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Abstract

Leigh syndrome (LS) isamitochondrial disease with an estimated prevalence
of 1/40.000 live births and is typically accompanied by a progressive
neurodegenerative disorder. As is commonly seen in other central nervous
system (CNS) neurodegenerative diseases, patients with LS presentabundant
neuroinflammatory hallmarks accompanying neurodegeneration. Mice
lacking systemically the subunit NDUFS4 of the complex I of the electron
respiratory chain, known as Ndufs4 knockout (KO) mice, develop fatal
progressive encephalopathy resembling LS and die approximately at
the postnatal day 55. As the disease progresses, neurodegeneration
increases being the main responsible for the neurological symptoms. As
in LS, prominent neuroinflammation is observed in affected brain areas.
Surprisingly, despite the magnitude of this neuroinflammation, the roles
of either the neuroimmune pathways or their main cellular components
have barely been addressed in Ndufs4 KO mice. We hypothesized that
neuroinflammation is by itself a harmful process in this mouse model of LS
and not just a consequence of neurodegeneration.

Firstly, we studied the contributions of microglia, the specialized immune cell
of the CNS, to the Ndufs4 KO mouse pathology. We used a pharmacological
approach consisting of the chronic administration of a colony stimulation
factor 1 receptor (CSFR1) antagonist, PLX3397, which has the capability
of depleting mouse microglia from the CNS parenchyma. We found that
microglia contribute to the progression of the pathology since their partial
depletion extended survival, delayed the onset of the disease, and alleviated
brain pathology.

Secondly, we tried to find putative mediators responsible for the microglial
detrimental actions in Ndufs4 KO mice. To do so, we studied the role of
an important neuroinflammatory mediator, the cytokine interleukin-6
(IL-6), which is known to have strong detrimental effects during chronic
neuroinflammation. In this case, we generated a Double KO mouse line
with a combined complete deficiency of IL-6 and NDUFS4 and appropriate
controls. In short, knocking out /6 had minor effects on the development
of the Ndufs4 KO mice pathology.

Finally, once we proved that decreasing the neuroimmune response
by depleting microglial cells had beneficial effects in Ndufs4 KO mice,
we wanted to assess the opposite paradigm and test whether a chronic
induction of a neuroinflammatory state in the CNS of Ndufs4 KO mice
would be detrimental or not. For that purpose, we took advantage of
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the GFAP-IL6 mouse, which overexpresses IL-6 only in astrocytes and
produces chronic microglia and astrocyte reactivity, by generating a mouse
line with CNS IL-6 overexpression and whole-body NDUFS4 deficiency.
IL-6 overexpression in the CNS aggravated the phenotype of female mice
to some extent but did not affect the phenotype of male mice. Interestingly,
an abnormal neuroinflammatory response to IL-6 overexpression was
observed in Ndufs4 KO mice compared to controls, which may have
potential implications for understanding LS.

Taken together, our results demonstrate that neuroinflammation, especially
the microglial response, is a pathogenic driving mechanism of the Ndufs4
KO mice encephalopathy that should be considered as a target for future
therapies in patients with LS.

14



Resumen

El sindrome de Leigh (SL) es una enfermedad mitocondrial con una
prevalencia estimada de un caso por cada 40.000 nacimientos. Tipicamente,
el SL se acompania de un proceso neurodegenerativo agudo y progresivo.
Tal y como se observa en otras enfermedades neurodegenerativas del
sistema nervioso central (SNC), pacientes con SL presentan abundantes
sellos distintivos de un proceso neuroinflamatorio acompanando a
la neurodegeneracién. Los ratones que carecen de forma sistémica de
la subunidad NDUFS4 del complejo I de la cadena transportadora de
electrones, conocidos como ratones Ndufs4 knockout (KO), desarrollan una
encefalopatia de caracteristicas similares a la que se observa en pacientes
con SL y que acaba provocando su muerte cuando apenas tienen 55 dias de
vida. A medida que progresa la enfermedad, la neurodegeneracion aumenta,
siendo ésta la principal responsable de los sintomas neurologicos. Como
en pacientes con SL, se observa una prominente neuroinflamacion en las
regiones cerebrales afectadas. Sorprendentemente, a pesar de la magnitud
de la neuroinflamacion asociada a las lesiones cerebrales, el papel que
juegan las vias neuroinmunitarias junto con sus componentes celulares mas
importantes no se ha estudiado de manera detallada en los ratones Ndufs4
KO. Hipotetizamos que la neuroinflamacion es un proceso perjudicial per
se en el modelo murino de SL, y no tinicamente un mero subproducto de la
neurodegeneracion.

