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Introduction

1. Introduction

Borna disease virus 1 (BoDV1) causes a persistent, non-cytolytic infection in the central
nervous system (CNS), resulting in the release of pro-inflammatory cytokines like tumor
necrosis factor-alpha (TNF-a), interleukin (IL)-1 and IL-2 (Stitz et al., 2002; Kramer et al.,
2012; Herden et al., 2013). BoDV1 infects a wide range of warm-blooded animals including
humans, and causes Borna disease (BD) — a severe disease that occurs mainly in sheep and
horses with about 90% fatality rate in horses, characterized by a T cell-mediated meningo-
encephalitis (Richt et al., 2000; Stitz et al, 2002; Kramer et al., 2012; Herden et al., 2013; Lipkin
etal., 2023). BoDV1 can infect humans leading to fatal encephalitis; so far, more than 45 human
cases have been diagnosed in Germany alone (Schlottau et al., 2018; Korn et al., 2018; Tappe
etal., 2019; Liesche et al., 2019; Nobach et al., 2020; Niller et al., 2020; Tappe et al., 2021).

BoDV1 infection of laboratory animals offers important opportunities for the extensive study
of virus-induced, immune-mediated neuropathologic diseases (Richt et al., 2000; Stitz et al.,
2002; Kramer et al., 2012; Herden et al., 2013; Nobach et al., 2020; Lipkin et al., 2023).
Experimental BoDV1 infection of susceptible neonatal mouse strains causes neurological signs
by 28-42 days post-infection, characterized by weight loss, ataxia, paraparesis, torticollis,
nervous ticks, coarse fur and death, associated with a non-purulent meningoencephalitis
(Hallensleben et al., 1998; Kramer et al., 2012; Tizard et al., 2016). After experimental exposure
of neonatal rats to BoDV1, brain areas — such as the hippocampus, cerebral and cerebellar
cortices —, which mature in the postnatal period, are infected; therefore, abnormalities in
learning and behavior are observed (Richt et al., 2000; Stitz et al., 2002; Herden et al., 2013).
Other rodents and non-human primates also succumb to experimental infection with BoDV1,
unlike in mice, experimental exposure of rats to BoDV1 causes BD in adults only (Narayan et
al., 1983; Staeheli et al., 2000; Herden et al., 2013). Susceptibility of mouse strains to BoDV1
was in the case of wild-type (Wt) mice highest for Murphy Roth large (MRL) mice, medium
for Balb/c mice, and lowest for C57/BI6 mice, where 83%, 37% and 13% of infected animals
developed neurological symptoms, respectively. In the less susceptible C57/BI6 mice, this
percentage increased up to 100% and 30% after changes in the immune system were induced
via IL-12 (Hofer et al., 2004) and TNF-a overexpression (Kramer et al., 2012), respectively. In
our study, a mouse-adapted virus strain was injected into the brain of C57/BI6 mice with an
altered TNF system, which is reliably able to induce disease in TNF-a transgenic (TNFTQ)

mice as shown before (Kramer et al., 2012; Hirz, 2017).
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TNF-a is a pleiotropic pro-inflammatory cytokine of the immune system and belongs to the
TNF/TNF-a receptor (TNFR) superfamily; its effects are mediated via 2 main receptors — i.e.
TNFR1 and TNFR2 (McCoy & Tansey, 2008; Muhammad, 2020). TNFR1 is primarily
stimulated by soluble TNF-a (STNF-a), leading to pro-inflammatory and apoptotic signaling,
whereas TNFR2 is activated by transmembrane TNF-o (MTNF-a), evoking anti-inflammatory
and pro-survival effects in eukaryotic cells (Marchetti et al., 2004; McCoy & Tansey, 2008).
Both TNFR1 and TNFR2 signaling induce nuclear factor-kappa B (NF-xB) activation —
TNFR1-induced NF-«xB activation is short-lived whereas that by TNFR2 is delayed but lasts
longer (Naudé et al, 2011). In the normal CNS, TNF-a expression is low and localized mainly
in microglia, astrocytes and neurons — it is markedly elevated during and after injuries (e.g.
ischemia, trauma, and infection) due to secretion by mainly the microglia (Marchetti et al.,
2004; Probert et al., 1997). TNF-a is a crucial mediator of virus-induced activation of the
immune system, and its prolonged overexpression in the brain pre-sensitizes neurons and glial
cells with consequent damage to the CNS (Marchetti et al., 2004; Kramer et al., 2012). An
upregulation of this pro-inflammatory cytokine generates reactive oxygen species (ROS) and
has been causally linked to several neurodegenerative diseases like multiple sclerosis,
Parkinson’s disease, dementia and Ahlzeimer’s disease (Frankola et al., 2011; Rauf et al.,
2022). Nonetheless, previously elevated levels of TNF-a can exert neuroprotection, and was
shown to mitigate glutamate-induced excitotoxicity in primary cortical neurons via TNFR2
signaling (Marchetti et al., 2004).

TNFTg and TNF-a receptor knockout (TNFRko) mouse models have been used to elucidate
the roles of TNF-a in several tissues and organs, especially the brain (Marchetti et al., 2004;
McCoy & Tansey, 2008), and these model systems are well established in our laboratory. In
TNFTg mice, TNF-a is moderately overexpressed in the forebrain regions (Probert et al., 1997;
Kramer et al., 2012; Hirz, 2017); and, the overexpression of TNF-a transgenes by neurons in
the CNS of mice is sufficient to cause epileptic seizures (Kramer et al., 2012), ataxia, seizures
and paresis depending on the TNF levels, thereby, mimicking chronic CNS inflammation
(Probert et al., 1997). Thus, in this study, we used three different mouse models, including
TNFTg, TNFR1ko and TNFR2ko, to investigate the role(s) of TNF-a and its receptors. TNFTg
mice were used to investigate the effect of prolonged in vivo exposure of several neuronal cell
types to moderately overexpressed TNF-o. on the peroxisomal and mitochondrial
compartments, before and after BoDV1 infection. Furthermore, TNFR1ko and TNFR2ko

mouse lines were used to address the same question concerning TNFR1 and TNFR2 signaling.
2



Introduction

Besides the typical antiviral pathways and molecules of the innate immune system, virus-
induced changes in subcellular organelles such as peroxisomes and mitochondria remain largely
unexplored. Both subcellular organelles influence intracellular redox homeostasis by
generating and detoxifying ROS (Terlecky et al., 2012; Trompier et al., 2014; Wang et al.,
2018). Mitochondria produce adenosine triphosphate (ATP) via the tricarboxylic acid (TCA)
cycle and oxidative phosphorylation — these processes generate ROS (OXPHOS) (Kalinina et
al., 2008). Mitochondria possess superoxide dismutase type-2 (SODZ2), located mainly within
the mitochondrial matrix, which converts a particular ROS [i.e. superoxide (O27)] into oxygen
and hydrogen peroxide molecules (Wang et al., 2018). Peroxisomes on the other hand generate
the ROS, hydrogen peroxide (H202), during B-oxidation of very long chain fatty acids
(VLCFAS); afterwards, H20- is detoxified by the peroxisomal matrix enzyme, catalase, and
converted into water and oxygen (Terlecky et al., 2012; Trompier et al., 2014; Cipolla & Lodbhi,
2017).

Oxidative stress and inflammation are two inseparable processes (Terlecky et al., 2012; Singh
& Pujol, 2010). Peroxisomes synthesize pro-inflammatory (prostaglandins, leukotrienes,
thromboxanes) and anti-inflammatory lipid derivatives (resolvins, maresins and protectins)
(Terlecky et al., 2012). In addition, peroxisomal-derived ROS and other molecules (e.g. free
FAs and polyamines) stimulate immune cells; others (oxysterols) suppress inflammation
(Terlecky et al., 2012). Recent evidence depict some form of crosstalk between peroxisomes
and mitochondria (Fransen et al., 2017; Ferreira et al., 2019). For instance, the activation of
mitochondrial antiviral signaling proteins (MAVS) — located on the outer membranes of both
organelles — leads to the release of cytokines, which aid in the recruitment of immune cells and
the creation of an antiviral state within host cells (Fransen et al., 2017; Jean et al., 2018; Ferreira
etal., 2019).

Viral proteins have evolved in their interactions with cellular organelles and components to
escape the innate antiviral immune defenses and enhance their replication (Ferreira et al., 2019).
Some viruses have developed strategies to target and evade peroxisomal- and mitochondrial-
dependent antiviral signaling (Jean et al., 2018; Ferreira et al., 2019; Elesela & Lukacs, 2021).
Until now, there are no comprehensive studies analyzing the numerical abundances of both
subcellular compartments and their respective main antioxidant enzymes, catalase and SOD2,
after BoDV1 infection. Using our mouse models, we analyzed peroxisomal and mitochondrial
abundances and their main antioxidant enzymes (i.e. catalase and SOD?2) in the hippocampus,

cerebral, and cerebellar cortices of non-infected and BoDV1-infected mice of four different
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mouse lines [i.e. Wt, TNFTg, TNFR1ko and TNFR2ko mice]. Our study aimed to understand
the effects of BoDV1 infection on the abundances of both subcellular compartments as well as
their respective main antioxidant enzymes, whilst observing the role(s) of the TNF system in
BoDV1 infection events of the brain. This study provides more insight into the interactions
between BoDV1 and distinct neuronal cell types under different TNF-o/ TNFR-signaling

conditions with special emphasis on the peroxisomal and mitochondrial reaction patterns.
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2. Literature review
2.1 TNF, TNF-a receptors (TNFRs) and TNFR signaling in the brain

The tumor necrosis factor family, including TNF-o and TNF-B (lymphotoxin-f), is one of the
19 members of the TNF superfamily of type Il transmembrane proteins, and is a key player in
the immune regulatory functions of the CNS, in both health and disease (McCoy & Tansey,
2008; Muhammad, 2020). Under physiological conditions, TNF-a. is mainly synthesized and
released by microglia, astrocytes, and some population of neurons, but during/after neuronal
injury this potent cytokine can be released also by macrophages, monocytes, T and B cells, and
natural killer cells (Figiel, 2008; McCoy & Tansey, 2008; Dong, et al, 2015; Muhammad,
2020). TNF-a is crucial for the maintenance of synaptic transmission at excitatory synapses,
and decreases the transmission strength at inhibitory synapses by enhancing the endocytosis of
gamma (y)-amino butyric acid (Beattie et al., 2010). The enhanced secretion of TNF-a by glial
cells and infiltrating immune cells is a hallmark of pathological conditions such as cerebral
ischemia, infections, convulsion/epilepsy, as well as numerous neurodegenerative conditions
including Ahlzeimer’s disease, ischemic stroke, Parkinson’s disease, multiple sclerosis, and

amyotrophic lateral sclerosis (McCoy & Tansey, 2008; Frankola et al., 2011; Rauf et al., 2022).

TNF-a is a 26 kDa precursor polypeptide, bound to the cytoplasmic membrane (Figiel, 2008;
Dong, et al, 2015). Upon proteomic cleavage by TNF-o converting enzyme (TACE/ADAM17),
a 17 kDa monomeric soluble protein (STNF-a) is released, leaving behind a membrane-bound
form of TNF-a (i.e. mMTNF-a) (Figiel, 2008; Dong, et al, 2015). TNF-a. produces its biological
effects via two main distinct cell surface receptors: the 55 kDa TNFR1 and the 75 kDa TNFR2
(Pegoretti et al., 2018). Generally, TNFR1 is ubiquitously expressed in all cell types and tissues,
whereas TNFR2 is expressed mainly by immune cells, endothelial cells, microglia,
oligodendrocytes, astrocytes, specific neuronal subtypes, thymocytes, and cardiomyocytes
(Naudé et al., 2011; Cabal-Hierro & Lazo, 2012). The two forms of TNF-a (STNF-a and
MTNF-a) demonstrate different binding affinities for the two TNFR types. TNFR1 can be
activated by both forms of TNF-a, however, with higher affinity for STNF-a.. TNFR2, on the
other hand, is primarily activated by mTNF-a. STNF-a., after being released, forms a bioactive
homotrimer which produces its effects in an autocrine and/or paracrine fashion (Figiel, 2008;
Pegoretti et al, 2018).

Due to TNFR1/R2 knockout mouse models and agonistic antibody therapies specifically

targeted at either one of both receptors, the biological effects of TNFR stimulation are now well
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understood (Naudé et al., 2011). TNFR1 is the major mediator of TNF-a-induced signaling.
TNFR1 signaling leads to pro-apoptotic, pro-convulsive and inflammatory outcomes (Figiel,
2008; Naudé et al., 2011; Dong et al., 2015; Figure 1), whereas that of TNFR2 promotes
cellular proliferation and survival (anti-apoptotic), has anti-convulsive effect, and inhibits
inflammation (Figiel, 2008; Okamoto et al., 2009; Van Herreweghe et al., 2010; Naudé et al.,
2011; Dong et al., 2015; Figure 2). TNFR1 and TNFR2 have an extracellular conserved domain
of N-terminal repeating cysteine-rich motifs relevant for interaction with TNF-related ligands;
nonetheless, the intracellular domain of TNFR1 and TNFR2 lack homologous sequences, which
accounts for the differences in their respective downstream signaling pathways (Figiel, 2008;

Naudé et al., 2011; Dong et al., 2015; Pegoretti et al, 2018).

Figure 1: Schematic illustration of TNFRL1 signaling
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recruitment by tumor necrosis factor receptor associated death domain (TRADD). Activated IKK

complex, which consists of an IKKa subunit and an IKKp subunit, functions as an essential regulatory

subunit of the IKK complex (IKKy/NEMO), which then phosphorylates the inhibitor of the kB

complex. Via the ubiquitin-proteasome, the IxB complex is then degraded to release NF-kB. If complex

I signaling is insufficient to activate NF-kB, the activated TNFR1 can initiate the caspase 8-dependent

complex Il apoptotic pathway. With this pathway, the death domain (DD) of the activated TNFR1

dissociates and recruits TRADD, RIP1, tumor necrosis factor receptor associated factor 2 (TRAF2),

Fas-associated death domain (FADD) and pre-caspase 8, causing the release of p18/p12 fragments to

trigger downstream caspase cascades to cause apoptosis. (Image created with Biorender.com, based on
Dong et al., 2015).
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Figure 2: Schematic illustration of TNFR2 signaling
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phosphorylation and activation of IKKa, and triggering the release of the NF-kB precursor protein,
p100/RelB. TNFR2-mediated signaling can also trigger c-Jun N-terminal kinase (JNK) or p38 mitogen-
activated protein kinases (MAPKS), depending on the recruitment of TRAF2 to the varied intracellular
binding regions of TNFR2. With this pathway, the TRAF2-TRAF1-clAP1/2 complex binds to and
activates a MAPK kinase (MAP3K) protein called MEKK1, leading to the phosphorylation of JNK-
activating kinase 1 (JNKKZ1) and JNK activation — a transient activation of JNK promotes cell survival
but prolonged activation may lead to pro-apoptotic signaling (Image created with Biorender.com, based
on Dong et al., 2015).

The crosstalk between TNFR1 and TNFR2 depends on the physiologic environment and
signaling kinetics between the two receptors (Naudé et al, 2011). Deletion of TNFR2 in mouse
brain causes impairment of motor functions, novel object and spatial memory recognition, and,
precipitates anxiety-like behavior, whereas the deletion of TNFR1 confers insusceptibility to
age-mediated anxiety-like behavior (Naudé et al., 2014). Early phase hyperalgesic responses
have dual dependence on both TNFR types (Zhang et al., 2011). Meanwhile, some studies have
also shown antagonistic outcomes of TNFR1 and TNFR2 signaling. Unlike TNFR1, TNFR2
signaling was shown to be essential for the regeneration of oligodendrocyte precursor cells;
TNFR1 signaling in mice worsened neuronal death whilst TNFR2 guarded against ischemic
7
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retinal tissue damage (Naudé et al, 2011). In an experimental autoimmune encephalomyelitis
model, TNFR1 signaling caused damage to microglia, monocytes and macrophages but that of
TNFR2 conferred protection on microglia only (Gough et al., 2020). Nonetheless, TNFR2
signaling, after prolonged stimulation, may enhance TNFR1-mediated apoptosis via p38
mitogen-activated protein kinase (MAPK) signaling pathway, which occurs via certain
downstream adaptor proteins [e.g. tumor necrosis factor receptor associated factor 1 (TRAF1),
TRAF2 and cellular inhibitor of apoptosis proteins (CIAPs)], leading to caspase 8 activation
(Koniaris et al., 2001; Naude et al, 2011; Li et al., 2014; Dong et al., 2015; Fujita et al., 2016).
Several studies have demonstrated the involvement of TNFR2 in the pathogenesis of certain
disease conditions: the susceptibility of adrenalectomized mice to lipopolysaccharide (Koniaris
et al., 2001), the pathogenesis of pulmonary emphysema in TNF-a transgenic mice (Fujita et

al., 2016), and the development of drug tolerance by breast cancer cells (Li et al., 2014).

TNF-a plays a major role in immune defense and protection against pathogens such as viruses;
and, is one of many cytokine mediators released initially by immune cells after detecting
viruses, alerting nearby cells of invading pathogens (Rahman et al., 2006; Oyler-Yaniv et al.,
2021). Studies involving TNF or TNFR-deficient mice have shown that TNF-a is essential for
cell survival in certain viral infections, including those caused by herpes simplex virus,
lymphocytic choriomeningitis virus and mouse cytomegalovirus (Rahman et al., 2006).
Although TNF-a is an important antiviral cytokine, it can cause tissue damage via its cell-death
pathway inducing effects (Rahman et al., 2006). TNF-a has useful anti-microbial properties
[i.e. direct killing of infected cells (cytolysis), induction of apoptosis, inhibition of intracellular
viral replication, and upregulation of other diverse host responses]; however, many viruses have
developed intervention mechanisms against particular stages of the TNF signaling pathways
(Rahman et al., 2006; Oyler-Yaniv et al., 2021). For instance, the human cytomegalovirus
downregulated the expression TNFR1 on the cell surface of monocytic (THP1) cells (Baillie et
al., 2003). The non-capsid protein 3A of poliovirus also affects the intracellular trafficking of
TNFRs and causes TNF-a resistance by removing TNFRs from the plasma membrane
(Neznanov et al., 2001). Moreover, the E6 protein of human papilloma virus 16 inhibited TNF-

a-induced apoptosis in several tissues of mice and humans (Yuan et al., 2005).
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2.2 Borna disease virus 1 and Borna disease

BoDV1 is an enveloped, non-segmented, single-stranded, negative-sense ribonucleic acid
(RNA) virus belonging to the Realm Riboviria, kingdom Orthornavirae, phylum
Negarnaviricota, subphylum Haploviricotina, class Monjiviricetes, order Mononegavirales,
and family Bornaviridae (Herden et al., 2013; Kuhn et al., 2015; Korn et al., 2018; Amarasinghe
et al., 2019; Rubbenstroth et al., 2021; Figure 3). BoDV1 is classified at the species level as a
mammalian 1 bornavirus (Amarasinghe et al., 2019; Rubbenstroth et al., 2021). BoDV1 is
among the most studied bornaviruses with both veterinary and public health impact
(Rubbenstroth et al., 2021). The bicolored white-toothed shrew (Crocidura leucodon) is
believed to be the natural reservoir of BoDV1 (Hilbe et al., 2006; Bourg et al., 2013; Dirrwald
et al., 2014; Nobach et al., 2015). Uniquely, bornaviruses remain one of the few (including
Influenza viruses) single-stranded, negative-sense RNA viruses that transcribe and replicate in
the nucleus of host cells (Honda & Tomonaga, 2013). BoDV1 is a highly neurotropic virus, and
is able to maintain a non-cytolytic persistent infection of the CNS in a wide variety of vertebrate
host species (Herden et al., 2013). BoDV1 consists of an 8.9 Kb genomic RNA (gRNA),
encoding six proteins [nucleoprotein (N); regulatory protein X; phosphoprotein (P); matrix
protein (M); glycoprotein (G); and a large protein (L)] with overlapping reading frames which
have no intergenic regions (Carbone et al., 1993; Herden et al., 2013; Honda & Tomonaga,
2013; Figure 3).

Figure 3: Genome structure of Borna disease virus
. G .
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Negative sense, linear, single-stranded RNA genome of BoDV1 showing genes that encode the
nucleoprotein (N), regulatory protein (X), phosphoprotein (P), matrix protein (M), glycoprotein (G) and
the large polymerase protein (L). The X overlaps with P, and M with the type | surface of G (Image
created with Biorender.com, based on Herden et al., 2013).

The gRNA, N, P and L proteins together make up the ribonucleoprotein complexes of BoDV1
(Carbone et al., 1993; Schwemmle et al., 1998). The interaction between N, P and X proteins
regulate the transcription and replication of BoDV1 (Schwemmle et al., 1998). Further, the X

protein has a non-apoptotic, non-cytolytic effect on host cells via interactions with MAVS,
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thereby contributing to viral persistence within the CNS (Poenisch et. al, 2009). BoDV1 uses
its cell surface G protein to enter host cells (especially brain cells); and, the expression and
precise processing of the G protein are required for efficient dissemination of the virus in the
CNS (Richt et al., 1997; Bajramovic et al., 2003; Werner-Keiss et al., 2008). The P protein of
BoDV1 was shown to bind TANK-binding kinase 1, resulting in the suppression of interferon
(IFN) type | production and stifling innate antiviral responses (Staeheli et al., 2001). In addition,
the BoDV1 X protein can inhibit rotenone-induced axonal fragmentation, protecting neurons
from degeneration and enhancing viral replication and spread (Szelechowski et al., 2014).
Further, the BoDV1 N protein inhibited NF-xB processing by the 20S proteasome, resulting in
the suppression of IKK/NF-«xB pathway activation and viral persistence (Makino et al., 2015).

BoDV1 infection occurs in endemic areas affecting mainly horses, sheep, and rabbits with an
incubation period of two weeks to several months; other animals at risk of BD include donkeys,
cattle, goats, and alpacas (Staeheli et al., 2000; Herden et al., 2013; Schulze et al., 2020). The
disease is endemic in Germany, Austria, Switzerland and Lichtenstein. Natural BoDV1
transmission occurs mainly via the intranasal route, and viral spread through saliva, nasal and
lacrimal secretions and urine shed by reservoir hosts has been assumed (Nobach et al., 2015;
Kupke et al., 2019). Once inside the nasal cavity, the virus travels retrograde along sensory
tracts of the olfactory nerve into the limbic system and subsequently to the entire brain (Morales
et al., 1988; MacLachlan & Dubovi, 2011; Kupke et al., 2019), infecting all neural cell types
with prolonged activation of microglia and astrocytes (Herden et al., 2013). This provokes a T-
cell mediated, non-cytolytic inflammation with no elimination of the virus. BoDV1 spreads to
peripheral tissues as well in reservoir species or immunotolerant animals (Stitz et al., 2002;
Herden et al., 2013). In mice, intracerebral BoDV1 infection causes disease in neonates only,
especially in MRL mice due to their expression of an H-2X haplotype of the major
histocompatibility complex class | antigen — neonates of Balb/c and C57BL/6 mice are
relatively less susceptible (Hallensleben et al., 1998). Infected neonatal mice may develop
weight loss, torticollis, nervous ticks, coarse fur and death (Hallensleben et al., 1998; Kramer
et al., 2012), and in the case of TNFTg mice, where TNF-a is overexpressed, epileptic seizures
and a non-purulent meningoencephalitis occur (Kramer et al., 2012). Adult mice are not
susceptible to clinical BD but can be infected (Rubin et al., 1993). Experimental BoDV1
infection in mice can induce IFN-y and TNF-a production, followed by a type 1 T cell response
with the release of IFN-B, IL-10, IL-12 and ROS from microglial cells (Kramer et al., 2012;
Tizard et al., 2016).
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The zoonotic potential of BoDV1 has been demonstrated in acute fatal human bornavirus
infections (Schlottau et al., 2018; Liesche et al., 2019; Niller et al., 2020). BD in humans may
present with flu-like symptoms, followed by neurological symptoms (e.g. paresis, ataxia,
tetraplegia, cranial nerve paralysis etc.), which can progress to coma and death (Schlottau et al.,
2018; Liesche et al., 2019). The novel bornavirus of different squirrel species (i.e. variegated
squirrel 1 bornavirus) contribute to lethal human bornavirus infections as well (Hoffmann et
al., 2015). In humans, BoDV1 infection lead to a non-purulent panencephalomyelitis with
identification of BoDV1-characteristic eosinophilic, spherical intranuclear Joest-Degen
inclusion bodies in the CNS (Schlottau et al., 2018; Liesche et al., 2019).

