure may prevent oxidative stress in
the cytosol while simultaneously promoting intramitochondrial ROS accumulation by reducing
the release of superoxide from the mitochondria (Tikunov et al., 2010). This in turn enhances
ROS production through a positive feedback loop via ROS sensing and redox modifications of
the MCU. Oxidation of cysteine residue Cys-97 in the MCU leads to increased MCU-mediated
Ca?" uptake, resulting in elevated [Ca®']n and subsequently enhanced mitochondrial ROS

accumulation. Ultimately, this leads to disruption of cellular energy production, causing a
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cellular bioenergetic crisis and mitochondrial Ca?* overload-induced cell death (Dong et al.,
2017).

TSPO knockdown in human SH-SY5Y neuroblastoma cells resulted in a significant increase
in mitochondrial superoxide levels. Cytoplasmic superoxide was not affected, and global
cellular hydrogen peroxide (H202) and peroxyl radicals (HO2) were significantly lower than
those in control cells. However, TSPO overexpression resulted in a heightened basal redox
state (Frison et al., 2021). Gatliff et al. reported that dysregulation of mitochondrial Ca?
signalling and the subsequent parallel increase in intracellular [Ca?*]. in TSPO-overexpressing
cells resulted in elevated mitochondrial ROS levels following the activation of Ca*-dependent
NADPH oxidase (Gatliff et al., 2017). TSPO upregulation caused by anoxia/reoxygenation
injury in cardiomyocytes has been found to increase oxidative stress (Meng et al., 2020).
Conversely, downregulation of TSPO expression or administration of TSPO ligands reduced
cellular ROS levels and increased antioxidant capacity, limiting oxidative stress (Biswas et al.,
2018; Meng et al., 2020). Similarly, decreased ROS metabolism was coupled with high levels
of reduced biologically active glutathione (GSH) in TSPO-knockdown cells (Gatliff et al., 2014).
In summary, despite these controversial findings, TSPO appears to play a role in redox

homeostasis and can alter ROS production and influence the signalling cascade.

4.3 Involvement of TSPO in mitochondrial dynamics and mitophagy
During the evolution of mitochondria, most genetic information has been lost or transferred to
the nucleus. However, mitochondria have retained their own circular genome, which codes for
13 mitochondrial proteins essential for OXPHOS (Filograna et al., 2021). The proper
functioning of mitochondria depends on the quantity and quality of mtDNA. Thus, the mtDNA
copy number can serve as an indicator of mitochondrial integrity and function. Changes in
mtDNA copy number can affect the cellular energy supply, oxidative stress response, and
overall mitochondrial health, highlighting the significance of maintaining mtDNA copy number
for cellular homeostasis (Castellani et al., 2020). In accordance with the observed impaired
bioenergetic status, mtDNA copy number levels were significantly reduced in TSPO-knockout
cells across all analysed cell types. Consistently, human TSPO”- C20 microglial cells contained
significantly less mtDNA than control cells (Bader et al., 2023). In contrast, Yao et al.
demonstrated that although TSPO knockdown in BV-2 microglia resulted in decreased MMP
and OXPHOS, the mtDNA copy number increased, in addition to a higher amount of released
mtDNA, indicating IMM damage (Yao et al., 2020).

Within the mitochondrial matrix, mtDNA molecules are packed into DNA-protein structures
called mitochondrial nucleoids. Along with mtDNA, mitochondrial nucleoids contain protein
machinery responsible for mtDNA packaging, replication, transcription, and repair

(Rostovtseva, 2017). Nuclear-encoded mitochondrial transcription factor A (TFAM), a major
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structural element of these nucleoids, serves as a key activator of both transcription and
replication and plays a crucial role in regulating mtDNA copy number (Campbell et al., 2012).
TFAM knockdown cell models with reduced mtDNA copy numbers showed downregulation of
mitochondrial transcription, lower respiratory enzyme activity, and reduced expression of
mtDNA-coded complex proteins involved in OXPHOS (Jeng et al., 2008). Accordingly, TSPO-
deficient hiPSC-derived astrocytes exhibited significantly lower levels of TFAM transcripts. In
contrast, both knockdown and overexpression of TSPO protein did not affect TFAM gene
expression (Gatliff et al., 2014).