En primer lugar, estudiamos las contribuciones de la microglia, la célula
especializada del sistema inmune en el SNC, en el desarrollo de la patologia
del ratén Ndufs4 KO. Usamos una aproximacion farmacoldgica que
consistio en la administracion de un antagonista del receptor 1 del factor
estimulador de colonias (CSF1R), conocido como PLX3397, que nos permit6
eliminar la microglia del parénquima del SNC. Nuestros resultados indican
que la microglia contribuye a la progresion de la enfermedad, dado que
su deplecion parcial extendio la supervivencia, retraso la aparicion de la
enfermedad y mejord la patologia cerebral.

En segundo lugar, intentamos hallar posibles mediadores responsables de
las acciones perjudiciales de la microglia. Para ello, estudiamos el papel
de un mediador neuroinflamarorio muy importante, la interleuquina-6
(IL-6), conocida por jugar papeles perjudiciales en el contexto de una
neuroinflamacién crénica. En este caso, generamos una linea murina Doble
KO que presentaba una deficiencia completa de IL-6 y NDUFS4 junto con
sus respectivos controles. Brevemente, eliminar la produccién de IL-6 tuvo
un impacto menor en el desarrollo de la patologia de los ratones Ndufs4 KO.
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Finalmente, una vez demostrado que disminuir la respuesta neuroinmu-
nitaria a través de la deplecion de las células microgliales tiene efectos
beneficiosos en los ratones Ndufs4 KO, quisimos examinar el paradigma
opuesto y estudiar si la induccion de un estado neuroinflamatorio crénico en
el SNC de los ratones Ndufs4 KO seria perjudicial o no. Con este objetivo en
mente, nos beneficiamos del modelo de ratén GFAP-IL6, que sobreexpresa
la IL-6 exclusivamente en astrocitos produciendo una reactividad microglial
y astrocitica crénica. Generamos una linea murina doble transgénica con
sobreexpresion de IL-6 en el SNC y deficiencia completa de NDUFS4 junto
con sus controles. Observamos que la sobreexpresion de esta interleuquina
agravaba significativamente el fenotipo de las hembras Ndufs4 KO pero no
asi el de los machos. Es importante mencionar que los ratones Ndufs4 KO con
sobreexpresion de IL-6 mostraron una respuesta neuroinflamatoria anémala
en comparacion con los ratones control, lo que podria tener implicaciones en
la comprension del SL.

En conjunto, nuestros resultados demuestran que la neuroinflamacion,
especialmente la respuesta microglial, es un mecanismo patogénico que
contribuye al desarrollo de la encefalopatia de los ratones Ndufs4 KO, y
que, por tanto, debe ser considerado como diana para futuras terapias en
pacientes con SL.
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GO: Gene ontology

Gp130: Glycoprotein 130
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protein-1

IFN: interferon

IL-1(: Interleukin-1p

IL-10: Interleukin-10

IL-6: Interleukin-6
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Introduction






1.1 Mitochondria: origin, main features,

and functions

Mitochondria were first described in 1857 by Rudolf von Kélliker, but it was
not until 1898 that Carl Brenda gave them their current name from the Greek
words mitos (thread) and chondros (granule) (Ernster and Schatz, 1981; Cog-
liati et al., 2016). One century after Von Kolliker described this organelle
for the first time, in 1967, Lynn Margulis (then Lynn Sagan) formulated her
endosymbiotic theory to explain the origin of a set of eukaryote organelles
(Sagan, 1967). Margulis's postulate became one of the most crucial turning
points in the history of biology. She hypothesized that millions of years ago,
at the dawning of evolution, in an increasing oxidizing atmosphere, some
eukaryote organelles, including mitochondria, evolved from endosymbiotic
bacteria: “an aerobic prokaryotic microbe (i.e., the protomitochondrion) was
ingested into the cytoplasm of a heterotrophic anaerobe. This endosymbio-
sis became obligate and resulted in the evolution of the first aerobic amitotic
amoeboid organisms” which evolved in complexity to give rise to the actu-
al eukaryote organisms (Sagan, 1967). Regarding its initial controversy, the
theory has been confirmed over the years (Lane and Martin, 2010; Roger et
al., 2017).