2.3 Peroxisomes: morphology, metabolism, biogenesis, and pexophagy
2.3.1 Morphology of the peroxisome

Peroxisomes are multifunctional organelles present in all eukaryotic cells except sperm cells
and erythrocytes (Wiese et al., 2007; Waterham & Ebberink, 2012; Islinger et al., 2018). The
morphology, composition, and metabolic functions of peroxisomes vary depending on the cell
type, tissue or organism (Berger et al., 2016; Jean et al., 2018). Peroxisomes have a single
membrane, a fine granular matrix and no deoxyribonucleic acid (DNA) (Trompier et al., 2014;
Berger et al., 2016; Islinger et al., 2018). Their sizes range from 0.1 to 1 pm in diameter and
occur in round to tubular forms (Trompier et al., 2014). In eukaryotic cells, peroxisome numbers
are between 100 and 1000 per cell, and are most abundant in the liver, kidney and brain
(Huybrechts et al., 2009; Grant et al. 2013).

2.3.2 Metabolism of peroxisomes

In the brain, peroxisomes are highly abundant in neurons, and ependymal cells, but less present
in microglial cells, astrocytes, oligodendrocytes (Ahlemeyer et al., 2007). They are pivotal for
neuronal migration, myelination and neurotransmission (Trompier et al., 2014). This organelle
undertakes several metabolic activities: the degradation of VLCFASs via a- and B-oxidation,
detoxification of ROS and reactive nitrogen species, amino acid and polyamine metabolism,
and the synthesis of ether-phospholipids in mammalian cells (Wiese et al., 2007; Waterham et
al., 2016; Fransen et al., 2017). During inflammation, peroxisomes break down saturated

VLCFA:s like arachidonic acid, whose eicosanoid derivatives have a plethora of roles depending
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on their location and concentration within cells (Terlecky et al., 2012). Furthermore,
peroxisomes biosynthesize docosahexanoic acid, an essential precursor for the production of
anti-inflammatory molecules such as resolvins, maresins and protectins (Terlecky et al., 2012).
They synthesize plasmalogens and cholesterol, which contribute to plasma membrane fluidity

and minimize oxidative stress (Braverman et al., 2012).

Peroxisomes harbor enzymes such as catalase, SOD1, glutathione peroxidase and glutathione
S-transferase for combatting oxidative stress to maintain intracellular redox homeostasis
(Schrader & Fahimi, 2006; Del Rio, 2011). Most enzymes imported into the peroxisomal matrix
are involved in oxidative or nitrosative activities (Trompier et al., 2014; Berger et al., 2016).
Peroxisome-induced oxidative stress, due to deficient antioxidant enzymes, is associated with
cancer pathogenesis, as well as other neuroinflammatory and degenerative CNS diseases
(Schrader & Fahimi, 2006; Terlecky et al., 2012). Under oxidative stress, cells produce redox-
signaling molecules such as H,O». Catalase, present predominantly in peroxisomes, is a heme-
containing, tetrameric antioxidant enzyme that detoxifies H>O> (Schrader & Fahimi, 2006;
Terlecky et al., 2012; Sharma & Ahmad, 2014; Berger et al., 2016). Peroxisomes also contain
low molecular weight molecules such as ascorbate, which in addition to plasmalogens act as

scavengers of free radicals (Fransen et al., 2012; Lismont et al., 2015).

Catalase removes H202 via a catalatic (2 H202 — 2 H20 + O) or peroxidatic (H202 + AH2 —
A + 2 H;0) reactions. AH; are electron donors including low molecular weight alcohols (e.g.
ethanol, propanol, butanol etc.), nitrite, formate and formaldehyde (Kirkman & Gaetani, 2007).
Catalase is an enzyme with a high turnover number; one molecule of catalase can convert about
six million H202 molecules in the cellular environment of eukaryotic cells (Sharma & Ahmad,
2014). Diminishing cellular levels of catalase is a relevant landmark associated with the onset
of diseases. In a rat cell model of Ahlzeimer’s disease, catalase supplementation reduced B-
amyloid peptide-induced neuronal toxicity (Terlecky et al., 2012). Catalase supplementation
also reduced the expression of TNF-a, a pivotal initiator of psoriasis in humans (Young et al.,
2008). In addition, inadequate peroxisomal catalase caused developmental anomalies in
Caenorhabditis elegans (Petriv & Rachubinski, 2004), whereas its overproduction in transgenic
mice prolonged their overall lifespan (Schriner et al., 2005; Terlecky et al., 2006). Reduced
catalase levels have been identified as one of the key features of hepatocellular tumors and liver

cirrhosis (Litwin et al., 1999), and colonic cancers in humans (Lauer et al., 1999).
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2.3.3 Peroxisomal biogenesis

Peroxisomes proliferate via (i) de novo budding from endoplasmic reticulum membranes, (ii)
and splitting of already existing, mature peroxisomes (Schrader et al., 2003; Islinger et al.,
2018). In the latter case, the peroxisomal biogenesis protein, peroxin (PEX) 11, promotes
peroxisomal fission (Figure 6) (Ahlemeyer et al., 2012; Aubourg & Wanders, 2013). The
deletion of PEX11p led to 30% decrease in peroxisomal abundance in mouse brain (Ahlemeyer
et al., 2012). In mammalian cells, these organelles move in the cytoplasm in a motor protein-
driven fashion along microtubules (Schrader et al., 2003; Islinger et al., 2018). Peroxisomes
contain about 50 different proteins. Their expression is tissue- or organ-dependent; some
peroxisomal matrix proteins can be found in other subcellular organelles such as mitochondria
and nuclei (Schrader & Fahimi, 2006; Wanders & Waterham, 2006). Most of peroxisomal
membrane and matrix proteins are produced on polyribosomes; all proteins associated with
peroxisomes contain a peroxisomal targeting signal 1 (PTS1) or PTS2, which allows for

targeting and subsequent transport to peroxisomes (Trompier et al., 2014).

Peroxisomal biogenesis proteins are essential for the formation and proliferation of
peroxisomes (i.e. PEX1, PEX3, and PEX11), insertion of membrane proteins (PEX19) and the
import of matrix proteins (i.e. PEX5, PEX7, and a docking complex consisting of PEX13,
PEX14, PEX2, PEX10, PEX12, PEX4, PEX17, PEX3, and PEX8) (Jean et al., 2018). PEXS,
PEX16, and PEX19 facilitate the formation of pre-peroxisomes from ERs. PEX3, after budding
from the ER, forms a docking complex with PEX16 for the subsequent recruitment and
integration of other peroxisomal membrane proteins (PMPs) (Lodhi & Semenkovich, 2014;
Figure 4). PEX19 binds newly synthesized PMPs, safeguards their solubility in the cytoplasm
and chaperones them to the PEX3-PEX16 complex (Lodhi & Semenkovich, 2014; Jean et al.,
2018; Figures 4, 5). After releasing the PMP cargo into the peroxisomal membrane, PEX19 is

recycled back into cytoplasm to scavenge more PMPs (Figure 5).

Next, PEX5 and PEX7 bind PTS1 and PTS2 proteins, respectively, and this facilitates their
transport from the cytosol to peroxisomes (Aubourg & Wanders, 2013; Lodhi & Semenkovich,
2014). PTS1 consists of three amino acids located at the carboxyl terminal end, whereas PTS2
consists of nine amino acids, located at the amino terminal end of the respective protein
(Aubourg & Wanders, 2013). PEX5 recognizes peroxisomal proteins with PTS1 (e.g. catalase),
whilst PEX7 recognizes those with PTS2 (e.g. thiolase) (Aubourg & Wanders, 2013; Nakai &
Imai, 2019).
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Figure 4: Schematic illustration of peroxisomal biogenesis and the essential peroxins
involved

Endoplasmic
reticulum
Budding of
pre-peroxisome Import of peroxisomal
membrane proteins;
PEX3, PEX19, and PEX16
— are the main peroxins

involved.

Pre-peroxisome

Import of
peroxisomal
matrix proteins/ PEXS PEX13 PEX2 PEX1
enzymes PEX7 PEX14 PEX10 PEX6
o PEX12
L4
Mature " ’
P '
peroxisome ®
= Proliferation by a
B} division; here, &
PEX11 plays a
major role.

Peroxisomal proteins, peroxins or factors involved in peroxisomal formation, maturation and
proliferation (Image created with Biorender.com, based on Aubourg & Wanders, 2013).

Figure 5: Schematic illustration of peroxisomal membrane protein assembly
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The import machinery of peroxisomes consists of a docking complex including PEX13 and
PEX14 (Aubourg & Wanders, 2013; Figure 6). With the aid of PEX2, PEX10 and PEX12,
PEXS5 forms a pore within the peroxisomal membrane to allow for the release of protein cargos
into the peroxisomal matrix (Schrader et al., 2003; Jean et al., 2018; Figure 6). Afterwards,
PEX1-PEX6 complex, also located in the peroxisomal membrane, in conjunction with PEX26
dissociates PEX5 and PEX7, releasing them into the cytosol to begin another round of transport
(Aubourg & Wanders, 2013; Figure 6).

Figure 6: Schematic illustration of PEX5 receptor binding to proteins (mainly enzymes)
containing peroxisomal targeting signal (PTS) proteins and their subsequent transport
into the peroxisomal matrix
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Import of PTS enzymes into the peroxisomal matrix by the cycling receptor, PEX5. A similar pattern of
PTS enzyme import is proposed for the receptor, PEX7 (Image created with Biorender.com, based on
Aubourg & Wanders, 2013).

Several independent mechanisms are involved in peroxisomal degradation: pexophagy,
autolysis and the Lon protease system. Failure of peroxisome functions (mostly due to
mutations of PEX genes) causes multiple metabolic, developmental anomalies termed as
peroxisomal disorders (Waterham & Ebberink, 2012). Peroxisomal disorders are categorized
into peroxisomal biogenesis disorders (PBDs) and single peroxisomal enzyme deficiencies
(SPEDSs). PBDs result in a total loss of peroxisomal function defined as Zellweger syndrome
spectrum (ZSS) (Waterham & Ebberink, 2012; Aubourg & Wanders, 2013). ZSS consists of
three different clinical manifestations with Zellweger syndrome (ZS) as the most severe form,
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followed by neonatal adrenoleukodystrophy (NALD) and infantile Refsum disease (IRD) with
milder symptoms. Rhizomelic chondrodysplasia punctate type 1 belongs to both PBD and
SPEDs (Waterham & Ebberink, 2012; Aubourg & Wanders, 2013). Infants with ZS usually die
within the first postnatal life; ZS patients develop hypotonia with abnormal craniofacial features
(prominent forehead, high arched palate, shallow orbital ridges etc.), ocular abnormalities
(glaucoma, cataracts and cloudy cornea), seizures, renal cysts and hepatic dysfunction
(Waterham & Ebberink, 2012; Aubourg & Wanders, 2013). Patients with NALD and IRD
suffer developmental delays, hypotonia, ocular defects (retinal dystrophy, vision impairment
etc.), hearing loss, and hepatic dysfunction. Infants with NALD may reach puberty whereas
those with IRD may reach adulthood (Waterham & Ebberink, 2012).

SPEDs result from the deficiency of specific peroxisomal enzymes involved in either a- or -
oxidation of ether lipids (Trompier et al., 2014). For instance, the impairment of 3-oxidation of
saturated VLCFASs results in their accumulation in plasma and tissues (Trompier et al., 2014;
Islinger et al., 2018). Patients with such impairments suffer X-linked adrenoleukodystrophy (X-
ALD), a condition that is more common in males. In the brains of X-ALD patients, high levels
of VLCFAs affect the cholesterol component of myelin in nerves, leading to demyelination.
The childhood cerebral from of X-ALD usually manifests between the ages of four and eight,
characterized by progressive behavioral, cognitive and motor function impairments (Trompier
et al., 2014; Islinger et al., 2018).

2.4 Mitochondria: morphology, metabolism, biogenesis, and mitophagy
2.4.1 Morphology of mitochondria

Mitochondria are highly dynamic organelles, integral in stress sensing to allow for cellular
adaptation to the environment (Fransen et al., 2017). Mitochondria are double-membrane
bound, and have their own genomic DNA (mtDNA) (Annesley & Fisher, 2019). mtDNA in
different cells of different organisms encode several proteins, mainly involved in TCA cycle
and OXPHOS; the rest of mitochondrial proteins (~99%) are encoded by nuclear genes
(Annesley & Fisher, 2019; Bouchez & Devin, 2019). Mitochondrial morphology varies from
punctate, round, oval, and short/long tubular to reticular shape forms depending on the cell type
and metabolic/physiologic state of the cell (Fransen et al., 2017; Kausar et al., 2018; Elesela &
Lukacs, 2021). The amount of mitochondria within cells differ based on metabolism and energy
demands. For instance, retinal cells (rods and cones), gametes (e.g. oocytes), and striated
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muscles have higher mitochondria than fat cells which have very low metabolism (Annesley &
Fisher, 2019; Bouchez & Devin, 2019).

2.4.2 Metabolism of mitochondria

Mitochondria produce ATP via the TCA cycle and OXPHOS, which generates ROS — about
90% of ROS within mitochondria arise from ATP production (Annesley & Fisher, 2019).
Mitochondria are the primary source of ROS within cells, and ROS production occurs in the
mitochondrial intermembrane space or matrix (Fransen et al., 2012; Wang et al., 2018;
Annesley & Fisher, 2019). Mitochondria contain a network of enzymatic and non-enzymatic
antioxidants that guard against oxidative damage; the major antioxidant enzymes include
thioredoxin, peroxiredoxins 3 and 5, SOD1 (contains copper/zinc) and SOD2 (contains
manganese) (Kalinina et al, 2008). One particular ROS — i.e. O>~ —is produced as the main by-
product of mitochondrial respiratory chain reaction by complex I and Il1l. SOD1 and SOD2
convert O>~ to oxygen and hydrogen peroxide (2 O>~+2 H" — Oz + H20,) (Fransen et al.,
2012; Lismont et al.,, 2015; Wang et al., 2018). SOD1 converts O2~ produced in the
intermembrane space, whereas SOD2 converts those produced in the mitochondrial matrix
(Diebold & Chandel, 2016). The main non-enzymatic antioxidants include coenzyme A,
reduced glutathione, ubiquinol, ascorbate, and a-tocopherol (Fransen et al., 2017). In addition,
mitochondria regulate intracellular Ca?* levels, facilitate heme biosynthesis, and B-oxidation of
fatty acids (Annesley & Fisher, 2019; Bouchez & Devin, 2019).

2.4.3 Mitochondrial biogenesis and mitophagy

Mitochondrial homeostasis is ensured via mitochondrial dynamics (i.e. biogenesis, fusion and
fission) and mitophagy (mitochondrial degradation) (Elesela & Lukacs, 2021). Mitochondria
undergo constant turnover, and their half-lives vary from tissue to tissue — in mice, 14 days in
heart muscles and 2-4 days in the liver (Gottlieb & Stotland, 2015). Mitochondria are subject
to damages, both within and outside the mitochondrial compartment, caused by events such as
mutated mitochondrial proteins and ROS (Yoo & Jung, 2018). Mitochondria can change their
shape, and number under stress conditions (Meyer et al., 2017). Mitochondrial quality control
systems operate, both in physiological and pathological conditions, to safeguard the presence
of healthy organelles only. At the organelle level, mitochondrial quality is preserved through

biogenesis, fusion, fission and mitophagy (Yoo & Jung, 2018). Mitochondrial biogenesis can
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be induced by intra- (e.g. ROS, carbon monoxide etc.) and/or extra-(e.g. viruses, hormones etc.)
mitochondrial signals (Yoo & Jung, 2018), and involves the coordinated expression of both
mitochondrial and nuclear genomes (Figure 7). The major role-players in mitochondrial
biogenesis are the nuclear respiratory factors (NRFs; particularly NRF1 and NRF2) and
peroxisome proliferator-activator receptor-y coactivator-la. (PGC-1a) — NRFs and PGC-1a
induce the expression of nuclear-encoded mitochondrial proteins, which are delivered to
mitochondria to initiate biogenesis (Bouchez & Devin, 2019; Yoo & Jung, 2018; Figure 7).

Figure 7: Transcriptional modulation of mitochondrial gene expression and biogenesis
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Nuclear respiratory factor 1 (NRF1) and PGC-lo induce mitochondrial genes to synthesize
mitochondrial proteins (MPs), some of which are involved in mitochondrial biogenesis. The
mitochondrial transcription factor A (TFAM), also implicated in the expression of mitochondrial genes,
is regulated by NRF1 (Image created with Biorender.com, based on Bouchez & Devin, 2019).

Mitochondria fusion requires guanidine triphosphatases (GTPases, also known as mitofusins 1
and 2 in humans), which are located in the inner and outer mitochondrial membranes (Meyer
etal., 2017). On the other hand, GTPase dynamin related protein 1, in conjunction with several
proteins, mediate mitochondrial fission (Meyer et al., 2017; Elesela & Lukacs, 2021).
Mitochondrial fission and fusion are perpetual processes; fission helps correct mitDNA
mutations while fusion facilitates the exchange and homogenization of matrix metabolites and
the recycling of partially impaired mitochondria into fully healthy mitochondrial networks

(Elesela & Lukacs, 2021).
18



Literature review

Irreparably damaged or redundant mitochondria are degraded primarily by an autophagic
process called mitophagy (Elesela & Lukacs, 2021). Dysregulation of mitophagy leads to
neuroinflammation and Parkinson’s disease. Damaged mitochondria, caused by ageing,
infection, stress or ROS, are tagged by PTEN-induced kinase 1 (PINK1), followed by the
recruitment of Parkin (an E3 ubiquitin ligase) and ubiquitinization of membrane substrates for
recognition and degradation by autophagosomes (Elesela & Lukacs, 2021). In addition,
mitochondrial membrane potential (A¥m) is an essential determinant of mitochondrial health,
and aids in the identification and segregation of impaired or damaged mitochondria. Stressors
(such as infections) alter A¥m, resulting in defective antiviral signaling and enhancement of
viral replication (Koshiba et al., 2011). The reduction of A¥m can lead to damage and loss of
mitochondria, promoting immune escape and viral replication in host tissues (Anand & Tikoo,
2013). Human cytomegalovirus infection decreased A¥m, leading to the accumulation of
dysfunctional mitochondria (Anand & Tikoo, 2013). Influenza A virus (PB1-F2 protein),
human immunodeficiency virus (HIV; Vpr protein), and Coxsackie virus (2B protein) reduced
AW¥Ym leading to apoptosis (Anand & Tikoo, 2013). Myxoma poxvirus, however, inhibits AYm

loss, halting apoptosis during viral infection (Everett et al., 2002).

2.5 Metabolic and redox interplay between peroxisomes and mitochondria

Peroxisomes and mitochondria share transcriptional regulatory pathways that orchestrate their
abundance and functions (Fransen et al., 2017). The concerted metabolic functions of
peroxisomes and mitochondria involve a- and -oxidation of fatty acids, bile acid synthesis and
ROS homeostasis (Fransen et al., 2017). B-oxidation of fatty acids is a stepwise process
whereby fatty acyl-coenzyme A (CoA) ester chains are shortened between carbons 2 and 3,
producing acetyl or propionyl CoA in both peroxisomes and mitochondria (Figure 8).
Transmembrane transport of molecules (e.g. fatty acids, acetyl CoA, and ATP) occurs across
the peroxisomal and mitochondrial membrane via specific transporter proteins — ATP binding
cassette-transporters of subfamily D (ABCD; the three family members are ABCD1-3) for
substrates involved in peroxisomal fatty acid oxidation, whereas carnitine-acyl carrier (CAC)
performs a similar role in the outer membrane of mitochondria. In addition, the re-oxidation of
reduced nicotinamide dehydrogenase (NADH) back to NAD* requires the interaction between
peroxisomes, cytosol, and mitochondria (Wanders et al., 2016; Figure 8). Acetyl CoA
generated within peroxisomes after f-oxidation is fed into the TCA cycle for ATP synthesis in
mitochondria. Defects in peroxisomal f-oxidation enzymes leads to mitochondrial stress with
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deleterious injury to the brain and spinal neurons in patients with X-ALD (L6pez-Erauskin et

al., 2013; Fourcade et al., 2015).

Figure 8: Interplay between peroxisomal and mitochondrial p-oxidation of fatty acids
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Interplay of peroxisomal and mitochondrial fatty acid B-oxidation. Fatty acid B-oxidation, the NAD(H)
redox shuttles (NRS), the tricarboxylic acid (TCA) cycle, and the electron transfer chain are respectively
depicted in blue, purple, red, and pink, respectively. 1a, acyl-coenzyme A (CoA) oxidase; 1b, acyl-CoA
dehydrogenase; 2, enoyl-CoA hydratase; 3, 3-hydroxyacyl-CoA dehydrogenase; 4, 3-ketoacyl-CoA
thiolase. ABCD, ATP-binding cassette transporters of subfamily D; BRCFA, branched-chain fatty acid;
CAC, carnitine-acylcarnitine carrier; FAD, flavin adenine dinucleotide; FADH,, reduced FAD; LCFA,
long-chain fatty acid; MCFA, medium-chain fatty acid; NAD, nicotinamide adenine dinucleotide;
NADH, reduced NAD; VLCFA, very-long-chain fatty acid; 3-HA-CoA, 3-hydroxyacyl-CoA, 3-KA-
CoA, 3-ketoacyl-CoA (Image created with Biorender.com, based on Fransen et al., 2017).

Disturbances in peroxisomal catalase activity induces mitochondrial stress and oxidative
damage in various organs (Koepke et al., 2008; Ivashchenko et al., 2011; Walton & Pizzitelli,
2012; Hwang et al., 2012). H20-, which is metabolized by catalase, plays a central role in
cellular redox signaling, and can easily cross peroxisomal (Boveris et al., 1972) and
mitochondrial membranes (Bienert & Chaumont, 2014). Hence, mitochondrial redox balance
primarily deranges upon the accumulation or generation of excess ROS within peroxisomes
(Fransen et al., 2017). Genes involved in peroxisomal fatty acid metabolism and proliferation
are controlled by transcription factors (nuclear receptors) known as peroxisome proliferator-
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activated receptors (PPARs). Although PGC-1a (a transcriptional coactivator) serves as the
main driver of mitochondrial biogenesis and functions (Fransen et al., 2017), PPARs (such as
PPARa, PPARY, and PPARGJ) regulate the expression of genes involved in mitochondrial -
oxidation (Cook et al., 2000; Wang et al., 2003) and biogenesis (Hoivik et al., 2004; Corona et
al., 2014). PGC-1a functions together with PPARs to augment the expression of genes
encoding mitochondrial OXPHOS subunits, antioxidant enzymes and biogenesis factors
(Fransen et al., 2017). Therefore, peroxisomal and mitochondrial abundance and activity are
modulated synergistically at the transcriptional level by PPARs and PGC-1a (Fransen et al.,
2017).