A reduced mtDNA copy number has been correlated with increased oxidative stress caused
by elevated ROS production. Chronic exposure to ROS may initiate a vicious cycle leading to
mitochondrial dysfunction and further increase in oxidative stress, contributing to the
accumulation of somatic mutations and oxidative damage to mtDNA (Lee & Wei, 2005). Mei
et al. demonstrated that a reduced mtDNA copy number is accompanied by increased ROS
levels, which results from the reduced expression of antioxidant genes (Mei et al., 2015).

The mitochondrial genome is sensitive to oxidative damage owing to the lack of protective
histones and the high rate of ROS formation in the organelle. The displacement loop (D-loop),
which is involved in the regulation of mtDNA replication and transcription, is particularly
susceptible to mutations, possibly due to differential and inefficient repair capacity (Mambo et
al., 2003) and somatic mutations in the D-loop are linked to decreased mtDNA copy number
(Lee et al., 2004). Thus, persistent oxidative stress not only contributes to mtDNA mutations
but also affects the mtDNA replication rate, resulting in impaired mitochondrial respiratory
function (Lee & Wei, 2005). Zhang et al. further demonstrated that mitochondrial D-loop
mutations and TFAM gene dysfunction cause reduced mtDNA copy numbers, leading to
decreased mitochondrial ETC activity, membrane potential, and ATP production (Z. Zhang et
al., 2022).

Interestingly, cAMP-dependent PKA phosphorylates TFAM, which impairs DNA-binding and
subsequent transcription. Under physiological conditions, only DNA-free TFAM is degraded by
the Lon protease. Thus, phosphorylation and proteolysis regulate TFAM function and
abundance in mitochondria, which are vital for the maintenance and expression of the
mitochondrial genome. However, in cells with severe mtDNA deficits, non-phosphorylated
TFAM is degraded due to the lack of DNA binding (Lu et al., 2013).

Moreover, although mitochondrial fission is coordinated with DNA replication and is essential
for mtDNA distribution during mitochondrial division (Lewis et al., 2016), it is not important to
maintain mitochondrial genome abundance (Ishihara et al., 2009). In contrast, fusion is critical
for preserving the mtDNA copy number, coordinating high rates of mtDNA replication, and
promoting mitochondrial nucleoid distribution (Silva Ramos et al., 2019). Together, the OMM

fusion proteins MFN1 and MFN2 coordinately control mitochondrial respiration, structure, and
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mtDNA content by regulating TFAM-mediated mtDNA copy number and preventing TFAM loss
(Sidarala et al., 2022; Silva Ramos et al., 2019). Loss of the OMM and IMM fusion causes a
severe imbalance in replisome protein composition, which impairs mtDNA replication activity,
ultimately resulting in mtDNA depletion (Silva Ramos et al., 2019).