Mitochondria are tubular-shaped organelles with two different membranes:
the outer mitochondria membrane (OMM) and the inner mitochondrial
membrane (IMM). The IMM contains specialized structures, called cristae,
that adapt their shape and function depending on physiological conditions
(Cogliati et al., 2016). These membranes define two different spaces: the in-
termembrane space and the mitochondrial matrix (Figure 1). The latter con-
tains both circular plasmid-like DNA molecules composed of a light and a
heavy strand (Roger et al., 2017) and the enzymes necessary to support mito-
chondrial metabolic biochemical reactions (i.e., tricarboxylic acid cycle, fat-
ty acid oxidation, heme biosynthesis) (Smoly et al., 1970). The mitochondrial
genome has been reduced during evolution and progressively transferred to
the nuclear genome in a process that probably started when protomitochon-
dria were no longer capable of replicating outside the host cell (Roger et al.,
2017). Currently, human mtDNA is a double-stranded DNA molecule with a
genetic code with unique features that encodes for 13 peptide subunits of ox-
idative phosphorylation (OXPHOS) and 24 RNAs (2 rRNAs and 22 tRNA)
required for mitochondrial protein synthesis (Taanman, 1999).

During evolution, far from being just an advantageous adaptation to the
increasingly oxidized environment, mitochondria turned into integral parts
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Figure 1. Schematic representation of OXPHOS and the different mitochondrial compartments.

Co-factors NADH and FADH, are generated in the TCA cycle and serve as electron donors for

the ETC. Electrons are sequentially transferred through the different ETC complexes allowing the

generation of the electrochemical gradient necessary to generate ATP. Arrows indicate the direction

of the reaction. I-V indicate the number of the ETC complex. CoQ: ubiquinone; Cyc C: cytochrome

C; e: electrons; H*: protons; PDH: pyruvate dehydrogenase. Adapted from Vercellino and Sazanov
2021 and Schubert and Vilarinho 202.

of cellular physiology. This organelle has functions in energy generation and
metabolism (Ernster and Schatz, 1981), cell death (Bock and Tait, 2020),
autophagy (Okamoto and Kondo-Okamoto, 2012), calcium signaling (Bravo-
Sagua et al., 2017), innate and adaptative immunity (West and Shadel, 2017),
endocrine communication (Chung et al., 2017), oxidative stress (Murphy,
2009), aging (Sun et al., 2016), as well as being a sensor in a wide range of
pathological conditions (i.e., nutrient starvation, proteotoxic stress, hypoxia)
(Quirds et al., 2016; Mottis et al., 2019). Since more than 1200 proteins are
present in mitochondria, only 13 are encoded by mtDNA (Roger et al,
2017), tight crosstalk between the nucleus and mitochondria regarding
transcription, translation, and protein import into the mitochondria must
occur. This process is generally known as mitonuclear communication
(Quirds et al,, 2016) and we can differentiate between anterograde and
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retrograde. On the one hand, anterograde communication refers to nucleus
to mitochondria control, which can increase or decrease mitochondrial
activity and promote mitobiogenesis. On the other hand, retrograde
communication refers to mitochondria-to-nucleus regulation that enables
cellular homeostasis and cellular adaptations to stressors (Quirds et al., 2016;
Mottis et al., 2019).