Moreover, de novo formation of peroxisomes requires mitochondria-derived vesicles (Sugiura
et al., 2017; Li & Wang, 2021). Mitochondria communicate with other subcellular
compartments via these mitochondria-derived vesicles, which carry cargos to, for instance, a
subpopulation of peroxisomes (Neuspiel et al., 2008; Andrade-Navarro et al., 2009). The fission
machinery of both organelles share multiple components, which include mitochondrial fission
protein 1 (FiS1) (Koch et al., 2005), mitochondrial fission factor (MFF) (Gandre-Babbe & van
der Bliek, 2008), ganglioside-induced differentiation-associated protein 1 (GDAP1) (Huber et
al., 2013), and dynamin 1-like protein (DNM1L) (Li & Gould, 2003). Defects in DNM1L have
been linked to a lethal autosomal dominant disorder, characterized by infantile encephalopathy,
optic atrophy and hypoplasia, cerebral dysgenesis, seizures and refractory epilepsy due to
aberrant mitochondrial and peroxisomal fission mechanisms (Waterham et al., 2007; Chao et
al., 2016; Vanstone et al., 2016). Loss of MFF has been associated with early-onset Leigh-like
encephalopathy (Koch et al., 2016) and mitochondrial encephalopathy (Shamseldin et al.,
2012); and, mutations in GDAP1 contributes to Charcot-Marie-Tooth disease (Cassereau et al.,
2011). Alterations in the abundance and function of peroxisomes and mitochondria markedly
affect both their individual and combined outputs (Baumgart et al., 2001; Peeters et al., 2014;
Salpietro et al., 2015; Fransen et al., 2017). For example, the loss of PEX5 (which caused
dysfunctional peroxisomes) led to severe alterations in mitochondrial ultrastructure and the
activities of mitochondrial respiratory chain complexes in organs/tissues such as the liver,

kidney, adrenal cortex, heart, skeletal and smooth muscle cells (Baumgart et al., 2001).
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2.6 Peroxisome-mitochondria crosstalk in virus-induced neuroinflammation

Multiple cellular processes, including antiviral innate immune signaling, necessitate the
synchronized action of subcellular organelles, especially of peroxisomes and mitochondria
(Dixit et al., 2010, Fransen, 2017). Pathogen recognition is a crucial component of innate
immunity in both the extra- and intracellular compartments (Bowie & Unterholzner, 2008;
Odendall & Kagan, 2017; Chathuranga et al., 2021). To do this, cells have pattern recognition
receptors (PRRs) for detecting and responding to specific antigens known as pathogen

associated molecular patterns (Bowie & Unterholzner, 2008; Odendall & Kagan, 2017).

The first subfamily of PRRs to be discovered is the toll-like receptor (TLR) family; TLRs are
located on the cell surface, as well as on endosomes, for the recognition of various microbial
cell surface components (Bowie & Unterholzner, 2008; Odendall & Kagan, 2017). A few TLRs
(i.e. TLR3, TLR7, TLR8 and TLR9) located on endosomes recognize viral nucleic acids (Bowie
& Unterholzner, 2008; Kagan, 2012; Odendall & Kagan, 2017). Specifically, TLR3/7 recognize
single-stranded RNAs like that of BoDV1 (Bowie & Unterholzner, 2008; Planz et al., 2009).
Another family of PRRs are the retinoic acid-inducible gene | (RIG-I)-like receptor (RLR)
proteins, which survey and detect foreign cytosolic RNA; viral RNAs are primarily recognized
by the pro-inflammatory members of the RLR family [i.e. MDAS5 (melanoma differentiation
associated protein 5) and RIG-1] (Dixit et al., 2010; Kagan, 2012; Rehwinkel & Gack, 2020).
To avoid detection by RIG-1, BoDV1 is able to trim its genome, particularly at the 3'and 5 ends
(Schneider et al., 2003). Upon recognition of viral RNA, RLRs become activated and are
chaperoned by the 14-3-3¢ protein to MAVS (Figure 9). MAVS are adaptor protein complexes,
containing 540 amino acids, and tail-anchored in the membranes of peroxisomes, mitochondria
and ERs — they are vital supramolecular organizing centers for antiviral immune signal
transduction (Dixit et al, 2010; Horner et al., 2011; Odendall & Kagan, 2017). As one of the
prime targets of hepatitis C virus, its NS3/4a protein cleaves the C-terminal of MAVS,
relocating it to the cytosol, hence blocking RLR signaling to escape detection (Meylan et al.,
2005).

After the activation and assembly of MAVS complexes on peroxisomes and mitochondria,

RLRs initiate the recruitment of downstream signaling proteins (e.g. MAPKSs, E3 ubiquitin

ligases, and kB kinases), which end up activating transcription factors such as NF-«xB, activator

protein-1 (AP-1) and interferon regulatory factors (IRFs), which are involved in the

enhancement and regulation of the overall IFN response alongside the release of pro-

inflammatory cytokines (Bowie & Unterholzner, 2008; Odendall & Kagan, 2017). Cells lacking
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MAVS do not provoke IFN (type I and Il1) or pro-inflammatory cytokine production (Seth et
al., 2005; Kumar et al., 2006; Odendall et al., 2014); hence, MAVS knockout mice could not
generate IFN-a- and IFN-B-mediated immune responses after Sendai virus infection (Sun et
al., 2006). The activation of peroxisomal MAVS induces a type Il IFN expression,
characterized by a prompt, short-lived antiviral signaling, whereas that of mitochondrial MAVS
results in a type | IFN expression, leading to a delayed but sustained antiviral signaling (Dixit
et al., 2010; Odendall & Kagan, 2017; Figure 9).

Figure 9: Schematic illustration of viral RNA entry into a cell and antiviral immune
signaling via MAVS
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RIG-I-like receptors (RLRs) bind to viral RNA, followed by activation of MAVS proteins on
peroxisomes and mitochondria to create an antiviral state within cell. Peroxisomal MAVS activation
triggers interferon regulatory factors (IRFs, particularly IRF1 and IRF3), which leads to the transcription
and translation of antiviral and interferon stimulating genes (ISGs) genes with rapid, short-lived antiviral
effects. Mitochondrial MAVS, on the other hand, after being activated by RLRs stimulates IRF3, leading
to the release of interferon (IFN)-B. IFN- is then translocated extracellularly, binds to its receptors on
the plasma membrane, and stimulates the JAK/STAT pathway. The JAK/STAT pathway subsequently
induces ISGs, with a delayed, sustained antiviral effect. JAK, Janus kinase; STAT, signal transducer
and activator of transcription proteins (Image created with Biorender.com, based on Dixit et al., 2010).
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3. Materials and methods
3.1 Mouse lines and genotyping

Wt mice (C57BL/6JOlaHsd) were obtained from Harlan Laboratories Co. Ltd.; TNFTg mice
[C57BI/6-Tg (Grin2b-Tnf) 41.3MK]; TNFR1lko mice (B6.129-Tnfrsfla tmlBIt/J) and
TNFR2ko mice (B6.129S2-Tnfrsflbtm1Mwm/J) were kindly provided by Prof. Dr. Ulrich
L.M. Eisel, Department of Molecular Neurobiology, University of Groningen, Groningen, the
Netherlands. The genotype of each mouse was identified by respective quantitative polymerase
chain reaction (for details see Hirz, 2017). All animals were bred and housed at the central
animal laboratory of Justus Liebig University Giessen, Giessen, Germany. Mice,
experimentally infected with BoDV1, were kept at the animal facility of the Biosafety
Laboratory 3 of Philipps University Marburg, Marburg, Germany in accordance with animal
welfare regulations under Hessen state approval [Regional Council, Giessen, file number \V54-
19c¢ 2015(1) GI18/4 No. 12/2012]. For each mouse line, male and female mice were used with
no special attention to equal sex distribution.

3.2 BoDV1 infection of mice, isolation and perfusion of brain regions

A BoDV1 stock (H24), originally prepared from 4-week-old Lewis rats and passaged 4 times
in Balb/c mouse brains (Hallensleben et al., 1998), was injected into the brain of neonatal
heterozygous TNFTg mice. Brain extracts were diluted to obtain a virus suspension of 5x10°
IDso/ml (Hirz, 2017). Out of the larger experiment being conducted, this study used two cohorts
for each mouse line: (i) a non-infected cohort, where mice were not exposed to BoDV1, to serve
as controls [for day 42 post infection (p.i.): 8 Wt, 5 TNFTg, 5TNFR1ko, and 8 TNFR2ko mice;
see Appendix 5]; (ii) and an infected/experimental cohort (for day 42 p.i.: 8 Wt, 5 TNFTg, 5
TNFR1ko, 7 TNFR2ko mice; see Appendix 5), where mice were infected at day 0 by means
of intracerebral injection with the BoDV1 suspension. The mice used for this study were
euthanized at the age of 42 days and brains removed. Each brain was divided into two
hemispheres, and fixed in 10% non-buffered formalin for 24 h (Hirz, 2017). Afterwards, each
brain hemisphere was divided into three transverse planes according to the Bregma planes
shown in Figure 10 to obtain the hippocampus, cerebral and cerebellar cortices. Laura
Brachthduser and Dr. Manuela Hirz performed the experimental infection and brain tissue

processing of all mice used in this thesis (see Brachthauser et al., 2013; Hirz, 2017).
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Figure 10: Schematic illustration of how mouse brain was cut to obtain the hippocampus,
cerebral and cerebellar cortices
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Dorsal view of an adult mouse brain (A), modified from atlas by T. Capra (design by AG Williams, UT
Health Science Center © 1999 RW Williams; http://www.mbl.org/atlas170/atlas170_frame.html).
Whole mouse brain was divided transversely (shown by thicker black lines) at levels: 1 (B; Bregma 1.32
mm,; Interaural 5.12mm), 2 (C; Bregma -2.12mm; Interaural 1.68 mm) and 3 (D; Bregma -5.88;
Interaural -2.08). Bregma (the cross inside a circle) is the point where the coronary suture and the sagittal
suture intersect. Distance between bars is 1 mm. Images B, C, and D obtained from
braininfo.rprc.washington.edu.

3.3 Indirect immunofluorescence (IF) staining

The hippocampus, cerebral and cerebellar cortices of all mice (with or without BoDV1

infection) from each mouse line were stained using the IF staining technique.

3.3.1 Antibodies

Primary antibodies used for the detection of peroxisomal and mitochondrial proteins are listed
in Table 1. Goat anti-rabbit IgG Alexa Fluor 488 (1:300; Invitrogen of Thermo Fisher Inc.,
Dreieich, Germany) was used as the secondary antibody, and, DAPI (4',6-diamidino-2-
phenylindole; Sigma-Aldrich, Deisenhofen, Germany) served as the nuclear stain in all IF

stainings.
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Table 1: Polyclonal primary antibodies used for the IF stainings

Primary antibody Dilution  Source (Catalogue number)
Rabbit anti-PEX14 1gG 1:10,000 Denis I. Crane, Griffith University, Brisbane, Australia

Rabbit anti-catalase 19G 1:5000 Denis I. Crane, Griffith University, Brisbane, Australia
(S2SR5)

Rabbit anti-ATP5B 1gG 1:2000 Sigma-Aldrich, Deisenhofen, Germany (APA 001520)
Rabbit anti-SOD2 1gG 1:1000 Abcam, Cambridge, United Kingdom (13533)

PEX14, peroxin 14; ATP5B, ATP synthase F1 subunit b; SOD2, superoxide dismutase 2; 1gG,
immunoglobulin G

PEX14, a peroxisomal biogenesis and membrane protein, forms a crucial part of the
peroxisomal import machinery (Aubourg & Wanders, 2013; Knoblach et al., 2021); and, is an
optimal marker for the identification, localization and quantification of peroxisomes in different
cell types and tissues (Ahlemeyer et al., 2012; Grant et al., 2013). ATP synthase beta subunit
(ATP5B), on the other hand, is a component of the mitochondrial membrane complex, playing
significant roles in ATP synthesis and mitochondrial fusion/fission (Seo et al., 2016) and is
used for the labelling of mitochondrial network within mammalian cells. Therefore, PEX14 and
ATP5B were chosen as organelle markers for quantifying peroxisomes and mitochondria,
respectively. In addition, antibodies against the main antioxidant enzymes, catalase and SOD2,
of both subcellular organelles were used to investigate the antioxidant capacity of peroxisomes

and mitochondria, respectively.

3.3.2 IF staining of formalin-fixed paraffin-embedded (FFPE) mouse brain tissues

Using a microtome, 2 um-thick sections of FFPE mouse brain tissues were cut onto Superfrost®
plus microscope glass slides (R. Langenbrinck Co. Ltd., Emmendingen, Germany), and fixed
on a heating plate at 40°C. Slides were transferred into glass cuvettes; sections were
deparaffinized with xylene (3x5 min) and rehydrated by passing through decreasing
concentrations of ethanol (99%, 99%, 96%, 80%, 70% and 50%), and finally in distilled water
(2x3 min). Antigen retrieval for all antibodies was performed by incubating the slides in 0.01%
trypsin for 10 min on a warm plate at 37°C, followed by heating in citrate buffer (pH=6.0) 3x5
min in a standard microwave at 800 W (Microwave oven MB-392445, LG, Seoul, South Korea)
with washing steps [in PBS (phosphate-buffered saline; Sigma-Aldrich, Deisenhofen,

Germany) 3x5 min] in between. Slides were removed and allowed to cool down to room
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temperature (RT) on the workbench. Nonspecific binding sites were blocked with 4% bovine
serum albumen (BSA; Carl Roth Co. Ltd., Karlsruhe, Germany) in PBS/0.05% Tween 20 for 2
h at RT. Sections were then incubated with primary antibodies overnight. On the following day,
sections were washed in PBS 3x5 min followed by incubation with the secondary antibody for
2 h at RT. Afterwards, sections were again washed in PBS 3x5 min and incubated with DAPI
(1:750) to stain the nuclei, followed by washing in PBS 3x5 min. Negative controls were

performed in tandem where PBS, instead of a primary antibody, was used.

3.3.3 Image acquisition using a confocal fluorescence microscope and morphometric

analysis of peroxisomes and mitochondria and their main antioxidant enzymes

Using a Leica confocal laser-scanning microscope (type SPC2; 63x objective),
photomicrographs were taken from: (i) the dentate gyrus (DG) and cornu ammonis (CA) band
regions (mainly from CA2 and CAS3, because BoDV1 spread to CAl was rare) of the
hippocampus; (ii) the cerebral cortex [Cx; laminae IIl (external pyramidal neurons) and V
(internal pyramidal neurons)]; (iii) and the cerebellar cortex (Cb) (Figure 11). In the
hippocampus and cerebral cortex, we further distinguished between granule and pyramidal
neurons; and, in the cerebellum, granule and Purkinje cells were evaluated. Fiji Image J
software (http://imagej.nih.gov/ij) was used to quantify the signals (particles) of PEX14,
ATP5B, catalase and SOD?2 in all photomicrographs.
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Figure 11: Schematic illustration of different parts of mouse brain showing several
distinct neuronal cell types
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External (lamina I11) and internal (lamina V) pyramidal neurons of the cerebral cortex; granule and
Purkinje cells of the cerebellar cortex (A). Hippocampal formation showing the granule and pyramidal
cell layers of the dentate gyrus (DG) and cornu ammonis (CA) band (CAL, CA2, and CA3),
respectively (B). Image created with BioRender.com.

Due to the particulate nature of PEX14 and catalase IF signals, their abundances were calculated
as the number area density of PEX14- and catalase-positive peroxisomes, respectively. ATP5B
and SOD2 IF signals appeared as a diffused network, hence, their abundances were calculated
as the percentage (%) area density of ATP5B (representing all mitochondria)- and SOD2-
positive mitochondria. To illustrate how the abundances of peroxisomes and mitochondria, as
well their respective antioxidant enzymes, were calculated in this study, two photomicrographs
of PEX14-positive and ATP5B-positive IF stainings (shown in Figure 12) of cortical pyramidal
neurons will be used. To begin with, the photomicrographs (Figure 12A, C) are opened in Fiji
image J software and the pyramidal cells of interest are selected using the rectangle tool, and
then cropped to obtain the images as shown in Figure 12B, D.
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Figure 12: IF staining of the cerebral cortex

Photomicrographs showing PEX14-positive peroxisomes (A) and ATP5B-positive mitochondria (C).
Cropped images of pyramidal cells from micrographs A (B) and C (D).

From the cropped images, the green and blue color channels are then split. In this Fiji Image J
software, split color channels appear in white with a dark background. For the PEX14-positive
peroxisomes, Figure 13A and Figure 13B show the blue DAPI stain for the nuclei and the
green PEX14 stain, respectively, whilst for the ATP5B-positive mitochondria, Figure 13C and
Figure 13D show DAPI and ATP5B stains, respectively — all color channels appear in white
on a dark background.
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Figure 13: Image J-modified photomicrographs showing split color channel images of
selected pyramidal cells

Blue channel images, (A) and (C), showing DAPI nuclear stain. Green channel images, (B) and (D), for
PEX14-and ATP5B-positive signals, respectively. Immunofluorescent signals appear in white on a dark
background after the color channels are split in Fiji Image J.

Using the threshold function (which highlights IF signals in red), the patterns of white signals
in Figure 13B and Figure 13D are adjusted to match the green PEX14-positive signals in
Figure 12B and the green diffused, networked ATP5B-positive signals in Figure 12D in order
to obtain images shown in Figure 14A and Figure 14C, respectively.
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Figure 14: Image thresholding of photomicrographs of pyramidal cells of the cerebral
cortex

PEX14-positive peroxisome signals (A). ATP5-positive mitochondrion signals (C). Cytoplasmic area
of pyramidal cell in A (B). Cytoplasmic area of pyramidal cell in C (D).

The adjusted threshold is then applied to images in Figure 14A and Figure 14C to obtain
Figure 14B and Figure 14D, respectively. Using the shape of nuclei of the pyramidal cells in
Figure 12A and Figure 12C as a guide, the freehand select tool was used to delineate the
cytoplasmic areas in Figure 14B and Figure 14D, respectively. To calculate the abundance of
peroxisomes, which represents the area number density of PEX14-positive peroxisomes in
Figure 14B: (i) the ‘analyze particles’ function was used to obtain the number of PEX14-
positive peroxisomes; (ii) and the corresponding cytoplasmic area was measured using the

‘measure’ function in Fiji Image J software.
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The number of PEX14-positive peroxisomes per 100 um? (peroxisomal abundance) was then

calculated as:

Number of PEX14-positive peroxisomes
Cytoplasmic area (px©)

where 1 pixel (px) = 0.08 um. Similarly, catalase abundance was calculated in respective

photomicrographs.

Next, to calculate the abundance of ATP5B-positive mitochondria in Figure 14D, which
denotes the percentage (%) ATP5B area: (i) the ‘analyze particles’ function in Fiji image J
software was also used to obtain the area of the ATP5B-positive mitochondria; (ii) and the

‘measure’ function for the corresponding cytoplasmic area.
The percentage area (%) of ATP5B was then calculated as:

Area of ATP5B-positive mitochondria (px?) x100
Cytoplasmic area (px©)

where 1 pixel (px) = 0.08 um. SOD2 abundance was calculated in the exact same way in

respective photomicrographs.

3.4 Statistical data analysis

FFPE brain tissue samples used for this study were from a randomly mixed population of 42-
day-old male and female mice belonging to the four different mouse lines, with or without
BoDV1 infection. For each neuronal cell type in a defined brain region, differences between
Wi, TNFTg, TNFR1Ko and TNFR2Ko mice — with or without BoDV1 infection — were
evaluated using Brown Forsythe and Welch's one-way analysis of variance (ANOVA),
followed by post-hoc Games-Howell’s multiple comparisons (o= 0.05). In case differences
between non-infected and BoDV1-infected mice of the same mouse line and neuronal cell type
in a defined area were to be assessed, an unpaired, non-parametric Welch's t-test analysis (o=
0.05) was performed. Statistical analysis was done using Graphpad Prism software (v. 8.0.2;
2019). All data are given as means +/- standard deviation of 8 Wt, 5 TNFTg, 5TNFR1Ko, and
8 TNFR2Ko mice, for the non-infected mouse group; and 8 Wt, 5 TNFTg, 5 TNFR1Ko, 7
TNFR2Ko mice for those infected with BoDV1 (see Appendix 5). All marked changes
described in this study are of statistical significance (P < 0.05); no marks/labelling within the

graphical figures mean there was no significant difference (P > 0.05).
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4. Results

4.1 Morphometric analysis of peroxisomes, mitochondria, catalase and SOD2 in the
hippocampus, cerebral and cerebellar cortices of non-infected mice

The abundances of peroxisomes, mitochondria, catalase and SOD2 were first analyzed in non-
infected Wt mice to understand the distribution of peroxisomes and mitochondria as well as
their main antioxidant enzymes, catalase and SOD2, respectively, within several neuronal cell
types from the hippocampus, cerebral and cerebellar cortices (see section 4.1.1). Afterwards,
the same was done for non-infected TNFTg, TNFR1ko and TNFR2ko mice, and, each mouse
line was compared to non-infected Wt mice (see sections 4.1.2 — 4.1.5).

4.1.1 Morphometric analysis of peroxisomes, mitochondria, catalase and SOD2 in the

hippocampus, cerebral and cerebellar cortices of non-infected Wt mice

In non-infected Wt mice, neuronal cell types in all three brain regions showed comparable
peroxisomal abundances, ranging from 18/100 pm? in pyramidal neurons (CA band) to 21/100
um? in granule neurons (DG) within the hippocampus; 14/100 um? in cortical pyramidal
neurons; 15/100 um? and 17/100 pm? in cerebellar granule and Purkinje neurons, respectively
(Figure 39A-E). Catalase abundance was 15/100 um? and 16/100 um? in hippocampal
pyramidal (CA band) and granule (DG) neurons, respectively; 7/100 um? in cortical pyramidal
neurons; 10/100 pum? in cerebellar neurons (same amount in each of granule and Purkinje
neurons) (Figure 41A-E). This means, 83.3% and 76.2% of peroxisomes contained detectable
levels of catalase in hippocampal pyramidal and granule neurons, respectively; 50.0% in
cortical pyramidal neurons; and in the cerebellar cortex, 66.7% in granule and 58.8% in

Purkinje neurons of Wt mice.

On the other hand, mitochondrial abundance was 3.2% and 2.7% in hippocampal pyramidal
and granule neurons, respectively; 9.2% in cortical pyramidal neurons; 3.0% in granule neurons
and 17.5% in Purkinje neurons of the cerebellar cortex (Figure 40A-E). Thus, mitochondrial
abundance was 1.9 to 6.6-fold higher in cerebellar Purkinje neurons compared to other neuronal
cell types. SOD2 abundance was 0.4% and 0.2% in hippocampal pyramidal and granule
neurons, respectively; 0.6% in cortical pyramidal neurons; 0.2% in granule neurons and 1.2%
in Purkinje neurons of the cerebellar cortex (Figure 42A-E). Hence, 12.5% and 7.4% of

mitochondria contained detectable SOD2 in hippocampal pyramidal and granule neurons,
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respectively; 6.5% in pyramidal neurons of the cerebral cortex; 6.7% in granule neurons and

6.9% in Purkinje neurons of the cerebellar cortex of Wt mice.

4.1.2 Morphometric analysis of peroxisomes and mitochondria in the hippocampus,
cerebral and cerebellar cortices of non-infected TNFTg mice in comparison to non-

infected Wt mice

In TNFTg mice, TNF-a is moderately overexpressed in the forebrain regions (Probert et al.,
1997; Kramer et al., 2012; Hirz, 2017). Peroxisomal abundance in non-infected TNFTg mice,
was 30/100 pm? in pyramidal neurons (CA band) and 29/100 um? in granule neurons (DG);
15/100 um? in cortical pyramidal neurons; 20/100 um? and 22/100 pm? in cerebellar granule
and Purkinje neurons, respectively (Figure 39A-E). This shows that peroxisomal abundance
was slightly higher in most neurons (except in pyramidal neurons of the cerebral cortex) of
brain areas with moderate TNF-a. overexpression [1.7-fold increase in pyramidal cells (CA
band); 1.4-fold in granule cells (DG)] compared to respective neurons in non-infected Wt mice
(Figures 15A-D, 16A,B, 39A-C).