Consistent with these findings, TSPO-knockout hiPSC-derived astrocytes contained
significantly lower MFN1 mRNA levels than CTRL cells, whereas OPA1 and DRP1 transcripts
were unaltered. TSPO-deficient mouse glioma cells also showed a dramatic reduction in MFN1
levels and no change in DRP1 protein expression. However, the mitochondrial fission proteins
MFF and FIS1 and the fusion proteins MFN2 and OPA increased due to TSPO deficiency (Fu
et al., 2019). In contrast, Gatliff et al. found no differences in the expression patterns of MFN1
and MFN2 in TSPO-knockdown, TSPO-overexpressing, and control cells (Gatliff et al., 2014).
Beyond the maintenance of mtDNA replication and distribution, mitochondrial fusion and
fission modulate mitochondrial network morphology. These dynamic processes allow
mitochondria to adapt their size in order to effectively respond to cellular requirements. Any
disruption in the balance of mitochondrial dynamics can lead to cellular and mitochondrial
dysfunction (H. Chen & Chan, 2009). Although only the mitochondrial fusion gene MFN1 was
affected in TSPO-knockout astrocytes, mitochondria devoid of TSPO protein were significantly
smaller and more rounded. TSPO-silenced mitochondria from hepatocellular carcinoma cells
were found to have smaller mitochondria with fewer cristae (D. Zhang et al., 2023). Similarly,
TSPO knockoutin mouse GL261 glioma cells resulted in mitochondrial fragmentation, whereas
wild-type cells contained more fused or elongated mitochondria (Fu et al., 2019). Moreover,
treatment with the specific TSPO ligand PK11195 maintained the mitochondrial ultrastructure
in tumor necrosis factor (TNF)-induced inflammation, suggesting that TSPO is a scaffold
protein involved in the maintenance of cristae integrity (Issop et al., 2016). In contrast, analysis
of mitochondrial morphology in human SH-SY5Y and canine CF35 cells revealed a more
elongated and branched mitochondrial network in TSPO-knockdown cells (Frison et al., 2021;
Gatliff et al., 2017). However, TSPO-depleted mitochondria are more susceptible to severe
fragmentation when exposed to parkinsonian neurotoxins (Frison et al., 2021). Moreover,
disruption of fusion leads to fragmentation of the usual tubular mitochondrial network, resulting
in MMP depolarisation, lower activity of respiratory enzyme complexes, reduced growth rate,
and increased susceptibility to cell death (H. Chen & Chan, 2005).

Mitochondrial dynamics, biogenesis, and mitophagy are crucial processes, tightly regulated
and mutually dependent, for maintaining optimal mitochondrial morphology and function.
Although mitochondrial fusion is linked to an increase in mitochondrial metabolism, fission has
been suggested to be necessary for mitophagy (Ma et al., 2020). Mitophagy, a selective form
of autophagy, is responsible for targeted degradation and recycling of damaged mitochondria.

It acts as a quality control mechanism to maintain a healthy population of functional
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mitochondria within cells, eliminating mitochondria with accumulated damage, oxidative stress,
or mtDNA mutations. The canonical mitophagy pathway involves the accumulation of PINK1
on depolarised mitochondria, followed by the recruitment of parkin, and subsequent
ubiquitination of OMM proteins. Ubiquitin-binding autophagy receptors p62/SQSTM1 are
recruited to damaged mitochondria and bridge ubiquitinated mitochondria with
autophagosomal LC3, directing them to proteolysis and mitophagic digestion.