1.2 Oxidative phosphorylation

1.2.1 Electron transport chain and energy production

The mitochondrial OXPHOS is the primary source of energy for eukaryotic
cells providing over 90% of the energetic requirements. OXPHOS is a
metabolic pathwayin which the energy coming from the oxidation of nutrients
is used by the electron transport chain (ETC) to generate an electrochemical
gradient (yAm) that allows the production of adenosine triphosphate (ATP)
(Mitchell, 1961) (Figure 1). The ETC consists of four complexes: complex I
(NADH: ubiquinone oxidoreductase), complex II (succinate dehydrogenase),
complex III (cytochrome bc, oxidoreductase), and complex IV (cytochrome
c oxidase). In addition, the ETC also requires two mobile electron carriers:
ubiquinone (CoQ) and cytochrome ¢ (cyt ¢). Complex I and II oxidize the
cofactors NADH (reduced nicotinamide adenine dinucleotide) and FADH,
(reduced flavin adenine dinucleotide), respectively, mainly produced in the
tricarboxylic acid cycle (TCA) and source electrons to reduce CoQ. Then,
Complex IIT accepts electrons from ubiquinone and reduces cyt ¢ which
donates them to Complex IV for the final reduction of molecular oxygen
(O,) into water (H,O). For a correct redox process, complexes contain
oxide-reduction cofactors in form of iron-sulfur clusters (Fe-S clusters) and
heme groups. During the electron transport, Complexes I, III, and IV also
pump H* protons from the mitochondrial matrix into the intermembrane
space, which creates an yAm (mitochondrial electrochemical gradient). The
generated proton gradient is then used by the ATP synthase to transform
ADP and inorganic phosphate into ATP (Chance and Williams, 1956;
Mitchell, 1961; Enriquez, 2016; Vercellino and Sazanov, 2021).

1.2.2 Supramolecular organization of ETC complexes

Structural organization has always been fundamental to explain the
functions of single and complexes of proteins, as well as the consequences
of their dysfunction. Two classical models of the supramolecular
organization of ETC components have been proposed since the discovery
of this process: the solid model and the fluid model, together with a recently
proposed one named plasticity-model. The solid-model proposes the
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formation of a functional entity between complexes (oxysome) that helps
electron transfer and ATP synthesis (Chance et al., 1963), whereas, in the
fluid-model, complexes and electron carriers diffuse freely in the IMM
(Hackenbrock, 1977). After Schidgger and Pfeiffer described for the first
time large supramolecular structures formed by a combination of different
ETC complexes, called supercomplexes, in both yeast and mammalian
mitochondria (Schigger and Pfeiffer, 2000), a third model, that reconciles the
solid and the fluid model, has been proposed. The so-called plasticity-model
states that both individual complexes and supercomplexes co-exist (Acin-
Pérez et al., 2008). Nowadays, the initial skepticism regarding the existence
of supercomplexes has disappeared, respiratory supercomplexes are real
physical entities. Five different mammalian supercomplexes have been clearly
described and crystalized: CICIILCIV, CICIIL, CLCIILCIV,, CIILCIV,,
and CICIICIILCIV, (Javadov et al., 2004; Enriquez, 2016; Vercellino and
Sazanov, 2021; Miihleip et al., 2022). Several physiological roles of SCs have
been proposed and described, which include: to regulate OXPHOS flux
and adapt it to metabolic demands, to increase the stability of individual
complexes and to decrease both reactive oxygen species production (ROS)
and protein aggregation (Javadov et al., 2004; Enriquez, 2016; Vercellino and
Sazanov, 2021). Moreover, this intricate organization explains why defects
in individual complexes affect the function of the others, having potential
implications in mitochondrial diseases (Mimaki et al., 2012; Mukherjee and
Ghosh, 2020).

1.3 Mitochondrial diseases

Mitochondrial diseases (MDs) are rare genetic disorders caused by
mutations in genes essential for proper mitochondrial function (Figure 2).
Since the first mutations were described (Holt et al., 1988; Wallace et al.,
1988), more than 350 causal mutations in nDNA or mtDNA have been
identified. Mutations comprise X-linked, autosomal, or mitochondrial/
maternal types of transmission (Ng et al., 2021). This enormous plethora
of mutations give rise to a wide range of heterogeneous diseases that vary
in disease onset, prognosis, tissue susceptibility, and treatment (Gorman
et al., 2016). Several general classifications have been used to categorize
patients suffering from these diseases considering either the etiology, the
disease onset, or the clinical features (Table 1). In terms of etiology, we can
subdivide MDs between primary and secondary mitochondrial diseases
(PMD and SMD, respectively) (Niyazov et al., 2016). PMDs are caused by
germline mutations in nDNA or mtDNA genes directly involved in either
OXPHOS function or production that impact its optimal performance,
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Table 1. Main syndromes in primary and secondary mitochondrial diseases:
etiology and main phenotypic features.
Adapted from Gorman et al 2016 and Niyazov et al 2016.