Further, mitochondrial abundance was 28.9% in pyramidal neurons (CA band) and 16.8% in
granule neurons (DG); 50.6% in cortical pyramidal neurons; 6.3% and 28.1% in cerebellar
granule and Purkinje neurons, respectively (Figure 40A-E). This means mitochondrial
abundance was higher in all neurons of TNF-a overexpressing areas of non-infected TNFTg
mice [9.0-fold in pyramidal cells (CA band) band; 6.2-fold in granule cells (DG); 5.5-fold in
pyramidal cells (cerebral cortex)], when compared to same neuronal cell types of Wt mice
(Figures 17A-D, 18A,B, 40A-C).

Since TNF-a is overexpressed is only at low levels in the cerebellum of non-infected TNFTg
mice (which served as internal control), no differences were found in the abundances of
peroxisomes (Figures 16C,D, 39D,E) and mitochondria (Figures 18C,D, 40D,E) in cerebellar
granule and Purkinje neurons compared to same cell types of non-infected Wt mice.
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Figure 15: Peroxisomal abundance in pyramidal neurons (CA band) and granule neurons
(DG) of non-infected Wt and TNFTg mice

TNFTg/CA

PEX14/ PEX14/

TNFTg/DG

PEX14/ PEX14/

Photomicrographs of PEX14-positive peroxisomes (green) in pyramidal neurons of the cornu ammonis
(CA) band [A, Wt; B, TNFTg] and granule neurons of the dentate gyrus (DG) [C, Wt; D, TNFTq].
Peroxisomal abundance increased in pyramidal and granule neurons of the CA band and DG of non-
infected TNFTg mice, respectively. DAPI (blue) is the nuclear stain. Wt, wild-type; TNFTg; TNF
transgenic. Scale bar: 20 um for all images.
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Figure 16: Peroxisomal abundance in pyramidal neurons of the cerebral cortex, and
cerebellar granule and Purkinje neurons of non-infected Wt and TNFTg mice

TNFTg/Cx

PEX14/ PEX14/

TNFTg/Cb

PEX14/ . PEX14/D

Photomicrographs of PEX14-positive peroxisomes (green) in pyramidal neurons of the cerebral cortex
(Cx) [A, Wt; B, TNFTg] and cerebellar (Cb) granule and Purkinje neurons [C, Wt; D, TNFTg]. No
changes in peroxisomal abundance in pyramidal neurons of the cerebral cortex, and cerebellar granule
and Purkinje neurons of non-infected TNFTg mice. DAPI (blue) is the nuclear stain. Wt, wild-type;
TNFTg; TNF transgenic. Scale bar: 20 um for all images.
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Figure 17: Mitochondrial abundance in pyramidal neurons (CA band) and granule
neurons (DG) of non-infected Wt and TNFTg mice

TNFTg/CA

ATP5B/ " ATPSB/

TNFTg/DG

ATP5B/ - ATPSB/

Photomicrographs of ATP5B-positive mitochondria (green) in pyramidal neurons of the cornu ammonis
(CA) band [A, Wt; B, TNFTg] and granule neurons of the dentate gyrus (DG) [C, Wt; D, TNFTq].
Mitochondrial abundance increased in pyramidal and granule neurons of the CA band and DG of non-
infected TNFTg mice, respectively. DAPI (blue) is the nuclear stain. Wt, wild-type; TNFTg; TNF
transgenic. Scale bar: 20 um for all images.
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Figure 18: Mitochondrial abundance in pyramidal neurons of the cerebral cortex, and
cerebellar granule and Purkinje neurons of non-infected Wt and TNFTg mice

TNFTg/Cx-

ATPSB/D AP = ATPSB/

TNFTg/Cb

ATP5B/ | + ATPSB/

Photomicrographs of ATP5B-positive mitochondria (green) in pyramidal neurons of the cerebral cortex
(Cx) [A, Wt; B, TNFTg] and cerebellar (Cb) granule and Purkinje neurons [C, Wt; D, TNFTq].
Mitochondrial abundance increased in pyramidal neurons of the cerebral cortex, but not in cerebellar
granule and Purkinje neurons of non-infected TNFTg mice. DAPI (blue) is the nuclear stain. Wt, wild-
type; TNFTg; TNF transgenic. Scale bar: 20 um for all images.
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4.1.3 Morphometric analysis of catalase and SOD2 in the hippocampus, cerebral and

cerebellar cortices of non-infected TNFTg in comparison to non-infected Wt mice

In non-infected TNFTg mice, the abundance of peroxisomal catalase was 5/100 um? and 6/100
um? in pyramidal (CA band) and granule (DG) neurons, respectively; 3/100 pm? in cortical
pyramidal neurons; 7/100 um? in granule neurons and 6/100 pm? in Purkinje neurons of the
cerebellar cortex (Figure 41A-E). Thus, catalase abundance was lower in all neuronal cell types
[3.0-fold in pyramidal cells (CA band); 2.7-fold in granule cells (DG); 2.3-fold in pyramidal
cells (cerebral cortex)] from TNF-a transgenic brain areas in contrast to non-infected Wt mice
(Figures 19A-D, 20A,B, 41A-C).

Abundance of mitochondrial SOD2 was 4.8% in pyramidal (CA band) and 2.1% in granule
(DG) neurons of the hippocampus; 6.7% in cortical pyramidal neurons; 0.3% and 0.9% in
cerebellar granule and Purkinje neurons, respectively (Figure 42A-E). Therefore, SOD2
abundance was higher in TNF-a transgenic brain regions of non-infected TNFTg mice [12.0-
fold in pyramidal neurons (CA band); 10.5-fold in granule neurons (DG); 11.2-fold in cortical
pyramidal neurons] compared to those of non-infected Wt mice (Figures 21A-D, 22A,B, 42A-
C).

However, there were no significant changes in peroxisomal catalase (Figures 20C,D, 41D,E)
and mitochondrial SOD2 (Figures 22C,D, 42D,E) in cerebellar granule and Purkinje neurons
compared to same cell types of Wt mice.
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Figure 19: Catalase abundance in pyramidal neurons (CA band) and granule neurons
(DG) of non-infected Wt and TNFTg mice

TNFTg/CA

Catalase/ _ Catalase/

TNFTg/DG

Catalase/ Catalase/

Photomicrographs of catalase-positive peroxisomes (green) in pyramidal neurons of the cornu ammonis
(CA) band [A, Wt; B, TNFTg] and granule neurons of the dentate gyrus (DG) [C, Wt; D, TNFTq].
Catalase abundance decreased in pyramidal and granule neurons of the CA band and DG of non-infected
TNFTg mice, respectively. DAPI (blue) is the nuclear stain. Wt, wild-type; TNFTg; TNF transgenic.
Scale bar: 20 um for all images.
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Figure 20: Catalase abundance in pyramidal neurons of the cerebral cortex, and
cerebellar granule and Purkinje neurons of non-infected Wt and TNFTg mice

TNFTg/Cx

Catalasé/ Catalase/

TNFTg/Cb

Catalase/ ; Catalase/

Photomicrographs of catalase-positive peroxisomes (green) in pyramidal neurons of the cerebral cortex
(Cx) [A, Wt; B, TNFTg] and cerebellar (Cb) granule and Purkinje neurons [C, Wt; D, TNFT(]. Catalase
abundance decreased in pyramidal neurons of the cerebral cortex, but not in cerebellar granule and
Purkinje neurons of non-infected TNFTg mice. DAPI (blue) is the nuclear stain. Wt, wild-type; TNFTg;
TNF transgenic. Scale bar: 20 um for all images.
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Figure 21: SOD2 abundance in pyramidal neurons (CA band) and granule neurons (DG)
of non-infected Wt and TNFTg mice

TNFTg/CA

TNFTg/DG

Photomicrographs of SOD2-positive mitochondria (green) in pyramidal neurons of the cornu ammonis
(CA) band [A, Wt; B, TNFTg] and granule neurons of the dentate gyrus (DG) [C, Wt; D, TNFTq].
SOD2 abundance increased in pyramidal and granule neurons of the CA band and DG of non-infected
TNFTg mice, respectively. DAPI (blue) is the nuclear stain. Wt, wild-type; TNFTg; TNF transgenic.
Scale bar: 20 um for all images.
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Figure 22: SOD2 abundance in pyramidal neurons of the cerebral cortex, and cerebellar
granule and Purkinje neurons of non-infected Wt and TNFTg mice

TNFTg/Cx

TNFTg/Cb

Photomicrographs of SOD2-positive mitochondria (green) in pyramidal neurons of the cerebral cortex
(Cx) [A, Wt; B, TNFT(g] and cerebellar (Cb) granule and Purkinje neurons [C, Wt; D, TNFTg]. No
changes in SOD2 abundance in pyramidal neurons of the cerebral cortex as well as in cerebellar granule
and Purkinje neurons of non-infected TNFTg mice. DAPI (blue) is the nuclear stain. Wt, wild-type;
TNFTg; TNF transgenic. Scale bar: 20 pum for all images.
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4.1.4 Morphometric analysis of peroxisomes and mitochondria in the hippocampus,
cerebral and cerebellar cortices of non-infected TNFR1ko and TNFR2ko mice in

comparison to non-infected Wt mice

In non-infected TNFR1ko mice, peroxisomal abundance was 29/100 um? and 28/100 pm? in
pyramidal (CA band) and granule (DG) neurons of the hippocampus, respectively; 18/100 pm?
in cortical pyramidal neurons; 19/100 pm? in granule neurons and 25/100 pm? in Purkinje
neurons of the cerebellar cortex (Figure 39A-E). In addition, mitochondrial abundance was
4.1% in pyramidal (CA band) and 1.7% in granule neurons of the hippocampus; 23.0% in
cortical pyramidal neurons; 2.2% and 18.9% in cerebellar granule and Purkinje neurons,
respectively (Figure 40A-E). Hence, peroxisomal (Figures 23A-D, 24A-D, 39A-E) and
mitochondrial (Figures 25A-D, 26A-D, 40A-E) abundances in all neuronal cell types of non-

infected TNFR1ko mice were comparable to those of non-infected Wt mice.

Furthermore, in non-infected TNFR2ko mice, peroxisomal abundance was 34/100 um? and
38/100 pm? in pyramidal (CA band) and granule (DG) neurons of the hippocampus,
respectively; 21/100 um? in cortical pyramidal neurons; 26/100 um? in granule neurons and
35/100 um? in Purkinje neurons of the cerebellar cortex (Figure 39A-E). Consequently, non-
infected TNFR2ko mice — unlike non-infected TNFR1ko mice — showed slightly higher
peroxisomal abundance in all neuronal cell types [1.9-fold in pyramidal cells (CA band); 1.9-
fold in granule cells (DG); 1.5-fold in pyramidal cells (cerebral cortex); 1.7-fold in granule cells
and 2.1-fold in Purkinje cells (cerebellar cortex)] compared to same neuronal cell types of non-
infected Wt mice (Figures 27A-D, 28A-D, 39A-E).

Mitochondrial abundance was 15.2% in pyramidal (CA band) and 11.7% in granule neurons of
the hippocampus; 23.5% in cortical pyramidal neurons; 5.4% and 31.3% in cerebellar granule
and Purkinje neurons, respectively (Figure 40A-E). In contrast to non-infected Wt mice,
mitochondrial abundance was higher as well in most neuronal cell types of non-infected
TNFR2ko mice [4.8-fold in pyramidal cells (CA band); 4.3-fold in granule cells (DG); 2.6-fold
in pyramidal cells (cerebral cortex); 1.8-fold in Purkinje cells (cerebellar cortex)], except in
granule cells of the cerebellar cortex (Figures 29A-D, 30A-D, 40A-E).
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Figure 23: Peroxisomal abundance in pyramidal neurons (CA band) and granule neurons
(DG) of non-infected Wt and TNFR1ko mice

TNFR1ko/CA

PEX14/ PEX14/

TNFR1ko/DG

PEX14/ PEX14/

Photomicrographs of PEX14-positive peroxisomes (green) in pyramidal neurons of the cornu ammonis
(CA) band [A, Wt; B, TNFR1ko] and granule neurons of the dentate gyrus (DG) [C, Wt; D, TNFR1ko].
No changes in peroxisomal abundance in pyramidal and granule neurons of the CA band and DG of
non-infected TNFR1ko mice, respectively. DAPI (blue) is the nuclear stain. Wt, wild-type; TNFR1ko;
TNF receptor 1 knockout. Scale bar: 20 um for all images.
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Figure 24: Peroxisomal abundance in pyramidal neurons of the cerebral cortex, and
cerebellar granule and Purkinje neurons of non-infected Wt and TNFR1ko mice

TNFR1ko/Cx

PEX14/ PEX14/

TNFR1ko/Cb

PEX14/ PEX14/

Photomicrographs of PEX14-positive peroxisomes (green) in pyramidal neurons of the cerebral cortex
(Cx) [A, Wt; B, TNFR1ko] and cerebellar (Cb) granule and Purkinje neurons [C, Wt; D, TNFR1ko].
No changes in peroxisomal abundance in pyramidal neurons of the cerebral cortex, and in cerebellar
granule and Purkinje neurons of non-infected TNFR1ko mice. DAPI (blue) is the nuclear stain. Wt,
wild-type; TNFR1ko; TNF receptor 1 knockout. Scale bar: 20 um for all images.
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Figure 25: Mitochondrial abundance in pyramidal neurons (CA band) and granule
neurons (DG) of non-infected Wt and TNFR1ko mice

TNFR1ko/CA

ATP5B/ ATP5B/
TNFR1ko/DG

ATP5B/  ATP5B/I

Photomicrographs of ATP5B-positive mitochondria (green) in pyramidal neurons of the cornu ammonis
(CA) band [A, Wt; B, TNFR1ko] and granule neurons of the dentate gyrus (DG) [C, Wt; D, TNFR1ko].
No changes in mitochondrial abundance in pyramidal and granule neurons of the CA band and DG of
non-infected TNFR1ko mice, respectively. DAPI (blue) is the nuclear stain. Wt, wild-type; TNFR1ko;
TNF receptor 1 knockout. Scale bar: 20 um for all images.
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Figure 26: Mitochondrial abundance in pyramidal neurons of the cerebral cortex, and
cerebellar granule and Purkinje neurons of non-infected Wt and TNFR1ko mice

TNFR1ko/Cx

ATP5B/i)/ ATP5B/

TNFR1ko/Cb

ATPSB/ ATPSB/

Photomicrographs of ATP5B-positive mitochondria (green) in pyramidal neurons of the cerebral cortex
(Cx) [A, Wt; B, TNFR1ko] and cerebellar (Cb) granule and Purkinje neurons [C, Wt; D, TNFR1ko].
No changes in mitochondrial abundance in pyramidal neurons of the cerebral cortex as well as in
cerebellar granule and Purkinje neurons of non-infected TNFR1ko mice. DAPI (blue) is the nuclear
stain. Wt, wild-type; TNFR1ko; TNF receptor 1 knockout. Scale bar: 20 um for all images.
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Figure 27: Peroxisomal abundance in pyramidal neurons (CA band) and granule neurons
(DG) of non-infected Wt and TNFR2ko mice

TNFR2ko/CA

PEX14/ PEX14/

TNFR2ko/DG

PEX14/ PEX14/

Photomicrographs of PEX14-positive peroxisomes (green) in pyramidal neurons of the cornu ammonis
(CA) band [A, Wt; B, TNFR2ko] and granule neurons of the dentate gyrus (DG) [C, Wt; D, TNFR2ko].
Peroxisomal abundance increased in pyramidal and granule neurons of the CA band and DG of non-
infected TNFR2ko mice, respectively. DAPI (blue) is the nuclear stain. Wt, wild-type; TNFR2ko; TNF
receptor 2 knockout. Scale bar: 20 pm for all images.
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Figure 28: Peroxisomal abundance in pyramidal neurons of the cerebral cortex, and
cerebellar granule and Purkinje neurons of non-infected Wt and TNFR2ko mice

TNFR2ko/Cx

PEX14/ PEX14/
TNFR2ko/Cb

PEX14/ st P A - PEX14/1

Photomicrographs of PEX14-positive peroxisomes (green) in pyramidal neurons of the cerebral cortex
(Cx) [A, Wt; B, TNFR2ko] and cerebellar (Cb) granule and Purkinje neurons [C, Wt; D, TNFR2ko].
Peroxisomal abundance increased in pyramidal neurons of the cerebral cortex as well as in cerebellar
granule and Purkinje neurons of non-infected TNFR2ko mice. DAPI (blue) is the nuclear stain. Wt,
wild-type; TNFR2ko; TNF receptor 2 knockout. Scale bar: 20 um for all images.
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Figure 29: Mitochondrial abundance in pyramidal neurons (CA band) and granule
neurons (DG) of non-infected Wt and TNFR2ko mice

TNFR2ko/CA

ATP5B/ | - ATP5B/

TNFR2ko/DG

ATP5B/ ATP5B/

Photomicrographs of ATP5B-positive mitochondria (green) in pyramidal neurons of the cornu ammonis
(CA) band [A, Wt; B, TNFR2ko] and granule neurons of the dentate gyrus (DG) [C, Wt; D, TNFR2ko].
Mitochondrial abundance increased in pyramidal and granule neurons of the CA band and DG of non-
infected TNFR2ko mice, respectively. DAPI (blue) is the nuclear stain. Wt, wild-type; TNFR2ko; TNF
receptor 2 knockout. Scale bar: 20 pm for all images.
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Figure 30: Mitochondrial abundance in pyramidal neurons of the cerebral cortex, and
cerebellar granule and Purkinje neurons of non-infected Wt and TNFR2ko mice

TNFR2ko/Cx

ATPsB/API) - a7 < ATPSBY

TNFR2ko/Cb

ATPSB/ : - ATP5B/

Photomicrographs of ATP5B-positive mitochondria (green) in pyramidal neurons of the cerebral cortex
(Cx) [A, Wt; B, TNFR2ko] and cerebellar (Cb) granule and Purkinje neurons [C, Wt; D, TNFR2ko].
Mitochondrial abundance increased in pyramidal neurons of the cerebral cortex, and in cerebellar
granule and Purkinje neurons of non-infected TNFR2ko mice. DAPI (blue) is the nuclear stain. Wt,
wild-type; TNFR2ko; TNF receptor 2 knockout. Scale bar: 20 um for all images.
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4.1.5 Morphometric analysis of catalase and SOD2 in the hippocampus, cerebral and
cerebellar cortices of non-infected TNFR1ko and TNFR2ko mice in comparison to non-

infected Wt mice

In non-infected TNFR1ko mice, catalase abundance was 13/100 pm? and 16/100 pm? in
pyramidal (CA band) and granule (DG) neurons of the hippocampus, respectively; 5/100 pum?
in cortical pyramidal neurons; 7/100 pm? in granule neurons and 9/100 pm? in Purkinje neurons
of the cerebellar cortex (Figure 41A-E). SOD2 abundance was 0.5% in pyramidal (CA band)
and 0.4% in granule neurons of the hippocampus; 0.5% in cortical pyramidal neurons; 0.4%
and 0.7% in cerebellar granule and Purkinje neurons, respectively (Figure 42A-E). Similar to
the organelle abundances, catalase (Figures 31A-D, 32A-D, 41A-E) and SOD2 (Figures 33A-
D, 34A-D, 42A-E) abundances in all neuronal cell types of non-infected TNFR1ko mice were

comparable to those of non-infected Wt mice.

Concerning catalase abundance in non-infected TNFR2ko mice, 15/100 pm? was found in
pyramidal neurons (CA band) and 18/100 um? in granule neurons (DG) of the hippocampus;
6/100 pm? in cortical pyramidal neurons; 10/100 um? and 12/100 um? in cerebellar granule and
Purkinje neurons, respectively (Figure 41A-E). SOD2 abundance was 1.0% in pyramidal (CA
band) and 0.4% in granule neurons of the hippocampus; 0.6% in cortical pyramidal neurons;
0.3% and 0.9% in cerebellar granule and Purkinje neurons, respectively (Figure 42A-E).
Despite the higher peroxisomal and mitochondrial abundances in non-infected TNFR2ko mice,
there were no significant changes in catalase (Figures 35A-D, 36A-D, 41A-E) and SOD2
(Figures 37A-D, 38A-D, 42A-E) abundances in contrast to non-infected Wt mice.
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Figure 31: Catalase abundance in pyramidal neurons (CA band) and granule neurons
(DG) of non-infected Wt and TNFR1ko mice

TNFR1ko/CA

Catalase/ _ Catalase/
TNFR1ko/DG

Catalase/ ‘ Catalase/

Photomicrographs of catalase-positive peroxisomes (green) in pyramidal neurons of the cornu ammonis
(CA) band [A, Wt; B, TNFR1ko] and granule neurons of the dentate gyrus (DG) [C, Wt; D, TNFR1ko].
No changes in catalase abundance in pyramidal and granule neurons of the CA band and DG of non-
infected TNFR1ko mice, respectively. DAPI (blue) is the nuclear stain. Wt, wild-type; TNFR1ko; TNF
receptor 1 knockout. Scale bar: 20 um for all images.
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Figure 32: Catalase abundance in pyramidal neurons of the cerebral cortex, and
cerebellar granule and Purkinje neurons of non-infected Wt and TNFR1ko mice

TNFR1ko/Cx

Catalasé/ ; Catalase/
TNFR1ko/Cb

Catalase/ ; i Catalase/

Photomicrographs of catalase-positive peroxisomes (green) in pyramidal neurons of the cerebral cortex
(Cx) [A, Wt; B, TNFR1ko] and cerebellar (Cb) granule and Purkinje neurons [C, Wt; D, TNFR1ko].
No changes in catalase abundance in pyramidal neurons of the cerebral cortex, and in cerebellar granule
and Purkinje neurons of non-infected TNFR1ko mice. DAPI (blue) is the nuclear stain. Wt, wild-type;
TNFR1ko; TNF receptor 1 knockout. Scale bar: 20 um for all images.
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Figure 33: SOD2 abundance in pyramidal neurons (CA band) and granule neurons (DG)
of non-infected Wt and TNFR1ko mice

TNFR1ko/CA

TNFR1ko/DG

Photomicrographs of SOD2-positive mitochondria (green) in pyramidal neurons of the cornu ammonis
(CA) band [A, Wt; B, TNFR1ko] and granule neurons of the dentate gyrus (DG) [C, Wt; D, TNFR1ko].
No changes in SOD2 abundance in pyramidal and granule neurons of the CA band and DG of non-
infected TNFR1ko mice, respectively. DAPI (blue) is the nuclear stain. Wt, wild-type; TNFR1ko; TNF
receptor 1 knockout. Scale bar: 20 um for all images.
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Figure 34: SOD2 abundance in pyramidal neurons of the cerebral cortex, and cerebellar
granule and Purkinje neurons of non-infected Wt and TNFR1ko mice

TNFR1ko/Cx

TNFR1ko/Cb

Photomicrographs of SOD2-positive mitochondria (green) in pyramidal neurons of the cerebral cortex
(Cx) [A, Wt; B, TNFR1ko] and cerebellar (Cb) granule and Purkinje neurons [C, Wt; D, TNFR1ko].
No changes in SOD2 abundance in pyramidal neurons of the cerebral cortex as well as in cerebellar
granule and Purkinje neurons of non-infected TNFR1ko mice. DAPI (blue) is the nuclear stain. Wt,
wild-type; TNFR1ko; TNF receptor 1 knockout. Scale bar: 20 um for all images.
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Figure 35: Catalase abundance in pyramidal neurons (CA band) and granule neurons
(DG) of non-infected Wt and TNFR2ko mice

TNFR2ko/CA

Catalase/ : Catalase/

TNFR2ko/DG

Catalase/ Catalase/

Photomicrographs of catalase-positive peroxisomes (green) in pyramidal neurons of the cornu ammonis
(CA) band [A, Wt; B, TNFR2ko] and granule neurons of the dentate gyrus (DG) [C, Wt; D, TNFR2ko].
No changes in catalase abundance in pyramidal and granule neurons of the CA band and DG of non-
infected TNFR2ko mice, respectively. DAPI (blue) is the nuclear stain. Wt, wild-type; TNFR2ko; TNF
receptor 2 knockout. Scale bar: 20 um for all images.
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Figure 36: Catalase abundance in pyramidal neurons of the cerebral cortex, and
cerebellar granule and Purkinje neurons of non-infected Wt and TNFR2ko mice

TNFR2ko/Cx

Catalasé/ : Catalase/

TNFR2ko/Cb

Catalase/ a8 IS Catalase/

Photomicrographs of catalase-positive peroxisomes (green) in pyramidal neurons of the cerebral cortex
(Cx) [A, Wt; B, TNFR2ko] and cerebellar (Cb) granule and Purkinje neurons [C, Wt; D, TNFR2ko].
No changes in catalase abundance in pyramidal neurons of the cerebral cortex, and in cerebellar granule
and Purkinje neurons of non-infected TNFR2ko mice. DAPI (blue) is the nuclear stain. Wt, wild-type;
TNFR2ko; TNF receptor 2 knockout. Scale bar: 20 um for all images.
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Figure 37: SOD2 abundance in pyramidal neurons (CA band) and granule neurons (DG)
of non-infected Wt and TNFR2ko mice

TNFR2ko/CA

TNFR2ko/DG

Photomicrographs of SOD2-positive mitochondria (green) in pyramidal neurons of the cornu ammonis
(CA) band [A, Wt; B, TNFR2ko] and granule neurons of the dentate gyrus (DG) [C, Wt; D, TNFR2ko].
No changes in SOD2 abundance in pyramidal and granule neurons of the CA band and DG of non-
infected TNFR2ko mice, respectively. DAPI (blue) is the nuclear stain. Wt, wild-type; TNFR2ko; TNF
receptor 2 knockout. Scale bar: 20 um for all images.