Although PARK2 mRNA levels were significantly decreased in TSPO” hiPSC-derived
astrocytes, LC3B-II protein expression, the cleaved, lipidated form of LC3B, which is tightly
associated with the autophagosomal membrane and indicates the degree of autophagic
activation, was upregulated in TSPO-deficient NPCs and astrocytes. Gatliff et al. proposed an
inhibitory function of TSPO via VDAC1 by limiting parkin-dependent ubiquitination. TSPO,
VDAC1, and parkin may collectively serve as molecular platforms for regulating the
autophagosome-mediated removal of mitochondria, depending on the homeostatic expression
ratio of these proteins (Gatliff et al., 2014). Thus, reduced VDAC expression caused by TSPO
deficiency may lead to increased autophagy through ubiquitination and degradation of
mitochondrial proteins. It has been observed that cells expressing only low levels of TSPO
show upregulation of mitochondrial ubiquitination and increased mitophagy, which is reliant on
the depolarisation of MMP (Gatliff et al., 2014, 2017). TSPO silencing in SH-SY5Y cells
induced a significant increase in mitophagy. Treatment with the mitochondrial uncoupler
FCCP, which is commonly used to activate PINK1/parkin-mediated mitophagy due to MMP
depolarisation, further increased the mitophagy index. In contrast, TSPO overexpression
induced a reduction of mitophagy (Frison et al., 2021). Similarly, Atg12 protein expression, a
fundamental component of the autophagosome, was significantly reduced in TSPO-
overexpressing transgenic ALS mice (Magri et al., 2023). PBMCs from patients with bipolar
disorder showed upregulation of the TSPO-VDAC complex along with simultaneous
downregulation of the mitophagic proteins parkin, p62, and LC3 (Scaini et al., 2019). Frison et
al. further demonstrated that TSPO prevents ubiquitination of mitochondria by stabilising the
deubiquitinating molecule USP30, thereby suppressing the processing of mitochondrial
proteins required for mitophagy (Frison et al., 2021). According to a recent study, knocking
down TSPO led to an increased number of autophagosomes and autolysosomes, as indicated
by increased LC3B levels, while p62 levels decreased. The authors suggested that TSPO
inhibits autophagy and p62 accumulation by directly interacting with p62 (D. Zhang et al.,
2023). However, TSPO-silencing in CD34" blood cells led to a decrease in PINK1 protein
levels, while p62 was significantly accumulated, suggesting decreased recruitment of the
autophagosome membrane to mitochondria (Moras et al., 2020). Additionally, it has been
shown that pro-mitophagy stimuli and MMP depolarisation cause the externalization of the

IMM phospholipid cardiolipin to the mitochondrial surface (Chu et al., 2013; Kagan et al., 2016).
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The autophagy protein LC3 contains cardiolipin-binding sites, which are important for the
engulfment of mitochondria by the autophagic system (Chu et al.,, 2013). Thus, the
mitochondrial depolarisation observed in the iPSC-derived TSPO-knockout model may trigger
cardiolipin redistribution, which acts as an “eat-me” signal for the elimination of damaged
mitochondria, further increasing the mitophagic response.

In summary, these findings indicate that mitochondrial dysfunction induced by TSPO deletion
can trigger the elimination of malfunctioning mitochondria, linking TSPO function to
mitochondrial dynamics, mtDNA maintenance, and mitophagy.

TSPO-knockout NPCs, astrocytes, and neurons not only displayed impaired mitochondrial
function but also exhibited a significant reduction in cellular size, which was also recently
reported for human TSPO-deficient and -silenced C20 microglial cells (Angeloni et al., 2023;
Bader et al., 2023). Typically, cellular organelles and protein content scale isometrically with
cell size. However, mitochondrial content and functional scaling are uncoupled. Thus,
mitochondrial activity, i.e., MMP and OXPHOS, is highest in cells of intermediate size. This
nonlinearity of mitochondrial functionality results in an optimal cell size to maximise cellular
fithness and proliferation capacity (Miettinen & Bjérklund, 2017). It has been shown that
maintaining optimal cell size and scaling of mitochondrial functions depends on the normal
morphology and dynamics of the mitochondria. Moreover, the mevalonate pathway, which
produces plasma membrane components including cholesterol, affects mitochondrial
dynamics and functionality scaling (Miettinen & Bjorklund, 2016). According to a study by
Mourier et al., mitofusin knockout leads to decreased protein and metabolite levels in the
mevalonate pathway (Mourier et al., 2015). Given the reduced MFN1 gene expression and
apparent increased mitochondrial fragmentation observed in TSPO” cells, TSPO-deficient
cells appear to lose the ability to maintain their optimal cell size. However, the involvement of

impaired mevalonate metabolism requires further investigation.