60



Results

Figure 38: SOD2 abundance in pyramidal neurons of the cerebral cortex, and cerebellar
granule and Purkinje neurons of non-infected Wt and TNFR2ko mice

TNFR2ko/Cx

* TNFR2ko/Cb

Photomicrographs of SOD2-positive mitochondria (green) in pyramidal neurons of the cerebral cortex
(Cx) [A, Wt; B, TNFR2ko] and cerebellar (Cb) granule and Purkinje neurons [C, Wt; D, TNFR2ko].
No changes in SOD2 abundance in pyramidal neurons of the cerebral cortex as well as in cerebellar
granule and Purkinje neurons of non-infected TNFR2ko mice. DAPI (blue) is the nuclear stain. Wt,
wild-type; TNFR2ko; TNF receptor 2 knockout. Scale bar: 20 um for all images.
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Figure 39: One-way ANOVA comparison of peroxisomal abundances in different brain
regions of non-infected mice
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PEX14-positive peroxisomes in the hippocampus, cerebral and cerebellar cortices of non-infected mice
of each mouse line [i.e. Wt (black), TNFTg (blue), TNFR1ko (red) and TNFR2ko (green) mice] (A-E).
Peroxisomal abundance increased in most TNF-a transgenic brain areas of non-infected TNFTg mice,
and in all brain areas of non-infected TNFR2ko mice. Wt, wild-type; TNFTg, TNF transgenic;
TNFR1ko, TNF receptor 1 knockout; TNFR2ko, TNF receptor 2 knockout; BoDV1(-), without BoDV1
infection. P-values: 0.01-0.05 (*); 0.001-0.01 (**); 0.0001-0.001 (***); < 0.0001 (****).
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Figure 40: One-way ANOVA comparison of mitochondrial abundances in different brain
regions of non-infected mice
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ATP5B-positive mitochondria in the hippocampus, cerebral and cerebellar cortices of non-infected mice
of each mouse line [i.e. Wt (black), TNFTg (blue), TNFR1ko (red) and TNFR2ko (green) mice] (A-E).
Mitochondrial abundance increased in all TNF-a transgenic brain areas of non-infected TNFTg mice,
and in all brain areas of non-infected TNFR2ko mice. Wt, wild-type; TNFTg, TNF transgenic;
TNFR1ko, TNF receptor 1 knockout; TNFR2ko, TNF receptor 2 knockout; BoDV1(-), without BoDV1
infection. P-values: 0.01-0.05 (*); 0.001-0.01 (**); 0.0001-0.001 (***); < 0.0001 (****).
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Figure 41: One-way ANOVA comparison of catalase abundances in different brain
regions of non-infected mice
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Catalase-positive peroxisomes in the hippocampus, cerebral and cerebellar cortices of non-infected mice
of each mouse line [i.e. Wt (black), TNFTg (blue), TNFR1ko (red) and TNFR2ko (green) mice] (A-E).
Catalase abundance decreased in all TNF-a transgenic brain areas (not in the cerebellum) of non-
infected TNFTg mice, but no changes in non-infected TNFR2ko mice. Wt, wild-type; TNFTg, TNF
transgenic; TNFR1ko, TNF receptor 1 knockout; TNFR2ko, TNF receptor 2 knockout; BoDV1(-),
without BoDV1 infection. P-values: 0.001-0.01 (**); 0.0001-0.001 (***).
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Figure 42: One-way ANOVA comparison of SOD2 abundances in different brain
regions of non-infected mice

CA Band (Pyramidal Cells) Dentate Gyrus (Granule cells) Cerebral Cortex (Pyramidal Cells)

5 B 10 *k C 10 4

—
—

-
o
1

)

@
1
©
L
@
L

(]
L
[}
1

S
1

EN
1

SOD2-positive area (%)

SOD2-positive area (%)
SOD2-positive area (%

B
"

2- S 2.
=R o~ U ==
BoDV1 (-) BoDV1 (-) BoDV1 (-)
Cerebellar Cortex (Granule Cells) Cerebellar Cortex (Purkinje Cells)
D 10+ E 104
=~ g e
g8 g ® . w
&
® 6] ® o = TNFTg
2 § B TNFR1ko
g 2 = TNFR2ko
o} a
@ ?

N
1
N
i d

B s et

BoDV1 (-) BoDV1 ()

SOD2-positive mitochondria in the hippocampus, cerebral and cerebellar cortices of non-infected mice
of each mouse line [i.e. Wt (black), TNFTg (blue), TNFR1ko (red) and TNFR2ko (green) mice] (A-E).
SOD?2 abundance increased mainly in the hippocampus of non-infected TNFTg mice, but no changes in
non-infected TNFR2ko mice. Wt, wild-type; TNFTg, TNF transgenic; TNFR1ko, TNF receptor 1
knockout; TNFR2ko, TNF receptor 2 knockout; BoDV1(-), without BoDV1 infection. P-values: 0.01-
0.05 (*); 0.001-0.01 (**).

4.2 Morphometric analysis of peroxisomes, mitochondria, catalase and SOD2 in the

hippocampus, cerebral and cerebellar cortices of BoDV1-infected mice

Using Welch’s t-test, the abundances of peroxisomes, mitochondria, catalase and SOD2 in
several neuronal cell types of non-infected mice of each mouse line (which served as controls)
were compared to same cell types of BoDV1-infected mice belonging to the same mouse line
(Table 2). Moreover, using one-way ANOVA, the differences in abundances between the

BoDV1-infected mouse lines analyzed (see Appendices 1-4).
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4.2.1 Morphometric analysis of peroxisomes and mitochondria in the hippocampus,

cerebral and cerebellar cortices of BoDV1-infected Wt mice

Following BoDV1 infection of Wt mice, peroxisomal abundance was 26/100 um? in pyramidal
(CA band) neurons and 27/100 um? in granule neurons (DG) of the hippocampus; 22/100 pum?
in cortical pyramidal neurons; 22/100 pm? and 26/100 um? in cerebellar granule and Purkinje
neurons, respectively (see Appendix 1A-E). This shows that peroxisomal abundance increased
slightly in all neuronal cell types [1.4-fold in pyramidal cells (CA band); 1.3-fold in granule
cells (DG); 1.6-fold in pyramidal cells (cerebral cortex); 1.5-fold in granule and 1.5-fold in
Purkinje cells (cerebellar cortex)] after BoDV1 infection (Figures 43A,B, 44A,B, 45A,B,
46A,B; Table 2). Furthermore, mitochondrial abundance in BoDV1-infected Wt mice was
1.5% in pyramidal (CA band) neurons and 1.0% in granule neurons (DG) of the hippocampus;
3.6% in cortical pyramidal neurons; 0.7% and 4.6% in cerebellar granule and Purkinje neurons,
respectively (see Appendix 2A-E). Here, mitochondrial abundance decreased significantly in
most neuronal cell types [2.1-fold in pyramidal cells (CA band); 4.3-fold in granule cells and
3.8-fold in Purkinje cells (cerebellar cortex)] but not in granule cells of the DG and pyramidal
cells of the cerebral cortex after BoDV1 infection of Wt mice (Figures 43C,D, 44C,D, 45C,D,
46C,D; Table 2).
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Figure 43: Peroxisomal and mitochondrial abundances in pyramidal neurons (CA band)
of non- and BoDV1-infected Wt mice

PEX14/ PEX14/
InfWt/CA

ATPSB/L ATP5B/

Photomicrographs of PEX14-positive peroxisomes (green) in pyramidal neurons of the cornu ammonis
(CA) band of non-infected (A) and BoDV1-infected (B) Wt mice, and ATP5B-positive mitochondria
(green) in pyramidal neurons (CA band) of non-infected (C) and BoDV1-infected (D) Wt mice.
Peroxisomal abundance increased but that of mitochondria decreased in pyramidal neurons of the CA
band of Wt mice after BoDV1 infection. DAPI (blue) is the nuclear stain. Wt, wild-type; Infwt, BoDV1-
infected Wt. Scale bar: 20 um for all images.
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Figure 44: Peroxisomal and mitochondrial abundances in granule neurons (DG) of non-
and BoDV1-infected Wt mice

PEX14/ PEX14/
InfWt/DG

ATP5B/ ATP5B/

Photomicrographs of PEX14-positive peroxisomes (green) in granule neurons of the dentate gyrus (DG)
of non-infected (A) and BoDV1-infected (B) Wt mice, and ATP5B-positive mitochondria (green) in
granule neurons (DG) of non-infected (C) and BoDV1-infected (D) Wt mice. Peroxisomal abundance
increased but that of mitochondria did not change in granule cells of the dentate gyrus of Wt mice after
BoDV1 infection. DAPI (blue) is the nuclear stain. Wt, wild-type; Infwt, BoDV1-infected Wt. Scale
bar: 20 um for all images.
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Figure 45: Peroxisomal and mitochondrial abundances in pyramidal neurons of the
cerebral cortex of non- and BoDV1-infected Wt mice

PEX14/ PEX14/
InfWt/Cx

ATP5B/ ATP5B/

Photomicrographs of PEX14-positive peroxisomes (green) in pyramidal neurons of the cerebral cortex
(Cx) of non-infected (A) and BoDV1-infected (B) Wt mice, and ATP5B-positive mitochondria (green)
in pyramidal neurons (Cx) of non-infected (C) and BoDV1-infected (D) Wt mice. Peroxisomal
abundance increased but that of mitochondria decreased in pyramidal neurons of the cerebral cortex of
Wt mice after BoDV1 infection. DAPI (blue) is the nuclear stain. Wt, wild-type; InfWt, BoDV1-infected
Wt. Scale bar: 20 um for all images.
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Figure 46: Peroxisomal and mitochondrial abundances in cerebellar granule and
Purkinje neurons of non- and BoDV1-infected Wt mice

PEX14/ o o PEX14/

InfWt/Cb

. ATP5B/ ATPS5B/

Photomicrographs of PEX14-positive peroxisomes (green) in cerebellar (Cb) granule and Purkinje
neurons of non-infected (A) and BoDV1-infected (B) Wt mice, and ATP5B-positive mitochondria
(green) in cerebellar granule and Purkinje neurons of non-infected (C) and BoDV1-infected (D) Wt
mice. Peroxisomal abundance increased but that of mitochondria decreased in both granule and Purkinje
neurons of the cerebellar cortex of Wt mice after BoDV1 infection. DAPI (blue) is the nuclear stain. Wt,
wild-type; InfwWt, BoDV1-infected Wt. Scale bar: 20 um for all images.
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4.2.2 Morphometric analysis of catalase and SOD2 in the hippocampus, cerebral and

cerebellar cortices of BoDV1-infected Wt mice

In BoDV1-infected Wt mice, catalase abundance was 5/100 um? in pyramidal neurons (CA
band) and 5/100 um? in granule neurons (DG) of the hippocampus; 2/100 um? in cortical
pyramidal neurons; 3/100 um? and 2/100 um? in cerebellar granule and Purkinje neurons,
respectively (see Appendix 3A-E). This depicts a dramatic decrease in catalase abundance in
all neuronal cell types of Wt mice [3.0-fold in pyramidal cells (CA band); 3.2-fold in granule
cells (DG); 3.5-fold in pyramidal cells (cerebral cortex); 3.3-fold in granule cells and 5.0-fold
in Purkinje cells (cerebellar cortex)] after BoDV1 infection (Figures 47A,B, 48A,B, 49A,B,
50A,B; Table 2).

Besides, SOD2 abundance was 0.2% in pyramidal neurons (CA band) and 0.02% in granule
neurons (DG) of the hippocampus; 0.08% in cortical pyramidal neurons; 0.1% and 0.4% in
cerebellar granule and Purkinje neurons, respectively (see Appendix 4A-E). This means, SOD2
abundance decreased in all but granule neurons of the DG [2.7-fold in pyramidal cells (CA
band); 7.5-fold in pyramidal cells (cerebral cortex); 10.0-fold in granule cells and 3.3-fold in
Purkinje cells (cerebellar cortex)] after BoDV1 infection of Wt mice (Figures 47C,D, 48C,D,
49C,D, 50C,D; Table 2).
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Figure 47: Catalase and SOD2 abundances in pyramidal neurons (CA band) of non- and
BoDV1-infected Wt mice

Catalase/ Catalase/

InfWt/CA

Photomicrographs of catalase-positive peroxisomes (green) in pyramidal neurons of the cornu ammonis
(CA) band of non-infected (A) and BoDV1-infected (B) Wt mice, SOD2-positive mitochondria (green)
in pyramidal neurons (CA band) of non-infected (C) and BoDV1-infected (D) Wt mice. Both catalase
and SOD2 abundances decreased in pyramidal neurons of the CA band of Wt mice after BoDV1
infection. DAPI (blue) is the nuclear stain. Wt, wild-type; InfWt, BoDV1-infected Wt. Scale bar: 20 um
for all images.
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Figure 48: Catalase and SOD2 abundances in granule neurons (DG) of non- and BoDV1-
infected Wt mice

Catalase/ Catalase/

Photomicrographs of catalase-positive peroxisomes (green) in granule neurons of the dentate gyrus
(DG) of non-infected (A) and BoDV1-infected (B) Wt mice, and SOD2-positive mitochondria (green)
in granule neurons (DG) of non-infected (C) and BoDV1-infected (D) Wt mice. Catalase abundance
decreased but that of SOD2 did not change in granule neurons of the dentate gyrus of Wt mice after
BoDV1 infection. DAPI (blue) is the nuclear stain. Wt, wild-type; Infwt, BoDV1-infected Wt. Scale
bar: 20 um for all images.
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Figure 49: Catalase and SOD2 abundances in pyramidal neurons of the cerebral cortex
of non- and BoDV1-infected Wt mice

Catalase/ Catalase/

InfWt/Cx

Photomicrographs of catalase-positive peroxisomes (green) in pyramidal neurons of the cerebral cortex
(Cx) of non-infected (A) and BoDV1-infected (B) Wt mice, and SOD2-positive mitochondria (green)
in pyramidal neurons (Cx) of non-infected (C) and BoDV1-infected (D) Wt mice. Both catalase and
SOD?2 abundances decreased in pyramidal neurons of the cerebral cortex of Wt mice after BoDV1
infection. DAPI (blue) is the nuclear stain. Wt, wild-type; InfWt, BoDV1-infected Wt. Scale bar: 20 um
for all images.
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Figure 50: Catalase and SOD2 abundances in cerebellar granule and Purkinje neurons of
non- and BoDV1-infected Wt mice

Catalase/ Catalase/

InfWt/Cb

Photomicrographs of catalase-positive peroxisomes (green) in cerebellar (Cb) granule and Purkinje
neurons of non-infected (A) and BoDV1-infected (B) Wt mice, and SOD2-positive mitochondria (green)
in cerebellar granule and Purkinje neurons of non-infected (C) and BoDV1-infected (D) Wt mice. Both
catalase and SOD2 abundances decreased in granule and Purkinje neurons of the cerebellar cortex of
Wt mice after BoDV1 infection. DAPI (blue) is the nuclear stain. Wt, wild-type; InfWt, BoDV1-infected
Wt. Scale bar: 20 um for all images.
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4.2.3 Morphometric analysis of peroxisomes and mitochondria in the hippocampus,

cerebral and cerebellar cortices of BoDV1-infected TNFTg mice

After the analysis of peroxisomal and mitochondrial abundances in BoDV1-infected TNFTg
mice, we compared to those of respective non-infected mice and BoDV1-infected Wt mice.
Following BoDV1 infection of TNFTg mice, peroxisomal abundance was 26/100 um? in
pyramidal neurons (CA band) and 26/100 pm? in granule neurons (DG) of the hippocampus;
18/100 pum? in cortical pyramidal neurons; 22/100 um? and 29/100 um? in cerebellar granule
and Purkinje neurons, respectively (see Appendix 1A-E). This demonstrates that peroxisomal
abundance did not change in all neuronal cell types from TNF-a transgenic brain areas after
BoDV1 infection (Figures 51A,B, 52A,B, 53A,B; Table 2). Further, the abundance of
mitochondria was found to be 16.0% in pyramidal neurons (CA band) and 6.5% in granule
neurons (DG) of the hippocampus; 27.9% in cortical pyramidal neurons; 5.1% and 19.8% in
cerebellar granule and Purkinje neurons, respectively (see Appendix 2A-E). Here,
mitochondrial abundance decreased in all TNF-o transgenic brain areas [1.8-fold in pyramidal
cells (CA band); 2.6-fold in granule cells (DG); and 1.8-fold in pyramidal cells (cerebral
cortex)] (Figures 51C,D, 52C,D, 5C,D; Table 2) after BoDV1 infection.

Despite the decrease in mitochondrial abundance after BoDV1 infection of TNFTg mice, all
TNF-a overexpressing neuronal cell types showed significantly higher mitochondrial
abundance compared to BoDV 1-infected Wt mice [10.7-fold in pyramidal cells (CA band); 6.5-
fold in granule cells (DG); and 7.8-fold in pyramidal cells (cerebral cortex)] (see Appendix
2A-C). Interestingly, in the non-transgenic cerebellar cortex, peroxisomal and mitochondrial
abundances did not change in both granule and Purkinje neurons after BoDV1 infection (Figure
54A-D; Table 2), different from what was seen in the cerebellar neurons of Wt mice after
BoDV1 infection. However, Purkinje neurons of the non-transgenic cerebellar cortex of
BoDV1-infected TNFTg mice had 4.3-fold higher mitochondrial abundance compared to same
cell type of BoDV1-infected Wt mice (see Appendix 2D,E).
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Figure 51: Peroxisomal and mitochondrial abundances in pyramidal neurons (CA band)
of non- and BoDV1-infected TNFTg mice

TNFTg/CA | B InfTNFTg/CA
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Photomicrographs of PEX14-positive peroxisomes (green) in pyramidal neurons of the cornu ammonis
(CA) band of non-infected (A) and BoDV1-infected (B) TNFTg mice, ATP5B-positive mitochondria
(green) in pyramidal neurons (CA band) of non-infected (C) and BoDV1-infected (D) TNFTg mice.
Mitochondrial abundance decreased but that of peroxisomes did not change in pyramidal neurons of the
CA band of TNFTg mice after BoDV1 infection. DAPI (blue) is the nuclear stain. TNFTg, TNF-a
transgenic; INfTNFTg, BoDV1-infected TNFTg. Scale bar: 20 um for all images.
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Figure 52: Peroxisomal and mitochondrial abundances in granule neurons (DG) of non-
and BoDV1-infected TNFTg mice
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Photomicrographs of PEX14-positive peroxisomes (green) in granule neurons of the dentate gyrus (DG)
of non-infected (A) and BoDV1-infected (B) TNFTg mice, and ATP5B-positive mitochondria (green)
in granule neurons (DG) of non-infected (C) and BoDV1-infected (D) TNFTg mice. Mitochondrial
abundance decreased but that of peroxisomes did not change in granule neurons of the dentate gyrus of
TNFTg mice after BoDV1 infection. DAPI (blue) is the nuclear stain. TNFTg, TNF-a transgenic;
INfFTNFTg, BoDV1-infected TNFTg. Scale bar: 20 um for all images.
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Figure 53: Peroxisomal and mitochondrial abundances in pyramidal neurons of the
cerebral cortex of non- and BoDV1-infected TNFTg mice

TNFTg/Cx | B InfTNFTg/Cx
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Photomicrographs of PEX14-positive peroxisomes (green) in pyramidal neurons of the cerebral cortex
(Cx) of non-infected (A) and BoDV1-infected (B) TNFTg mice, and ATP5B-positive mitochondria
(green) in pyramidal neurons (Cx) of non-infected (C) and BoDV1-infected (D) TNFTg mice.
Mitochondrial abundance decreased but that of peroxisomes did not change in pyramidal neurons of the
cerebral cortex of TNFTg mice after BoDV1 infection. DAPI (blue) is the nuclear stain. TNFTg, TNF-
a transgenic; INfFTNFTg, BoDV1-infected TNFTg. Scale bar: 20 um for all images.
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Figure 54: Peroxisomal and mitochondrial abundances in cerebellar granule and
Purkinje neurons of non- and BoDV1-infected TNFTg
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Photomicrographs of PEX14-positive peroxisomes (green) in cerebellar (Cb) granule and Purkinje
neurons of non-infected (A) and BoDV1-infected (B) TNFTg mice, and ATP5B-positive mitochondria
(green) in cerebellar granule and Purkinje neurons of non-infected (C) and BoDV 1-infected (D) TNFTg
mice. No changes in peroxisomal or mitochondrial abundance in both granule and Purkinje neurons of
the cerebellar cortex after BoDV1 infection. DAPI (blue) is the nuclear stain. TNFTg, TNF-a
transgenic; INfFTNFTg, BoDV1-infected TNFTg. Scale bar: 20 um for all images.
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4.2.4 Morphometric analysis of catalase and SOD2 in the hippocampus, cerebral and
cerebellar cortices of BoDV1-infected TNFTg mice

Here, catalase and SOD2 abundances in BoDV1-infected TNFTg mice were compared to those
of respective non-infected mice and BoDV1-infected mice. Catalase abundance was 6/100 um?
in pyramidal neurons (CA band) and 4/100 um? in granule neurons (DG) of the hippocampus;
2/100 pum? in cortical pyramidal neurons; 2/100 um? and 2/100 um? in cerebellar granule and
Purkinje neurons, respectively, after BoDV1 infection of TNFTg mice (see Appendix 3A-E).
That of SOD2 was 0.3% in pyramidal neurons (CA band) and 1.6% in granule neurons (DG)
of the hippocampus; 1.7% in cortical pyramidal neurons; 0.4% and 2.5% in cerebellar granule
and Purkinje neurons, respectively (see Appendix 4A-E). Concerning the antioxidant enzymes,
no further decrease in catalase abundance was seen in neuronal cell types from TNF-a
transgenic brain areas after BoDV1 infection of TNFTg mice (Figures 55A,B, 56A,B, 57A,B;
Table 2). However, SOD2 abundance decreased [7.0-fold in granule cells (DG); 3.0-fold in
pyramidal cells (CA band); 3.9-fold in pyramidal cells (cerebral cortex)] (Figures 55C,D,
56C,D, 57C,D; Table 2).

Regardless of the overall decrease, SOD2 abundance was significantly higher in pyramidal
neurons of the CA band (8.0-fold) and in cortical pyramidal neurons (17.0-fold) compared to
same cell types of BoDV1-infected Wt mice (see Appendix 4A-C). In the non-transgenic
cerebellar cortex, catalase abundance decreased [3.5- and 3.0-fold in granule and Purkinje
neurons, respectively], whereas SOD2 abundance increased 2.8-fold in Purkinje neurons only
in BoDV1-infected TNFTg mice, contrary to what was seen in the cerebellar cortex of BoDV1-
infected Wt mice (Figure 58A-D; Table 2). In addition, SOD2 abundance was 6.9-fold higher
in Purkinje neurons of BoDV1-infected TNFTg mice than in BoDV1-infected Wt mice (see
Appendix 4E).
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Figure 55: Catalase and SOD2 abundances in pyramidal neurons (CA band) of non- and
BoDV1-infected TNFTg mice

TNFTg/CA | B InfTNFTg/CA

Catalase/ Catalase/

TNFTg/CA InfTNFTg/CA

Photomicrographs of catalase-positive peroxisomes (green) in pyramidal neurons of the cornu ammonis
(CA) band of non-infected (A) and BoDV1-infected (B) TNFTg mice, SOD2-positive mitochondria
(green) in pyramidal neurons (CA band) of non-infected (C) and BoDV1-infected (D) TNFTg mice.
SOD?2 abundance decreased but that of catalase did not change in pyramidal neurons of the CA band of
TNFTg mice after BoDV1 infection. DAPI (blue) is the nuclear stain. TNFTg, TNF-a transgenic;
INfTNFTg, BoDV1-infected TNFTg. Scale bar: 20 um for all images.
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Figure 56: Catalase and SOD2 abundances in granule neurons (DG) of non- and BoDV1-
infected TNFTg mice

TNFTg/DG | B InfTNFTg/DG

Catalase/ Catalase/

TNFTg/DG | D InfTNFTg/DG

Photomicrographs of catalase-positive peroxisomes (green) in granule neurons of the dentate gyrus
(DG) of non-infected (A) and BoDV1-infected (B) TNFTg mice, and SOD2-positive mitochondria
(green) in granule neurons (DG) of non-infected (C) and BoDV1-infected (D) TNFTg mice. SOD2
abundance decreased but that of catalase did not change in granule neurons of the dentate gyrus of
TNFTg mice after BoDV1 infection. DAPI (blue) is the nuclear stain. TNFTg, TNF-a transgenic;
INfTNFTg, BoDV1-infected TNFTQg. Scale bar: 20 um for all images.
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Figure 57: Catalase and SOD2 abundances in pyramidal neurons of the cerebral cortex
of non- and BoDV1-infected TNFTg mice

TNFTg/Cx | B InfTNFTg/Cx

Catalase/ Catalase/

TNFTg/Cx | D InfTNFTg/Cx

Photomicrographs of catalase-positive peroxisomes (green) in pyramidal neurons of the cerebral cortex
(Cx) of non-infected (A) and BoDV1-infected (B) TNFTg mice, and SOD2-positive mitochondria
(green) in pyramidal neurons (Cx) of non-infected (C) and BoDV1-infected (D) TNFTg mice. SOD2
abundance decreased but that of catalase did not change in pyramidal neurons of the cerebral cortex of
TNFTg mice after BoDV1 infection. DAPI (blue) is the nuclear stain. TNFTg, TNF-a transgenic;
INfTNFTg, BoDV1-infected TNFTQg. Scale bar: 20 um for all images.
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Figure 58: Catalase and SOD2 abundances in cerebellar granule and Purkinje neurons of
non- and BoDV1-infected TNFTg

TNFTg/Cb | B InfTNFTg/Cb

Catalase/ Catalase/

TNFTg/Cb | D InfTNFTg/Cb

Photomicrographs of catalase-positive peroxisomes (green) in cerebellar (Cb) granule and Purkinje
neurons of non-infected (A) and BoDV1-infected (B) TNFTg mice, and SOD2-positive mitochondria
(green) in cerebellar granule and Purkinje neurons of non-infected (C) and BoDV 1-infected (D) TNFTg
mice. Catalase abundance decreased in both granule and Purkinje neurons but that of SOD2 was
comparable in granule neurons and increased in Purkinje neurons of TNFTg mice after BoDV1
infection. DAPI (blue) is the nuclear stain. TNFTg, TNF-a transgenic; INfTNFTg, BoDV1-infected
TNFTg. Scale bar: 20 pum for all images.
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4.2.5 Morphometric analysis of peroxisomes and mitochondria in the hippocampus,

cerebral and cerebellar cortices of BoDV1-infected TNFR1ko mice

After BoDV1 infection, peroxisomal and mitochondrial abundances in TNFR1ko mice were
compared to those of respective non-infected mice and BoDV 1-infected Wt mice. Peroxisomal
abundance in TNFR1ko mice was 27/100 um? in pyramidal neurons (CA band) and 27/100
um? in granule neurons (DG) of the hippocampus; 20/100 um? in cortical pyramidal neurons;
20/100 um? and 30/100 pum? in cerebellar granule and Purkinje neurons, respectively (see
Appendix 1A-E). Mitochondrial abundance was 2.4% in pyramidal neurons (CA band) and
1.2% in granule neurons (DG) of the hippocampus; 3.4% in cortical pyramidal neurons; 2.4%
and 5.1% in cerebellar granule and Purkinje neurons, respectively (see Appendix 2A-E). Thus,
peroxisomal abundance remained comparable in all neuronal cell types after BoDV1 infection
of TNFR1ko mice when compared to respective non-infected mice (Figures 59A,B, 60A,B,
61A,B, 62A,B; Table 2). Mitochondrial abundance did not change as well in most neuronal
cell types, except in cortical pyramidal neurons and cerebellar Purkinje neurons, where there
was 6.8- and 3.7-fold significant decrease, respectively when compared to the non-infected
TNFR1ko mice (Figures 59C,D, 60C,D, 61C,D, 62C,D; Table 2).
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Figure 59: Peroxisomal and mitochondrial abundances in pyramidal neurons (CA band)
of non- and BoDV1-infected TNFR1ko mice

TNFR1ko/CA | B InfTNFR 1ko/CA

PEX14/ PEX14/
TNFR1ko/CA { D InfTNFR 1ko/CA

ATP5B/ ATP5B/

Photomicrographs of PEX14-positive peroxisomes (green) in pyramidal neurons of the cornu ammonis
(CA) band of non-infected (A) and BoDV1-infected (B) TNFR1ko mice, ATP5B-positive mitochondria
(green) in pyramidal neurons (CA band) of non-infected (C) and BoDV1-infected (D) TNFR1ko mice.
No changes in peroxisomal and mitochondrial abundances in pyramidal neurons of the CA band of
TNR1ko mice after BoDV1 infection. DAPI (blue) is the nuclear stain. TNFR1ko, TNF receptor 1
knockout; INfTNFR1ko, BoDV1-infected TNFR1ko. Scale bar: 20 um for all images.
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Figure 60: Peroxisomal and mitochondrial abundances in granule neurons (DG) of non-
and BoDV1-infected TNFR1ko mice

TNFR1ko/DG | B InfTNFR1ko/DG

PEX14/ PEX14/
TNFR1ko/DG | D : InfTNFR 1ko/DG

ATP5B/ ATP5SB/

Photomicrographs of PEX14-positive peroxisomes (green) in granule neurons of the dentate gyrus (DG)
of non-infected (A) and BoDV1-infected (B) TNFR1ko mice, and ATP5B-positive mitochondria
(green) in granule neurons (DG) of non-infected (C) and BoDV1-infected (D) TNFR1ko mice. No
changes in peroxisomal and mitochondrial abundances in granule neurons of the dentate gyrus of
TNRZ1ko mice after BoDV1 infection. DAPI (blue) is the nuclear stain. TNFR1ko, TNF receptor 1
knockout; INfTNFR1ko, BoDV1-infected TNFR1ko. Scale bar: 20 um for all images.
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Figure 61: Peroxisomal and mitochondrial abundances in pyramidal neurons of the
cerebral cortex of non- and BoDV1-infected TNFR1ko mice

TNFR1ko/Cx | B InfTNFR 1ko/Cx

PEX14/ PEX14/
TNFR1ko/Cx I D InfTNFR 1ko/Cx

ATP5B/

Photomicrographs of PEX14-positive peroxisomes (green) in pyramidal neurons of the cerebral cortex
(Cx) of non-infected (A) and BoDV1-infected (B) TNFR1ko mice, and ATP5B-positive mitochondria
(green) in pyramidal neurons (Cx) of non-infected (C) and BoDV1-infected (D) TNFR1ko mice.
Mitochondrial abundance decreased but that of peroxisomes did not change in pyramidal neurons of the
cerebral cortex of TNFR1ko mice after BoDV1 infection. DAPI (blue) is the nuclear stain. TNFR1ko,
TNF receptor 1 knockout; INfTNFR1ko, BoDV1-infected TNFR1ko. Scale bar: 20 um for all images.
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Figure 62: Peroxisomal and mitochondrial abundances in cerebellar granule and
Purkinje neurons of non- and BoDV1-infected TNFR1ko

TNFR1ko/Cb | B InfTNFR 1ko/Cb

PEX14/ PEX14/
TNFR1ko/Cb } D InfTNFR 1ko/Cb

ATP5B/ ATP5B/

Photomicrographs of PEX14-positive peroxisomes (green) in cerebellar (Cb) granule and Purkinje
neurons of non-infected (A) and BoDV1-infected (B) TNFR1ko mice, and ATP5B-positive
mitochondria (green) in cerebellar granule and Purkinje neurons of non-infected (C) and BoDV1-
infected (D) TNFR1ko mice. Peroxisomal abundance did not change in both granule and Purkinje
neurons but that of mitochondria decreased in Purkinje neurons only and remained comparable in
granule neurons of TNFR1ko mice after BoDV1 infection. DAPI (blue) is the nuclear stain. TNFR1ko,
TNF receptor 1 knockout; INfTNFR1ko, BoDV1-infected TNFR1ko. Scale bar: 20 um for all images.
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4.2.6 Morphometric analysis of catalase and SOD2 in the hippocampus, cerebral and
cerebellar cortices of BoDV1-infected TNFR1ko mice

The abundances of catalase and SOD2 in BoDV1-infected TNFR1ko were analyzed and
compared to respective non-infected mice and BoDV1-infected Wt mice. Catalase abundance
in BoDV1-infected TNFR1ko mice was 16/100 pm? in pyramidal neurons (CA band) and
17/100 pum? in granule neurons (DG) of the hippocampus; 1/100 pm? in cortical pyramidal
neurons; 1/100 um? and 6/100 um? in cerebellar granule and Purkinje neurons, respectively
(see Appendix 3A-E). Additionally, SOD2 abundance was 0.4% in pyramidal neurons (CA
band) and 0.4% in granule neurons (DG) of the hippocampus; 0.7% in cortical pyramidal
neurons; 0.4% and 0.8% in cerebellar granule and Purkinje neurons, respectively (see
Appendix 4A-E). This shows that in all but cerebellar granule neurons (where there was a 7.0-
fold decrease in catalase), no significant changes in catalase or SOD2 abundances occurred
after BoDV1 infection of TNFR1ko mice (Figures 63A-D, 64A-D, 65A-D, 66A-D; Table 2).
However, BoDV1-infected TNFR1ko mice had higher catalase but not SOD2 abundance in
most neuronal cell types [3.2-fold in pyramidal cells (CA band); 3.4-fold in granule cells (DG);
and 3.0-fold in Purkinje cells (cerebellar cortex)] compared to BoDV1-infected Wt mice
(Appendices 3A-E, 4A-E).
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Figure 63: Catalase and SOD2 abundances in pyramidal neurons (CA band) of non- and
BoDV1-infected TNFR1ko mice

TNFR1ko/CA | B InfTNFR1ko/CA

Catalase/ Catalase/

TNFR1ko/CA InfTNFR 1ko/CA

Photomicrographs of catalase-positive peroxisomes (green) in pyramidal neurons of the cornu ammonis
(CA) band of non-infected (A) and BoDV1-infected (B) TNFR1ko mice, SOD2-positive mitochondria
(green) in pyramidal neurons (CA band) of non-infected (C) and BoDV1-infected (D) TNFR1ko mice.
No changes in catalase and SOD2 abundances in pyramidal neurons of the CA band of TNFR1ko mice
after BoDV1 infection. DAPI (blue) is the nuclear stain. TNFR1ko, TNF receptor 1 knockout;
INfFTNFR1ko, BoDV1-infected TNFR1ko. Scale bar: 20 um for all images.
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Figure 64: Catalase and SOD2 abundances in granule neurons (DG) of non- and BoDV1-
infected TNFR1ko mice

TNFR1ko/DG | B . InfTNFR 1ko/DG

Catalase/

TNFR1ko/DG | D : . InfTNFR1ko/DG

Catalase/

Photomicrographs of catalase-positive peroxisomes (green) in granule neurons of the dentate gyrus
(DG) of non-infected (A) and BoDV1-infected (B) TNFR1ko mice, and SOD2-positive mitochondria
(green) in granule neurons (DG) of non-infected (C) and BoDV1-infected (D) TNFR1ko mice. No
changes in catalase and SOD2 abundances in granule neurons of the dentate gyrus of TNFR1ko mice
after BoDV1 infection. DAPI (blue) is the nuclear stain. TNFR1ko, TNF receptor 1 knockout;
INfTNFR1ko, BoDV1-infected TNFR1ko. Scale bar: 20 um for all images.

93



Results

Figure 65: Catalase and SOD2 abundances in pyramidal neurons of the cerebral cortex
of non- and BoDV1-infected TNFR1ko mice

TNFR1ko/Cx | B InfTNFR 1ko/Cx

Catalase/ Catalase/

TNFR1ko/Cx I D InfTNFR 1ko/Cx

Photomicrographs of catalase-positive peroxisomes (green) in pyramidal neurons of the cerebral cortex
(Cx) of non-infected (A) and BoDV1-infected (B) TNFR1ko mice, and SOD2-positive mitochondria
(green) in pyramidal neurons (Cx) of non-infected (C) and BoDV1-infected (D) TNFR1ko mice. No
changes in catalase and SOD2 abundances in pyramidal neurons of the cerebral cortex of TNFR1ko
mice after BoDV1 infection. DAPI (blue) is the nuclear stain. TNFR1ko, TNF receptor 1 knockout;
INfFTNFR1ko, BoDV1-infected TNFR1ko. Scale bar: 20 um for all images.
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Figure 66: Catalase and SOD2 abundances in cerebellar granule and Purkinje neurons of
non- and BoDV1-infected TNFR1ko

TNFR1ko/Cb | B InfTNFR 1ko/Cb

Catalase/ Catalase/

TNFR1ko/Cb | D InfTNFR 1ko/Cb

Photomicrographs of catalase-positive peroxisomes (green) in cerebellar (Cb) granule and Purkinje
neurons of non-infected (A) and BoDV1-infected (B) TNFR1ko mice, and SOD2-positive mitochondria
(green) in cerebellar granule and Purkinje neurons of non-infected (C) and BoDV1-infected (D)
TNFR1ko mice. SOD2 abundance did not change in both granule and Purkinje neurons but catalase
abundance decreased in granule neurons only of TNFR1ko mice after BoDV1 infection. DAPI (blue) is
the nuclear stain. TNFR1ko, TNF receptor 1 knockout; INfTNFR1ko, BoDV1-infected TNFR1ko.
Scale bar: 20 um for all images.
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4.2.7 Morphometric analysis of peroxisomes and mitochondria in the hippocampus,

cerebral and cerebellar cortices of BoDV1-infected TNFR2ko mice

Peroxisomal and mitochondrial abundances were analyzed in BoDV1-infected TNFR2ko mice.
Afterwards, the abundances were compared to those of respective non-infected mice, and
BoDV1-infected TNFR1ko and Wt mice. Following BoDV1 infection of TNFR2ko mice,
peroxisomal abundance was 42/100 um? in pyramidal neurons (CA band) and 38/100 um? in
granule neurons (DG) of the hippocampus; 32/100 um? in cortical pyramidal neurons; 27/100
um? and 40/100 um? in cerebellar granule and Purkinje neurons, respectively (see Appendix
1A-E). Mitochondrial abundance was 3.8% in pyramidal neurons (CA band) and 1.8% in
granule neurons (DG) of the hippocampus; 6.2% in cortical pyramidal neurons; 1.6% and 6.1%
in cerebellar granule and Purkinje neurons, respectively (see Appendix 2A-E). This indicates
that after BoDV1 infection of TNFR2ko mice, peroxisomal abundance increased further in most
neurons [1.2-fold in pyramidal cells (CA band); 1.5-fold in pyramidal cells (cerebral cortex);
1.2-fold in Purkinje cells (cerebellar cortex)], except in granule neurons of both DG and
cerebellar cortex (Figures 67A,B, 68A,B, 69A,B, 70A,B; Table 2). Conversely, the abundance
of mitochondria decreased in all neuronal cell types [4.0-fold in pyramidal cells (CA band);
6.5-fold in granule cells (DG); 3.8-fold in pyramidal cells (cerebral cortex); 3.4-fold in granule
cells and 5.1-fold in Purkinje cells (cerebellar cortex)] of BoDV1-infected TNFR2ko mice
(Figures 67C,D, 68C,D, 69C,D, 70C,D; Table 2).

The increase in peroxisomal abundance in BoDV1-infected TNFR2ko was more than that seen
in BoDV1-infected Wt mice. Hence, BoDV1-infected TNFR2ko mice, in comparison to
BoDV1-infected Wt mice, showed slightly higher peroxisomal abundance in most neuronal cell
types [1.6-fold in pyramidal neurons (CA band); 1.4-fold in granule neurons (DG); and 1.5-fold
in Purkinje neurons (cerebellar cortex], except in cortical pyramidal neurons and cerebellar

granule neurons (see Appendix 1A-E).

BoDV1-infected TNFR2ko mice also showed slightly higher peroxisomal abundance compared
to BoDV1-infected TNFR1ko [1.6-fold in pyramidal cells (CA band); 1.4-fold in granule cells
(DG); 1.6-fold in pyramidal cells (cerebral cortex); and 1.3-fold in Purkinje cells (cerebellar
cortex)] (see Appendix 1A-C,E). In addition, BoDV1-infected TNFR2ko mice had 2.5-fold
higher mitochondrial abundance in pyramidal cells (CA band) compared to BoDV1-infected
Wt mice (see Appendix 2A).

96



Results

Figure 67: Peroxisomal and mitochondrial abundances in pyramidal neurons (CA band)
of non- and BoDV1-infected TNFR2ko mice

TNFR2ko/CA | B InfTNFR2ko/CA

PEX14/ PEX14/

TNFR2ko/CA InfTNFR2ko/CA

ATP5B/I ATP5B/

Photomicrographs of PEX14-positive peroxisomes (green) in pyramidal neurons of the cornu ammonis
(CA) band of non-infected (A) and BoDV1-infected (B) TNFR2ko mice, ATP5B-positive mitochondria
(green) in pyramidal neurons (CA band) of non-infected (C) and BoDV1-infected (D) TNFR2ko mice.
Peroxisomal abundance increased but that of mitochondria decreased in pyramidal neurons of the CA
band of TNFR2ko mice after BoDV1 infection. DAPI (blue) is the nuclear stain. TNFR2ko, TNF
receptor 2 knockout; INfTNFR2ko, BoDV1-infected TNFR2ko. Scale bar: 20 um for all images.
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Figure 68: Peroxisomal and mitochondrial abundances in granule neurons (DG) of non-
and BoDV1-infected TNFR2ko mice

TNFR2ko/DG | B InfTNFR2ko/DG

PEX14/ PEX14/
TNFR2ko/DG | D InfTNFR2ko/DG

ATP5B/ ATP5B/

Photomicrographs of PEX14-positive peroxisomes (green) in granule neurons of the dentate gyrus (DG)
of non-infected (A) and BoDV1-infected (B) TNFR2ko mice, and ATP5B-positive mitochondria
(green) in granule neurons (DG) of non-infected (C) and BoDV1-infected (D) TNFR2ko mice.
Peroxisomal abundance did not change but that of mitochondria decreased in granule neurons of the
dentate gyrus of TNFR2ko mice after BoDV1 infection. DAPI (blue) is the nuclear stain. TNFR2ko,
TNF receptor 2 knockout; InNfTNFR2ko, BoDV1-infected TNFR2ko. Scale bar: 20 um for all images.
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Figure 69: Peroxisomal and mitochondrial abundances in pyramidal neurons of the
cerebral cortex of non- and BoDV1-infected TNFR2ko mice

TNFR2ko/Cx | B InfTNFR2ko/Cx

PEX14/ PEX14/
TNFR2ko/Cx I D InfTNFR2ko/Cx

ATP5B/ ATP5B/

Photomicrographs of PEX14-positive peroxisomes (green) in pyramidal neurons of the cerebral cortex
(Cx) of non-infected (A) and BoDV1-infected (B) TNFR2ko mice, and ATP5B-positive mitochondria
(green) in pyramidal neurons (Cx) of non-infected (C) and BoDV1-infected (D) TNFR2ko mice.
Peroxisomal abundance increased but that of mitochondria decreased in pyramidal neurons of the
cerebral cortex of TNFR2ko mice after BoDV1 infection. DAPI (blue) is the nuclear stain. TNFR2ko,
TNF receptor 2 knockout; InNfTNFR2ko, BoDV1-infected TNFR2ko. Scale bar: 20 um for all images.
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Figure 70: Peroxisomal and mitochondrial abundances in cerebellar granule and
Purkinje neurons of non- and BoDV1-infected TNFR2ko

TNFR2ko/Cb | B InfTNFR2ko/Cb

PEX 14/ | PEX14/,)47:
TNFR2ko/Cb | D - InfTNFR2ko/Cb

ATP5SB/ ATP5B/

Photomicrographs of PEX14-positive peroxisomes (green) in cerebellar (Cb) granule and Purkinje
neurons of non-infected (A) and BoDV1-infected (B) TNFR2ko mice, and ATP5B-positive
mitochondria (green) in cerebellar granule and Purkinje neurons of non-infected (C) and BoDV1-
infected (D) TNFR2ko mice. Peroxisomal abundance increased in Purkinje neurons only but that of
mitochondria decreased in both granule and Purkinje neurons of the cerebellar cortex of TNFR2ko mice
after BoDV1 infection. DAPI (blue) is the nuclear stain. TNFR2ko, TNF receptor 2 knockout;
INfFTNFR2ko, BoDV1-infected TNFR2ko. Scale bar: 20 um for all images.
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4.2.8 Morphometric analysis of catalase and SOD2 in the hippocampus, cerebral and
cerebellar cortices of BoDV1-infected TNFR2ko mice

In BoDV1-infected TNFR2ko mice, catalase abundance was 4/100 um? in pyramidal neurons
(CA band) and 7/100 um? in granule neurons (DG) of the hippocampus; 2/100 um? in cortical
pyramidal neurons; 2/100 um? and 1/100 pm? in cerebellar granule and Purkinje neurons,
respectively (see Appendix 3A-E). At the same time, SOD2 abundance was 0.2% in pyramidal
neurons (CA band) and 0.05% in granule neurons (DG) of the hippocampus; 0.2% in cortical
pyramidal neurons; 0.09% in each of cerebellar granule and Purkinje neurons (see Appendix
4A-E). This implies that in BoDV1-infected TNFR2ko, catalase abundance decreased in all
neuronal cell types [3.8-fold in pyramidal cells (CA band); 2.6-fold in granule cells (DG); 3.0-
fold in pyramidal cells (cerebral cortex); 5.0-fold in granule cells and 12.0-fold in Purkinje cells
(cerebellar cortex)] (Figures 71A,B, 72A,B, 73A,B, 74A,B; Table 2). SOD2 abundance
decreased as well [5-fold in pyramidal cells (CA band); 8.0-fold in granule cells (DG); 3.0-fold
in pyramidal cells (cerebral cortex); 3.3-fold in granule cells and 10.0-fold in Purkinje cells
(cerebellar cortex)] when compared to respective non-infected mice (Figures 71C,D, 72C,D,
73C,D, 74C,D; Table 2).