4.4 Possible Role for TSPO in mitochondrial dysfunction in depression
Mitochondrial dysfunction has emerged as an important factor in the pathophysiology of major
depressive disorder (MDD). Reduced bioenergetic capability, oxidative stress, and impaired
mitochondrial function render cells vulnerable to stress and may contribute to the development
of MDD and other psychiatric disorders (Gardner & Boles, 2011; Klinedinst & Regenold, 2015;
Maniji et al., 2012). Malfunctioning mitochondria-related effects are not limited to neuronal cells,
but have been reported in peripheral non-neuronal cells, such as fibroblasts (Garbett et al.,
2015; Kuffner et al., 2020), muscle (Gardner, 2003), PBMCs (Karabatsiakis et al., 2014) and
platelets (Hroudova et al., 2013; Sjovall et al., 2013) of depressed patients, highlighting the
systemic nature of mitochondrial dysfunction in MDD. Thus, the regulation of mitochondrial

function is emerging as a promising therapeutic approach for CNS diseases involving
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mitochondrial dysfunction (Yao et al., 2020). Moreover, the inflammatory hypothesis of MDD
suggests that cytokines and other inflammatory mediators modulate the hypothalamic-
pituitary-adrenal gland (HPA) stress axis, metabolism of neurotransmitters, and multiple
mechanisms of neuronal plasticity at the cellular and synaptic levels (Kéri, 2021; H. Li et al.,
2018b).

TSPO has been linked to anxiety and depression disorders, making it a potential diagnostic
and therapeutic target. Synthetic TSPO ligands are putative markers of neuroinflammation and
microglial activation and have shown promising anxiolytic and antidepressant effects with
minimal side effects (Kéri, 2021; X. Li et al., 2018; Rupprecht et al., 2010). Pharmacological
studies have suggested that these neuropsychiatric benefits are mediated by TSPO-induced
synthesis of 3a-reduced neurosteroid hormones directly within the brain (Barron et al., 2021).
Neurosteroids such as allopregnanolone act as potent allosteric modulators of GABAa
receptors (Rupprecht, Pradhan, et al., 2022), and imbalances in their brain levels have been
observed in individuals with anxiety and depression (Schule et al., 2014).

Various PET studies have reported increased TSPO binding in depression (Holmes et al.,
2018; H. Li et al., 2018a; Setiawan et al., 2015), thought to reflect increased microglial TSPO
expression and neuroinflammation, thereby linking immune-inflammatory activation with
depressive disorders (Barron et al., 2021). Recent findings suggest that increased TSPO
expression in humans reflects a higher density rather than the activation of microglia (Owen,
Narayan, et al., 2017). Moreover, TSPO expression is lower in MDD patients receiving
antidepressant medication than in unmedicated patients (Richards et al., 2018). TSPO binding
is greater in patients with chronologically advanced MDD and a long duration of untreated
depression (Setiawan et al., 2018).

Few studies have used human tissues to determine the cellular expression of TSPO in
neuropsychiatric disorders to support TSPO-PET findings (Nutma et al., 2021). However, an
early study described reduced TSPO density in platelets of depressed patients with adult
separation anxiety (Chelli et al., 2008). Interestingly, a significant decrease in the expression
levels of both TSPO and the TSPO-interacting protein VDAC1 was observed in fibroblasts
obtained from depressed patients after remission and pharmacological treatment. Given the
fact that TSPO deficiency in hiPSC-derived neural cells was accompanied by reduced VDAC1
protein levels and led to severe mitochondrial dysfunction, altered TSPO and VDAC
expression may affect mitochondrial function, neurotransmitter signalling, and
neurosteroidogenesis, thereby contributing to the aetiology of MDD pathogenesis. Additionally,
the impact of TSPO knockout on mitochondrial bioenergetics closely resembles mitochondrial
dysfunction observed in a human cellular model of depression (Kuffner et al., 2020; Triebelhorn
et al., 2022).
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TSPO loss impaired cellular energy metabolism, as evidenced by altered Ca?* homeostasis,
reduced OXPHOS, and depolarisation of MMP, suggesting that TSPO might be a promising
treatment target for psychiatric disorders. However, correlation does not imply causation, and
a deeper understanding of the mechanisms behind mitochondrial function and the disruption

of mitochondrial bioenergetics in MDD in relation to TSPO expression and function is needed.