As a result, some neuronal cell types of BoDV1-infected TNFR2ko mice showed lower catalase
abundance [4.0-fold in pyramidal cells (CA band) and 6.0-fold in Purkinje cells (cerebellar
cortex)] and SOD2 abundance [8.7-fold in Purkinje cells (cerebellar cortex)] compared to
BoDV1-infected TNFR1ko mice (see Appendices 3A,E, 4E).
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Figure 71: Catalase and SOD2 abundances in pyramidal neurons (CA band) of non- and
BoDV1-infected TNFR2ko mice

TNFR2ko/CA | B InfTNFR2ko/CA

Catalase/ Catalase/

TNFR2ko/CA InfTNFR2ko/CA

Photomicrographs of catalase-positive peroxisomes (green) in pyramidal neurons of the cornu ammonis
(CA) band of non-infected (A) and BoDV1-infected (B) TNFR2ko mice, SOD2-positive mitochondria
(green) in pyramidal neurons (CA band) of non-infected (C) and BoDV1-infected (D) TNFR2ko mice.
Catalase and SOD2 abundances decreased in pyramidal neurons of the CA band of TNFR2ko
mice after BoDV1 infection. DAPI (blue) is the nuclear stain. TNFR2ko, TNF receptor 2 knockout;
INfFTNFR2ko, BoDV1-infected TNFR2ko. Scale bar: 20 um for all images.
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Figure 72: Catalase and SOD2 abundances in granule neurons (DG) of non- and BoDV1-
infected TNFR2ko mice

TNFR2ko/DG | B InfTNFR2ko/DG

Catalase/ Catalase/

TNFR2ko/DG | D InfTNFR2ko/DG

Photomicrographs of catalase-positive peroxisomes (green) in granule neurons of the dentate gyrus
(DG) of non-infected (A) and BoDV1-infected (B) TNFR2ko mice, and SOD2-positive mitochondria
(green) in granule neurons (DG) of non-infected (C) and BoDV1-infected (D) TNFR2ko mice. Catalase
and SOD2 abundances decreased in granule neurons of the dentate gyrus of TNFR2ko mice after
BoDV1 infection. DAPI (blue) is the nuclear stain. TNFR2ko, TNF receptor 2 knockout; InfTNFR2Kko,
BoDV1-infected TNFR2ko. Scale bar: 20 um for all images.
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Figure 73: Catalase and SOD2 abundances in pyramidal neurons of the cerebral cortex
of non- and BoDV1-infected TNFR2ko mice

TNFR2ko/Cx | B InfTNFR2ko/Cx

Catalase/ Catalase/

TNFR2ko/Cx I D InfTNFR2ko/Cx

Photomicrographs of catalase-positive peroxisomes (green) in pyramidal neurons of the cerebral cortex
(Cx) of non-infected (A) and BoDV1-infected (B) TNFR2ko mice, and SOD2-positive mitochondria
(green) in pyramidal neurons (Cx) of non-infected (C) and BoDV1-infected (D) TNFR2ko mice.
Catalase and SOD2 abundances decreased in pyramidal neurons of the cerebral cortex of TNFR2ko
mice after BoDV1 infection. DAPI (blue) is the nuclear stain. TNFR2ko, TNF receptor 2 knockout;
INfFTNFR2ko, BoDV1-infected TNFR2ko. Scale bar: 20 um for all images.
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Figure 74: Catalase and SOD2 abundances in cerebellar granule and Purkinje neurons of
non- and BoDV1-infected TNFR2ko

TNFR2ko/Cb | B InfTNFR2ko/Cb

Catalase/ Catalase/

~ TNFR2ko/Cb | D InfTNFR2ko/Cb

Photomicrographs of catalase-positive peroxisomes (green) in cerebellar (Cb) granule and Purkinje
neurons of non-infected (A) and BoDV 1-infected (B) TNFR2ko mice, and SOD2-positive mitochondria
(green) in cerebellar granule and Purkinje neurons of non-infected (C) and BoDV1-infected (D)
TNFR2ko mice. Catalase and SOD2 abundances decreased in both granule and Purkinje neurons of the
cerebellar cortex of TNFR2ko mice after BoDV1 infection. DAPI (blue) is the nuclear stain. TNFR2ko,
TNF receptor 2 knockout; INfTNFR2ko, BoDV1-infected TNFR2ko. Scale bar: 20 um for all images.
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Table 2: Welch’s t-test comparison of peroxisomal, mitochondrial, catalase and SOD2
abundances from the same brain region between non- and BoDV1-infected mice of the
same mouse line

Mouse lines

Wt vs. TNFTgvs. TNFR1kovs. TNFR2ko vs.
InfWt INfTNFTg  InfTNFR1ko  InfTNFR2ko

PEX14

GrDG * n.s. n.s. n.s.
PyCA * n.s. n.s. *
PyCx * n.s. n.s. *
GrChb *x n.s. n.s. n.s.
PuChb * n.s. n.s. *
ATP5B

GrDG n.s. ** n.s. Fkkx
PyCA * * n.s. wx
PyCX n.s. **k* * **k*
GrChb * n.s. n.s. *
Pqu ** * n.s. **k*
Catalase

GrDG falakeiel n.s. n.s. **
PyCA falaiokad n.s. n.s. falaiaad
PyCx falakalel n.s. n.s. kel
Ger ** * ** *k*k*k
Pqu *** ** n.s. *kk*k
SOD2

GrDG n.s. kK n.s. **
PyCA * * n.s. *
PyCX * ** n.s. **
GrCb * n.s. n.s. *
PuChb * * n.s. falaie

GrDG, granule neurons of dentate gyrus; PyCA, pyramidal neurons of cornu ammonis band; PyCx,
pyramidal neurons of cerebral cortex; GrCb, granule neurons of cerebellar cortex; PuCb, Purkinje
neurons of cerebellar cortex. Wt, wild-type; TNFTg, TNF-a transgenic; TNFR1ko, TNF receptor 1
knockout; TNFR2ko, TNF receptor 2 knockout; Infwt, BoDV1-infected Wt; InNfTNFTg, BoDV1-
infected TNFTg; INfTNFR1ko, BoDV1-infected TNFR1ko; INfTNFR2ko, BoDV1-infected TNFR2ko.
P-values: > 0.05 (n.s., non-significant); 0.01-0.05 (*); 0.001-0.01 (**); 0.0001-0.001(***); <
0.0001(****).
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4.3 Summary of results

Overall, the findings of this study are summarized in the graphical abstract shown below
(Figure 75).

Figure 75: Graphical summary of results demonstrating alterations in peroxisomal and
mitochondrial dynamics, and their respective main antioxidant enzymes, before and after
BoDV1 infection in different mouse lines

Mouse brain Wt, wild-type «® Mitochondrion

TNFTg, tumor necrosis factor transgenic @ SOD2-positive Mitochondrion
TNFR1ko, receptor 1 knockout © Peroxisome
TNFR2ko, receptor 2 knockout © Catalase-positive peroxisome

Pyramidal neurons (from the cerebral cortex or hippocampus) of different mouse lines |

TNFR1ko TNFR2ko
@ Peroxisomes
@ Mitochondria 11 Mitochondria

@ Catalase °, @ Catalase
@ SOD2 o #\ @ SOD2

1 Peroxisomes

111 Mitochondria
| Catalase

11 SOD2

1 Peroxisomes

) Borna disease virus 1 infection |

! ! ! !

1 Peroxisomes @ Peroxisomes @ Peroxisomes 1 Peroxisomes

Mitochondria Mitochondria @ Mitochondria | Mitochondria
Catalase @ Catalase @ Catalase Catalase
SOD2 || SOD2 @ SOD2 || SOD2

TNF-a overexpression in TNFTg mice increased peroxisomal, mitochondrial and SOD2 abundances
but that of catalase decreased. Physiological, endogenous levels of TNF-a increased the abundances of
both subcellular organelles and not their main antioxidant enzymes in TNFR2ko mice. BoDV1 infection
decreased mitochondrial, catalase and SOD2 abundances but that of peroxisomes increased, particularly
in Wt and TNFR2ko mice — no changes in TNFR1ko mice. TNF-a overexpression in TNFTg mice
counteracted BoDV1-driven changes in peroxisomal and catalase abundances. Red arrow (1), increase;
green arrow (), decrease; @, no significant change (created with Biorender.com).
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5. Discussion

The usage of animals in infection studies over the years has proven invaluable in understanding
the pathomechanims of several diseases, including that caused by BoDV1. Moreover, the
development and availability of TNF transgenic and TNF-a receptor knockout mice have
advanced researches aimed at understanding the role TNF-a and its receptors. TNF-a is one
main mediator of BoDV1-induced activation of the immune system (Marchetti et al., 2004;
Kramer et al., 2012). Peroxisomes and mitochondria are among the major sources of ROS
within eukaryotic cells, including neurons (Fransen et al. 2012); and, both organelles play
critical roles in the intracellular innate antiviral immune signaling (Fransen et al., 2017; Jean et
al., 2018; Elesela & Lukacs, 2021). Hence, using our mouse models with an altered TNF
system, we investigated the likely changes in peroxisomal, mitochondrial, catalase, and SOD2
abundances, before and after BoDV1 infection. In this section, we discuss the: (i) role(s) of
TNF-a/TNFR1/TNFR2 as regards the abundances of both subcellular compartments and their
main antioxidant enzymes, catalase and SOD2, respectively, under physiological conditions;
(i) probable mechanisms underlying the BoDV1-driven changes in both organelles, catalase,
and SOD2 of Wt, TNFTg, TNFR1ko, and TNFR2ko mice, with special focus on the role(s) of
TNFR1 and TNFR2.

5.1 Effect of endogenous TNF-a and its overexpression on peroxisomal and

mitochondrial dynamics and their main antioxidant enzymes

Comparing organelle abundances in different neuronal cell types of non-infected Wt mice,
mitochondrial abundances varied markedly with only minor changes in peroxisomes. The
highest abundances of mitochondria were in cerebellar Purkinje cells and cortical pyramidal
neurons, probably because projection neurons need a sustainable mitochondrial energy support
for saltatory conduction and transport of organelles and neurotransmitters along the axon
(Hyder et al. 2013). Moreover, distinct neuronal cell types of non-infected Wt mice had
different catalase and SOD2 abundances in peroxisomes and mitochondria, respectively, which

might be a reflection of their respective metabolic states or functions (Hyder et al. 2013).

In non-infected TNFTg mice, chronic exposure of granule and pyramidal neurons in forebrain
regions to TNF-a increased the abundance of peroxisomes — even to a higher extent the one of
mitochondria — compared to non-infected Wt mice. TNF-a signaling can generate ROS,

causing oxidative stress (Zelova & Hosek, 2013; Raziyeva et al., 2021), which directly inhibits
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peroxisomal B-oxidation (Beier et al., 1997; Vijayan et al., 2017), leading to the accumulation
of VLCFAs and activation of PPAR-a (Christofides et al., 2021). Increased levels of both ROS
(Schrader & Fahimi, 2006) and VLCFAs (Lu et al., 2022) can induce peroxisomal proliferation,
which might explain the increase in peroxisomes in non-infected TNFTg mice. Mitochondrial
fragmentation and biogenesis can be triggered in both acute (Maeda & Fadeel et al., 2014;
Delmotte et al., 2021) and chronic (Davizon-Castillo et al., 2019) exposures of neurons to TNF-
o, due to TNF-a-induced increases in ROS, ER stress and activation of PGC-1a (Kastl et al.,
2014; Fransen et al., 2017). Moreover, PPAR-a acts synergistically with PGC-1a to regulate
the abundances and metabolic activities of peroxisomes and mitochondria (Fransen et al.,
2017), hence could explain the increase in the abundances of both subcellular organelles. In
acute TNF-a treatment conditions, mitochondrial fission and biogenesis occurred in murine
(Brown et al., 2019) and human (Yang et al., 2022) primary neurons; human smooth muscle
cells (Delmotte et al., 2021): and, in human T lymphocyte and fibroblast cell lines (Maeda &
Fadeel, 2014). There is scant data on the chronic effects of TNF-a treatment on subcellular
compartments such as mitochondria within different cell types (e.g. neurons). Davizon-Castillo
et al. showed that elevated TNF-o in old mice, as well as the daily injection of young mice with
TNF-a for 20 days, led to increased mitochondrial mass within platelets (Davizon-Castillo et
al., 2019).

An important redox-based relationship exists between peroxisomes and mitochondria.
Peroxisomes have the ability to integrate signals from other subcellular compartments and
change their own metabolism as well as that of other organelles such as mitochondria
(Titorenko et al., 2011). Several studies posit that altering peroxisomal ROS metabolism
stimulates oxidative stress in mitochondria with consequent production of ROS, lowered
membrane potential, and disrupted ATP generation (Koepke et al., 2007; Ivaschenko et al.,
2011). In the present study, although the abundance of peroxisomes was slightly elevated in
TNF-a transgenic brain areas of non-infected TNFTg mice, catalase decreased. Potential
mechanisms underpinning the decrease in catalase in TNF-a. transgenic brain areas include the
(i) depletion of this enzyme by TNF-a-induced rising levels of ROS, (ii) inhibition of PPARYy
functions by TNF-a (Cawthorn & Sethi, 2008; Lencel et al., 2011), (iii) and a defective import
of catalase into peroxisomes due to rising levels of ROS (Legakis et al., 2002). Thus, in further
studies, ROS, and PPARYy levels and function can be analyzed in detail to unravel the underlying
mechanism(s). Similar to our findings, TNF-a treatment of microglial cells in vitro and excess
TNF-a within brain tissues of multiple sclerosis patients or respective mouse models were
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found to reduce catalase levels, resulting in oxidative stress (Roczkowsky et al., 2022). The
acute TNF-a treatment of rat hepatocytes did not only suppress peroxisomal B-oxidation —
which is a trigger of peroxisomal biogenesis — but also downregulated the expression of
messenger RNAs (MRNAS) for proteins such as catalase (Beier et al., 1992; Beier et al., 1997).

The current study demonstrates that the number of mitochondria with detectable levels of SOD2
increased in the same proportion in all neuronal cell types from TNF-o overexpressing brain
areas. Elsewhere, the pretreatment of cultured neurons or astrocytes with TNF-o. augmented
SOD2 activity (Bruce-Keller et al. 1999). SOD2 gene expression is regulated mainly by the
transcription factors NRF-2, AP-1 and NF-xB (Kim et al., 2017). The binding of TNF-a to
TNFR1 and TNFR2 serves as one of the main triggers of AP-1 and NF-kB (Yang et al., 2018),
which might explain the increase in SOD2 in TNF-o transgenic brain areas. Peroxisomes
generate more ROS than mitochondria in rat liver (Fransen et al., 2012). Assuming that is the
case in neurons, the reactionary increase in mitochondrial abundance — more than that of
peroxisomes — along with SOD2 could be a compensatory response to the decrease in
peroxisomal catalase to help detoxify excess ROS, which further emphasizes the crosstalk
between both organelles in maintaining intracellular redox homeostasis (Fransen et al., 2017).
Moreover, in order to ascertain if changes in peroxisomal, mitochondrial, catalase and SOD2
abundances were due to excess TNF-a, granule and Purkinje cells of the non-transgenic
cerebellar cortex of TNFTg mice were analyzed to serve as an internal control. No significant
changes in either peroxisomal, mitochondrial, catalase or SOD2 abundances occurred,

incriminating the prolonged TNF-a overexpression as the cause.

The data on TNFR1- and TNFR2ko mice revealed that endogenous, physiological levels of
TNF-a increased peroxisomal and mitochondrial abundances via TNFR1 signaling in the
absence of TNFR2, but did not affect the abundances of catalase and SOD2. Thus, physiological
levels of TNF-a appear to be involved in the biogenesis of both organelles, where TNFR1
signaling upregulates whereas that of TNFR2 downregulates the abundances of both
peroxisomes and mitochondria. This observation underscores the overall process by which
TNF-a induces cell proliferation and differentiation, especially in progenitor cells (You et al.,
2015). Moreover, since the abundances of both subcellular organelles increased but not their
main antioxidant enzymes in non-infected TNFR2ko mice, it could be possible that a fraction
of these organelles may (i) be immature, (ii) have defective import machineries, (iii) or effete.

Nonetheless, the probable mechanism(s) underpinning the increased abundances of
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peroxisomes and mitochondria in non-infected TNFR2ko mice at physiological levels of TNF-

o necessitate further investigations.

5.2 Effect of BoDV1 infection on peroxisomal and mitochondrial dynamics and their main

antioxidant enzymes

Viruses depend entirely on host cell machinery for their replication and proliferation; they usurp
host cell metabolism and transform physiological functions (Bowie & Unterholzner, 2008;
Dixit et al., 2010; Odendall & Kagan, 2017). Certain enveloped viruses exploit peroxisomal
metabolism to biosynthesize lipids such as plasmalogens for their viral membrane syntheses
during replication (Lazarow, 2011; Jean et al., 2018; Cook et al., 2019). In BoDV1-infected
mice (especially in Wt and TNFR2ko), peroxisomal abundance increased compared to non-
infected mice. Although BoDV1 replicates in the nucleus, this increase may reflect the need of
peroxisomes by BoDV1 for viral membrane assembly and replication as shown in the case of
influenza viruses, where an increase in peroxisomal abundance and ether phospholipid
production occurred simultaneously (Tanner et al., 2014). Moreover, primary skin fibroblasts
from Zellweger patients — which completely lack peroxisomes — were resistant to infection by
enveloped herpesviruses (Jean et al., 2018; Cook et al., 2019). In the present study, BoDV1
distribution and persistence were comparable in all mouse lines, even in TNFR1ko where no
changes in peroxisomes occurred (Kramer et al.,, 2012; Hirz, 2017). Overall, although
peroxisomal abundance remained unchanged in the hippocampus, cerebral and cerebellar
cortices of BoDV1-infected TNFR1ko mice, BoDV1 still replicated and spread to all brain
regions. Hence, to suggest that peroxisomes are needed by this enveloped virus for replication
may be farfetched.

Contrary to the findings of our study, some enveloped viruses decreased peroxisome numbers
after infection of target cells, which was due to direct interactions between viral proteins and
PEX proteins. For example, the open reading frame (ORF)-14 of SARS-CoV2 was shown to
interact with human PEX14 (Knoblach et al., 2021); the capsid proteins of West Nile and
Dengue viruses targeted PEX19 (You et al., 2015); and the NS2A protein of Zika virus bound
to PEX3 and PEX19 (Coyaud et al., 2018), all leading to an inhibition of peroxisomal
biogenesis. In addition, HIV infection caused an upregulation of micro RNAs in the brain of
patients as well as in transfected macrophages, leading to loss of peroxisomes — these micro
RNAs targeted mRNAs encoding peroxisomal biogenesis proteins like PEX2, PEX7, PEX113

and PEX13 (Xu et al., 2017).
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Further, BoDV1 infection decreased mitochondrial abundance in all mouse lines except
TNFR1ko mice — the pattern of decrease was similar in Wt and TNFR2ko mice. Generally,
enveloped viruses hinder mitochondrial biogenesis and/or stimulate mitophagy due to organelle
injury (Refolo et al., 2020; Burtscher et al., 2020; Elesela & Lukacs, 2021). This promotes viral
escape of the innate antiviral immune system and replication (You et al., 2015; Jean et al., 2018;
Ferreira et al., 2019; Elesela & Lukacs, 2021). After the entry of a virus into a host cell, viral
nucleic acids — whether single- or double stranded RNA or DNA — and proteins are recognized
by PRRs in the cytosol or on endosomes (Bowie & Unterholzner, 2008; Hennessy & McKernan,
2021; Elesela & Lukacs, 2021). One particular PRR, the RLRs, interact with MAVS situated
on both peroxisomes and mitochondria. The X protein of BoDV1 can interact with MAVS on
mitochondria, curtailing both the antiviral response engineered by this organelle and the
apoptosis of BoDV1-infected neurons, which promotes the perpetual infection of brain cells
(Poenisch et al., 2009; Li et al., 2013; Ferré et al., 2016). Szelechowski et al. showed that the X
protein induced mitochondrial filamentation (Szelechowski et al., 2014); however, our study
demonstrates that BoDV1 infection caused mitochondrial loss in neurons. Our investigation
used the whole compliment of a mouse-adapted strain of BoDV1, and not just the X protein as
used by Szelechowski et al., which may account for the differences in mitochondrial dynamics.
Nevertheless, precisely how mitochondrial abundance decreased requires further
investigations. Mitochondrial loss hinders MAVS aggregation, resulting in a dampened
downstream innate antiviral signaling, consequently enhancing viral persistence in the CNS
(Bowie & Unterholzner, 2008; Odendall & Kagan, 2017; Chathuranga et al., 2021). In other
studies, Hepatitis B (Kim et al., 2013; Hossain et al., 2020) and C viruses (Kim et al., 2013,
Kim et al., 2014; Javed et al., 2018) shifted mitochondrial dynamics toward fission and
mitophagy, which attenuated virus-induced apoptosis of host cells and reduced ROS generation
from mitochondria, resulting in a dampened immune response (Elesela & Lukacs, 2021). The
mitochondrion-localized inhibitor of apoptosis of human cytomegalovirus virus also induced
mitochondrial fragmentation and loss, stifling downstream innate immune signaling (Castanier
etal., 2010).

As part of attempts by neurons to eliminate microbes, ROS may be generated, followed by an
increase in antioxidant enzymes (Elesela & Lukacs, 2021). Depending on the degree or duration
of inflammation, neurons lose their capacities to detoxify rising levels of ROS, thereby,
oxidative stress sets in with deleterious damage to subcellular organelles and their functions
(Terlecky et al., 2012; Muhammad, 2020; Elesela & Lukacs, 2021). Hence, the decrease in

catalase and SOD2 in different brain regions after BoDV1 infection, particularly in Wt and
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TNFR2ko mice, very likely destabilized intracellular redox homeostasis, leading to oxidative
stress, mitochondrial damage and loss. The decrease in catalase and SOD2 implies that BoDV1
infection of the CNS generated H20, and O>~. After experimental exposure to BoDV1, neonatal
mice may develop BD (TNFTg mice develop seizures), typified by a non-purulent
meningoencephalitis with microglial activation and unusual astrogliosis (Kramer et al., 2012;
Hirz, 2017). Therefore, reduced levels of catalase and SOD2 and potentially increased ROS
may be part of the mechanisms by which BoDV1 causes changes in glial morphology or

metabolism and neuronal metabolism.

Unlike peroxisomes, where there was an increase in abundance, mitochondrial abundance along
with SOD2 and catalase abundances decreased in several distinct neuronal cell types following
BoDV1 infection. This was the case for Wt and TNFR2ko mice but not in TNFR1ko mice,
incriminating TNFR1 signaling as a major role-player in the observed BoDV1-driven changes
of the peroxisomal and mitochondrial compartments. Generally, TNFR1- and TNFR2-signaling
have opposite effects on neurons (Bruce-Keller et al. 1999; Muhammad, 2020). Even though
TNFR1ko and TNFR2ko mice showed comparable inflammatory and astrocytic changes in the
brain after BoDV1 infection (Hirz, 2017), peroxisomal and mitochondrial dynamics as well as
their antioxidant capacities were markedly altered in neurons of TNFR2ko mice than in
TNFR1ko mice. Since the loss of mitochondria, SOD2 and catalase can be detrimental to cells,
these findings buttress the generally accepted, overall protective and pro-survival roles of
TNFR2 (McCoy & Tansey, 2008; Kramer et al., 2012; Muhammad, 2020). In other studies,
MTNF-o/TNFR2 signaling (in the absence of TNFR1) truncated the ischemic destruction of
retinal tissue (Fontaine et al, 2002) and autoimmune encephalomyelitis (Suvannavejh et al.,
2000). Additionally, Wt and TNFR1ko mice pre-sensitized with TNF-o or agonistic TNFR2-
specific antibodies were tolerant to excitotoxicity, whereas neurons from TNFR2ko died after
glutamate and/or TNF-a treatments (Marchetti et al, 2004). In another mouse model — where
mice were infected with Listeria monocytogenes —, TNFR2 enhanced the survival and clonal
expansion of CD4+ and CD8+ T cells by inhibiting apoptosis (Kim et al., 2006). In a non-
inflammatory physiological environment, the deletion of TNFR2 in mouse brain impaired
motor functions, novel object and spatial memory recognition and increased anxiety-like
behavior, whereas the deletion of TNFR1 conferred insusceptibility to age-mediated anxiety-
like behavior (Naudé et al., 2014).

After BoDV1 infection of TNFTg mice, peroxisomal and catalase abundances did not change

in neuronal cell types from transgenic brain areas; however, mitochondrial and SOD2
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abundances decreased, although still at a higher level than found in BoDV1-infected Wt mice.
Suggestively, subjecting TNF-a-primed neurons to a second insult (i.e. BoDV1) counteracted,
to some extent, the BoDV1-driven modifications of the peroxisomal compartment. Marchetti
et al. demonstrated that TNF-o. overexpression in mice substantially protects primary cortical
neurons from glutamate-induced apoptosis (Marchetti et al., 2004). In the cerebellar cortex of
TNFTg mice, where TNF-a overexpression is much lower compared to forebrain regions,
catalase abundance decreased in both Purkinje and granule neurons whilst SOD2 abundance
increased in Purkinje neurons but remained unchanged in granule neurons. Noteworthy, there
seems to be a counteractive response by the mitochondrial compartment to the decreased
antioxidant capacity of peroxisomes in the non-transgenic cerebellar cortex after BoDV1
infection, which reinforces the popular notion about the redox-based crosstalk between
peroxisomes and mitochondria (Koepke et al., 2007; Ivaschenko et al., 2011).

5.3 Outlook

The findings of this study emphasizes the relevance of transgene and knockout technologies in
animal infection studies. Using IF staining technique, the quantitative, morphometric analyses
of the peroxisomal and mitochondrial compartments in three different brain areas (i.e.
hippocampus, cerebral and cerebellar cortices) of Wt, TNFTg, TNFR1ko and TNFR2ko mice,
with and without BoDV1 infection, were carried out. We discovered that moderately
overexpressed TNF-a, as well endogenous TNF-a in the absence of TNFR2, could lead to
changes in the peroxisomal and mitochondrial abundance in several distinct neuronal cell types
— in the case of overexpression, modifications of their main antioxidant enzymes also occurred.
Nonetheless, in addition to the IF stainings performed in the present study, electron microscopy
could have been done to observe the structures of peroxisomes and mitochondria, which may
reveal any possible changes in the sizes and shapes of these subcellular organelles in neurons,
particularly after BoDV1 infection of mice. Further, molecular biology and biochemical
methods (e.g. enzyme or by-product assays) may help find out if the BoDV1-mediated increase
in peroxisomes occurred via the disruption of B-oxidation of VLCFAS or the interactions of
peroxisomes with certain viral proteins promoted lipid synthesis for BoDV1 membrane
assembly. Additional investigations into mitochondrial respiratory functions, membrane
potential, and the mitophagic process may also help identify any BoDV1-driven functional
derangements in the mitochondrial compartments, which possibly led to mitochondrial loss in

several neuronal cell types after BoDV1 infection of mice.
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Moreover, our study shows that BoDV1 infection altered the antioxidant capacity of
peroxisomes and mitochondria, which provides a lead for future studies to determine the levels
of ROS (including H202, O>~ etc.) in the hippocampus, cerebral and cerebellar cortices. This
could confirm if changes in ROS levels occurred alongside the alterations in abundances of
both organelles and their antioxidant enzymes. Additionally, semi-quantitative protein analysis
(e.g. western blot) could be done in tandem to the IF stainings to verify the fluorescent antibody
detection patterns of peroxisomal PEX14 and catalase, as well as that of mitochondrial ATP5B
and SOD?2 analyzed in this study. Drugs or chemicals blocking specific proteins or enzymes at
different stages along TNFR1/2 signaling may also help unravel the mechanism(s) behind how
TNFR1 signaling mediated the BoDV1-induced changes in both subcellular organelles and
their main antioxidant enzymes. Although peroxisomes are prime targets for enveloped viruses
for their viral membrane components, morphometric and quantitative analyses of the
endoplasmic reticulum (main site for lipid synthesis) could be performed in future studies to
better understand the versatility of BoDV1 in interacting with all sites of lipid synthesis in

neurons during BoDV1 infection.

In the natural setting, BoDV1 infection progresses to BD mainly in horses and sheep, and
sometimes in humans. In order to shed more light on the differences in susceptibility of different
species of animals (e.g. horses, sheep, and humans) to natural BoDV1 infections, the
abundances of peroxisomes and mitochondria and their main antioxidant enzymes can be

analyzed using brain samples of dead hosts.
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6. Summary

Borna disease virus 1 (BoDV1) causes persistent infection in the mammalian brain,
characterized by glial activation and T cell-mediated immunopathological neuroinflammation
in susceptible end hosts. Peroxisomes and mitochondria play essential roles in cellular antiviral
immune response, but the effect of BoDV1 infection on peroxisomal and mitochondrial
dynamics and their main antioxidant enzymes was still not clear. This study used different
mouse lines — i.e. tumor necrosis factor-a transgenic (TNFTg), TNF receptor-1 knockout
(TNFR1ko), and TNFR2ko mice in comparison to wild-type (Wt) mice — in a model where 42-
day-old non-infected mice were compared to respective BoDV1-infected mice and the other
mouse lines. In the TNFTg mouse line, moderate overexpression of TNF-a in the forebrain
regions creates a proinflammatory state, mimicking chronic inflammation. Focusing on the
hippocampus, cerebral and cerebellar cortices, the abundances of peroxisomes and
mitochondria alongside their main antioxidant enzymes, catalase and superoxide dismutase 2
(SOD2), respectively, were analyzed in several distinct neuronal cell types of each mouse line,
with or without BoDV1 infection. In non-infected Wt mice, mitochondrial but not peroxisomal
abundances were highest in cerebral pyramidal neurons and cerebellar Purkinje neurons. In
non-infected TNFTg mice, a strong increase in mitochondrial (6.9-fold) and SOD2 (12.1-fold)
abundances was detected; peroxisomal abundance increased slightly (1.5-fold), but that of
catalase decreased (2.9-fold). Unlike in non-infected TNFR1ko (where no changes occurred),
the abundances of both subcellular organelles, but not of their antioxidant enzymes, increased
in non-infected TNFR2ko mice. Following BoDV1 infection, a strong decrease in
mitochondrial (2.1-6.5-fold), SOD2 (2.7-9.1-fold), and catalase (2.7-10.3-fold) abundances,
but a slight increase in peroxisomes (1.3-1.6-fold) were seen in Wt and TNFR2ko mice. Little
or no changes occurred in BoDV1-infected TNFR1ko mice. Chronic TNF-o overexpression in
TNFTg mice hampered changes in peroxisome and catalase abundances after BoDV1 infection,
but not that of mitochondria and SOD2. The findings of this study suggest that the TNF system
is involved in the biogenesis of peroxisomes and mitochondria. Moreover, TNFR1 signaling
mediated the BoDV1-induced alterations of both organelles and the availability of their main
antioxidant enzymes, highlighting new mechanisms by which BoDV1 could evade the innate

immune system and achieve viral persistence.
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7. Zusammenfassung

Das Borna Disease Virus 1 (BoDV1) verursacht eine anhaltende Infektion im Gehirn von
Sdugetieren, die durch Glia-Aktivierung und T-Zell-vermittelte immunopathologische
Neuroinflammation bei empfanglichen Endwirten gekennzeichnet ist. Peroxisomen und
Mitochondrien spielen eine entscheidende Rolle bei der zelluléren antiviralen Immunantwort,
aber die Auswirkung einer BoDV1-Infektion auf die peroxisomale und mitochondriale
Dynamik und ihre jeweiligen antioxidativen Kapazitaten, Catalase und SOD2, war noch nicht
klar. Diese Studie verwendete verschiedene Mauslinien — d. h. Tumor-Nekrose-Faktor-a-
transgene (TNFTg), TNF-Rezeptor-1-Knockout- (TNFR1ko) und TNFR2ko-Méuse im
Vergleich zu Wildtyp-Méausen (Wt) — in 42 Tage alten, nicht infizierten und BoDV 1-infizierten
Mausen. In der TNFTg-Mauslinie fiihrte eine maRige Uberexpression von TNF-o in den
Vorderhirnregionen zu einem proinflammatorischen Zustand, der einer chronischen
Entziindung entspricht. Es wurde der Hippocampus, die Grol3hirn- und die Kleinhirnrinde mit
jeweils unterschiedlichen neuronalen Zelltypen analysiert. Bei nicht infizierten Wt-Méausen
waren die mitochondrialen, aber nicht die peroxisomalen H&ufigkeiten in den
Pyramidenneuronen der Hirnrinde und den Purkinje-Neuronen des Kleinhirns am héchsten. Beli
nicht infizierten TNFTg-Mausen wurde ein starker Anstieg der mitochondrialen (6,9-fach) und
SOD2-Haufigkeit (12,1-fach) festgestellt; Die peroxisomale Haufigkeit nahm leicht zu (1,5-
fach), die von Katalase nahm jedoch ab (2,9-fach). Anders als bei nicht infizierten TNFR1ko-
Méusen (wo keine Veranderungen auftraten) nahm bei nicht infizierten TNFR2ko-Mausen die
Haufigkeit beider Organellen zu, nicht jedoch die ihrer antioxidativen Enzyme. Nach einer
BoDV1-Infektion kam es zu einem starken Riickgang der Haufigkeit von Mitochondrien (2,1—
6,5-fach), SOD2 (2,7-9,1-fach) und Katalase (2,7-10,3-fach). Ein leichter Anstieg der
Peroxisomen (1,3-1,6-fach) wurden bei Wt- und TNFR2ko-M&usen beobachtet, wohingegen
bei TNFR1ko-Mausen keine Veranderungen auftraten. Die chronische Uberexpression von
TNF-a bei TNFTg-Mausen beeintrdchtigte Veranderungen der Peroxisomen- und
Katalasehaufigkeit nach einer BoDV1-Infektion, nicht jedoch die von Mitochondrien und
SOD2. Die Ergebnisse dieser Studie legen nahe, dass das TNF-System an der Biogenese von
Peroxisomen und Mitochondrien beteiligt ist. Darliber hinaus vermittelte die TNFR1-
Signalubertragung die BoDV1-induzierten Verdnderungen beider Organellen und die
Verfugbarkeit ihrer wichtigsten antioxidativen Enzyme, was neue Mechanismen aufzeigt,
durch die BoDV1 das angeborene Immunsystem umgehen und somit eine Persistenz erreichen

kdnnte.
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9.0 Appendix
9.1 Results

Appendix 1: One-way ANOVA comparison of peroxisomal abundances in different
brain regions of BoDV1-infected mice
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PEX14-positive peroxisomes in the hippocampus, cerebral and cerebellar cortices of each mouse line
[Wt (black), TNFTg (blue), TNFR1ko (red) and TNFR2ko (green) mice] after BoDV1 infection (A-E).
Peroxisomal abundance was higher in TNFR2ko mice than in Wt and TNFR1ko after BoDV1 infection.
Wt, wild-type; TNFTg, TNF transgenic; TNFR1ko, TNF receptor 1 knockout; TNFR2ko, TNF receptor
2 knockout; BoDV1(+), with BoDV1 infection. P-values: 0.01-0.05 (*); 0.001-0.01 (**); 0.0001-0.001

(-k**) .
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Appendix 2: One-way ANOVA comparison of mitochondrial abundances in different
brain regions of BoDV1-infected mice
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ATP5-positive mitochondria in the hippocampus, cerebral and cerebellar cortices of each mouse line
[Wt (black), TNFTg (blue), TNFR1ko (red) and TNFR2ko (green) mice] after BoDV1 infection (A-E).
There was an overall decrease in mitochondrial abundance in all but TNFR1ko mice. Despite this
decrease, mitochondrial abundance was higher in most brain regions in TNFTg mice compared to Wt
mice after BoDV1 infection. Wt, wild-type; TNFTg, TNF transgenic; TNFR1ko, TNF receptor 1
knockout; TNFR2ko, TNF receptor 2 knockout; BoDV1(+), with BoDV1 infection. P-values: 0.01-0.05
(*); 0.001-0.01 (**); 0.0001-0.001 (***).
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Appendix 3: One-way ANOVA comparison of catalase abundances in different brain
regions of BoDV1-infected mice
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Catalase-positive peroxisomes in the hippocampus, cerebral and cerebellar cortices of each mouse line
[Wt (black), TNFTg (blue), TNFR1ko (red) and TNFR2ko (green) mice] after BoDV1 infection (A-E).
Regardless of the overall decrease in catalase abundances in different mouse lines, no changes were seen
in most brain regions of TNFR1ko mice after BoDV1 infection. Thus, BoDV1-infected TNFR1ko mice
had higher catalase abundance in most brain regions compared to BoDV1-infected Wt mice. Wt, wild-
type; TNFTg, TNF transgenic; TNFR1ko, TNF receptor 1 knockout; TNFR2ko, TNF receptor 2
knockout; BoDV1(+), with BoDV1 infection. P-values: 0.01-0.05 (*); 0.001-0.01 (**).
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Appendix 4: One-way ANOVA comparison of SOD2 abundances in different brain
regions of BoDV1-infected mice
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SOD2-positive mitochondria in the hippocampus, cerebral and cerebellar cortices of each mouse line
[Wt (black), TNFTg (blue), TNFR1ko (red) and TNFR2ko (green) mice] after BoDV1 infection (A-
E). No changes in SOD2 abundance in TNFR1ko mice after after BoDV1 infection. Wt, wild-
type; TNFTg, TNF transgenic; TNFR1ko, TNF receptor 1 knockout; TNFR2ko, TNF receptor 2
knockout; BoDV1(+), with BoDV1 infection. P-value: 0.01-0.05 (*).

9.2 Sources of materials

Abcam, Cambridge, United Kingdom
Polyclonal rabbit anti-SOD2 antibody (ab13533)

Carl Roth Co. Ltd., Karlsruhe, Germany
Microcentrifuge

10% non-buffered formalin (P733.3)
Bovine serum albumin (BSA)

Sodium chloride (NaCl; USP, P029.3)

Department of Molecular Neurobiology, University of Groningen, the Netherlands
TNFTg mice [C57BI/6-Tg (Grin2b-Tnf)41.3MK]

TNFR1ko mice (B6.129-Tnfrsfla tm1BIt/J)

TNFR2ko mice (B6.129S2-Tnfrsf1btm1Mwm/J)

Engelbrecht Co. Ltd., Ederminde, Germany
Cover slips (24 x 50 mm?)
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Eppendorf, Wesseling-Berzdorf, Germany
Pipettes (10 pL, 20 pL, 100 pL, 200uL, and 1000uL)

Fluka, Buchs, Switzerland
Tween 20

Gesellschaft fiir Labortechnik, Burgwedel, Germany
Shaker platform (on which slides were washed in PBS)

Griffith University, Brisbane, Australia
Polyclonal rabbit anti-PEX14 antibody (gift from Denis I. Crane)
Polyclonal rabbit anti-catalase antibody (gift from Denis I. Crane)

Harlan Laboratories Co., Ltd., Indianapolis, IN, USA
Wild-type mice (C57BL/6JOlaHsd)

Heidolph Instruments, Schwabach, Germany
Magnetic Stirring Hotplate (MR 3001)

Heraeus Instruments Co. Ltd., Hanau, Germany
Centrifuge Labofuge (400R)

Invitrogen (Thermo Fisher Scientific Inc.), Dreieich, Germany
Goat anti-rabbit IgG Alexa Fluor 488 (A21206)

Leica, Berlin, Germany
Leica SM 2000R rotation microtome
Confocal laser-scanning microscope (type SPC2)

LG, Seoul, South Korea
Microwave oven (MB-392445)

Medax, Reutlinien, Germany
Thermoplate

Merck, Darmstadt, Germany
Dipotassium phosphate (K2HPO.)
Monopotassium phosphate (KH2POQx)
Sodium hydroxide (NaOH)

Citric acid (CsHsO7.H20)

Sodium citrate (CsHsNaz07.2H,0)
Xylene

Mettler-Toledo, GielRen, Germany
Weighing scale

Miele, Karlsruhe, Germany
Dishwashing machine (G7883CD)

Milli Q-Millipore (Merck KGaA), Darmstadt, Germany
Biocell A10 water system

Molecular Probes (Thermo Fisher Scientific Inc.), Eugene, OR, USA
Goat anti-rabbit 1gG Alexa Fluor 488

Polysciences, Hirschberg an der Bergstrasse, Germany
Mowiol (4-88)
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R. Langenbrinck Co. Ltd., Emmendingen, Germany
Superfrost® plus microscope glass slides

SAYV Liguid Production Co. Ltd, Flintsbach am Inn, Germany
96% Ethanol (ETO-10000-96-1)

Scotsman Ice Systems, Vernon Hills, IL, USA
Ice machine, Scotsman (AF-100)

Sigma-Aldrich, Deisenhofen, Germany

Polyclonal rabbit anti-ATP5B antibody (APA001520)
DAPI stain (4°, 6-diamino-2-phenylindole)

Hydrogen chloride (HCI)

Triton X-100

N-propyl-gallate

Glycerol

Rabbit anti-ATP5B antibody (APA 001520)
Phosphate-buffered saline (1x)

Thermo Fisher Scientific Inc., Dreieich, Germany
Dulbeccos Modified Eagle Medium, low glucose, pyruvate (31885023)

Veith, Ohringen, Germany
Microtome water bath

VWR International GmbH, Darmstadt, Germany
Vortex (M10)

WTW, Weilheim, Germany
pH meter inoLab

9.3 Buffers and solutions (IF staining of FFPE brain tissue)

Phosphate-buffered saline (PBS) solution
For a 1000 ml of 10% PBS stock solution (10x):
e 43.5g sodium chloride (NaCl), 22.8g dipotassium phosphate (K2HPO4), and 6.8¢
monopotassium phosphate (KH2PO4) in 1000 ml distilled water
e Store solution at RT

For a 1000 ml 1% PBS solution (1x):
e 100 ml of 1% PBS stock solution and 900 ml distilled water
e Stir gently and set pH 7.4 using 0.1-1M hydrochloric acid (HCI)
e Store solution at RT

Citrate buffer

Solution A: 0.1mM citric acid (2.1g CeéHgO7.H20 in 100 ml distilled water)
Solution B: 0.1mM sodium citrate (14.7g CsHsNazO7.2H20 in 500 ml distilled water)
For a 1000ml citrate buffer:

¢ 15 ml solution A and 85 ml solution B with 900 ml distilled water

e Set pH 6.0 using 0.1-1M sodium hydroxide (NaOH)

e Store solution at 4°C

146



Appendix

4% PBSA/0.05% Tween 20 blocking solution

For a 1000ml 4% PBSA blocking solution;
¢ 40g BSA in 1000ml of 1% PBS with 500pl of 0.05% Tween 20
e Stir gently to avoid foam formation
e Store frozen

1% PBSA/0.05% Tween 20 dilution solution

For a 1000ml of dilution buffer solution:
e 10g BSA in 1000ml of 1% PBSA with 500ul of 0.05% Tween 20
e Stir gently to avoid foam formation
e Store frozen

Mowiol 4-88 solution
¢ 16.7 % Mowiol 4-88 (w/v) in 80 ml 1x PBS with 40 ml
glycerol
e centrifuged at 15,000 rpm for 1 h
e supernatant collected and stored at -20°C

2.5% Anti-fading agent
¢ 2.5 g N-propyl-gallate in 50 ml PBS (1x) with 50 ml glycerol

Mounting medium
e 3 parts of Mowiol 4-88
e 1 part of anti-fading agent

DAPI (1:750 solution)
e 1 mg/ml stock solution + 750 distilled water

9.4 Mouse data sheet for the animal experiments

Appendix 5: Mouse data sheet for all 42-day-old mice of each mouse line, with or
without BoDV1 infection

Mouse strain  Animal ID No. Genetic status Infection status

Wit V101/11 +/+ n.i.
Wit V102/11 +/+ n.i.
Wit V103/11 +/+ n.i.
Wt V104/11 +/+ n.i.
Wt V105/11 +/+ n.i.
Wit V106/11 +/+ n.i.
Wit V123/11 +/+ n.i.
Wit V5/12 +/+ n.i.
Wit V433/12 +/+ BoDV1
Wt V75/13 +/+ BoDV1
Wt V77/13 +/+ BoDV1
Wit V82/13 +/+ BoDV1
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Wit V83/13 +/+ BoDV1
Wit V87/13 +/+ BoDV1
Wt V95/13 +/+ BoDV1
Wt V126/13 +/+ BoDV1
TNFTg V120/11 tg/tg n.i.
TNFTg V125/11 tg/tg n.i.
TNFTg V126/11 tg/tg n.i.
TNFTg V127/11 tg/tg n.i.
TNFTg V6/12 tg/tg n.i.
TNFTg V76/13 tg/tg BoDV1
TNFTg V80/13 tg/tg BoDV1
TNFTg V84/13 tg/tg BoDV1
TNFTg V88/13 tg/tg BoDV1
TNFTg V97/13 tg/tg BoDV1
TNFR1Ko V259/12 d/d n.i.
TNFR1Ko V260/12 d/d n.i.
TNFR1Ko V328/14 d/d n.i.
TNFR1Ko V329/14 d/d n.i.
TNFR1Ko V330/14 d/d n.i.
TNFR1Ko V256/14 d/id BoDV1
TNFR1Ko V257/14 d/d BoDV1
TNFR1Ko V258/14 d/d BoDV1
TNFR1Ko V259/14 d/d BoDV1
TNFR1Ko V260/14 d/d BoDV1
TNFR2Ko V210/12 d/d n.i.
TNFR2Ko V397/12 d/d n.i.
TNFR2Ko V398/12 d/d n.i.
TNFR2Ko V399/12 d/d n.i.
TNFR2Ko V400/12 d/d n.i.
TNFR2Ko Vv401/12 d/d n.i.
TNFR2Ko V402/12 d/d n.i.
TNFR2Ko V403/12 d/d n.i.
TNFR2Ko V64/14 d/d BoDV1
TNFR2Ko V65/14 d/d BoDV1
TNFR2Ko V66/14 d/d BoDV1
TNFR2Ko \V204/14 d/d BoDV1
TNFR2Ko V205/14 d/d BoDV1
TNFR2Ko \V296/14 d/d BoDV1
TNFR2Ko V297/14 d/d BoDV1

+/+ (Wt): wild-type; tg/tg: homozygote TNF transgenic; d/d: homozygous TNFR1- or TNFR2-
knockout; ID no.: identification number; n.i.: non-infected; BoDV1: Borna disease virus 1-infected
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