4.5 Conclusion

The role and mechanisms of action of TSPO continue to be intriguing and complex areas of
study. Despite extensive research, our understanding of TSPO’s exact function remains
incomplete. TSPO is considered a key element in cellular and mitochondrial function and
dysfunction because of its regulation under various pathological conditions. Thus, TSPO has
been proposed as a diagnostic imaging tool and a promising therapeutic drug target in the
nervous system (El Chemali et al., 2022). Different roles have been identified, which often
seem unrelated and sometimes contradictory (F. Li et al., 2016). While earlier studies often
used TSPO ligands to investigate function and pharmacological impact without considering
potential off-target effects, recent studies have relied on the genetic deletion of TSPO, allowing
the analysis of a well-defined TSPO-deficient phenotype.

To investigate the functional importance of TSPO in the CNS, a novel TSPO-knockout model
was generated in hiPSCs, which provides valuable insights into the multifaceted role of TSPO
and the consequences of TSPO deficiency on mitochondrial function.

Considering the different abundance of mitochondria in each tissue, TSPO expression does
not necessarily correlate with the mitochondrial content. This suggests that tissue- and cell-
specific factors regulate TSPO gene expression and drive TSPO content rather than factors
influencing mitochondrial biogenesis (Nutma et al., 2021). Moreover, TSPO may hold a highly
context-dependent function, which can vary depending on the specific cellular environment
(Rostovtseva, 2017). Thus, hiPSC CTRL and TSPO-KO cells were differentiated into NPCs,
astrocytes, and neurons, and further characterised with respect to TSPO functionality in
mitochondrial metabolism.

The comprehensive functional investigation revealed severe mitochondrial dysfunction in
TSPO-deficient cells, which encompassed various mutually dependent aspects of
mitochondrial biology. The reduced pregnenolone synthesis observed in TSPO-knockout
astrocytes confirms TSPO’s contribution to the production of neurosteroids, such as
progesterone and allopregnanolone, which are important modulators of neuronal activity and
neurotransmission, necessary for normal brain function. The impaired cellular and
mitochondrial bioenergetics in TSPO-deficient cells indicate the importance of TSPO in
sustaining the energy-producing capacity of mitochondria. Reduced OXPHOS and glycolysis

suggest disruptions in the metabolic processes necessary for cellular energy supply. The
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altered mitochondrial morphology and dynamics observed in TSPO™ astrocytes suggest the
involvement of TSPO in regulating the dynamic structural integrity and functional organisation
of mitochondria, which is important for preserving mitochondrial health and functionality.
Moreover, increased mitophagy and a subsequent decrease in mtDNA copy number in TSPO-
KO cells indicate a disturbance in the normal turnover and maintenance of mitochondria. This
suggests that TSPO may be involved in modulating the removal of damaged mitochondria,
thereby contributing to mitochondrial quality control. Overall, these findings highlight the
intricate effects of TSPO on maintenance of mitochondrial integrity and function.

The precise molecular mechanisms underlying the effects of TSPO and the context-dependent
nature of its action remain widely elusive. However, the interaction of TSPO with other
mitochondrial and cellular proteins, forming complex molecular networks that regulate various
processes, appears to be crucial for its function. The exact compositions of these functional
complexes remain a subject of ongoing research. VDAC is the major pore in the OMM and
plays a crucial role in mitochondrial homeostasis itself. Reduced VDAC expression in TSPO-
knockout cells suggests a potential interaction between TSPO and VDAC. This positive
correlation may contribute to the mechanism of action of TSPO in mitochondrial physiology.
The observed decrease in TSPO and VDAC protein expression in a human cellular model of
depression raises intriguing possibilities regarding the role of TSPO in MDD pathophysiology.
Further research on the function of TSPO and its physiologically relevant interaction partners
will contribute to a deeper understanding of its role in maintaining cellular homeostasis.
Moreover, these investigations may uncover new therapeutic targets for mitochondria-related

disorders.
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