Disease
Childhood-onset

Primary mitochondrial diseases

Genetic etiology

Clinical features

Leigh syndrome (LS)

>75 mutations in nDNA
and mtDNA

Neurodevelopmental regression,
hypotonia, dystonia, hypopnea,
dysphagia, epilepsy, failure to thrive,
encephalopathy, basal ganglia and
brainstem lesions

Alpers-Huttenlocher
(AHS)

DNA polymerase
gamma (POLG) -related
mutations

Intractable epilepsy, psychomotor
regression and liver disease

Ataxia neuropathy
syndrome (ANS) or
mitochondrial recessive
ataxia syndrome
(MIRAS)

POLG-related mutations

Sensory and cerebellar ataxia

Single, large-scale

mtDNA deletion or Anemia, pancreatic dysfunction,
Pearson syndrome .
rearrangements of pancytopenia and renal tubulopathy
mtDNA
Congenital lactic innll)lliiAt)ejen}:toDvoN(j)Xr oint Progressive neuromuscular weakness
acidosis (CLA) . p and accumulation of lactate in the blood
mutations
Myoclonic epilepsy Epilepsy, seizures, dysarthria, dementia
myopathy sensory POLG-related mutations . pastipciz’ and m :) Zth ’ ’
ataxia (MEMSA) RS e

i:ﬁ:;::;;h(tfg OOI}\)I;K Mutations in mtDNA Subacute painless bilateral visual loss
x;?;;(;;dnal Stroke-like episodes, deafness,
encephalopathy, lactic Mutations in mtDNA car diomyopathy, cerebellar atjcuua,' .
acidosis and stroke-like seizures, encephalopathy, lactic acidosis
episodes (MELAS) and mitochondrial myopathy
Mitochondrial mtDNA de}etlons . . 1
neurogastroinstestinal and depletions due to Gastrointestinal dysmotility, muscle
encephalopath mutations in TYMP gene | weakness and atrophy, neuropathy and
(MNpGIE) pathy encoding thymidine retinopathy

phosphorylase
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. Pigmentary retinopathy, cerebellar
Single, large-scale . : .
Kearns-Sayre syndrome . ataxia, myopathy, cardiac conduction
mtDNA deletion ot .
abnormalities, diabetes and dementia.
Myoclonic epilepsy . S .
P 1 lepsy,
with ragged red fibers Mutations in mtDNA a::lgvf::g;:yoc onic epliepsy, ataxia
(MERRF)
Neurogenic muscle Sensorimotor neuropathy, ataxia and
wefik.n.ess,. ataxia and Mutations in mtDNA plgmf:ntar.y re‘Fl.nopathy, seizures,
retinitis pigmentosa learning disability, dementia, proximal
(NARP) neurogenic muscle weakness
Secondary mitochondrial diseases
Disease Etiology Clinical features
. L1 . Mutations in FXN Ataxia, muscle weakness,
Friedreich’s ataxia . .
(frataxin gene) cardiomyopathy
Mutations in ATP7B o 4T
lerme e A1 . Hepatic disease due to copper
Wilson’s diseases (copper-transporting o . .
deposition, ataxia, tremor, depression
ATPase 2 gene)
. Mutations in SMNI .
Spinal muscular Lations m Hypotonia and muscle weakness due to
(survival motorneuron
atrophy loss of motoneurons
1 gene)
. Propofol, statins,
Drug-induced ropo o S.tathS . Most affected organs are usually the
. .. doxoribucin, risperidone, | ;.
mitotoxicity . liver, heart, and skeletal muscle
acetaminophen

whereas SMDs involve germline mutations in genes not directly involved in
OXPHOS function or production that secondarily produce a mitochondrial
malfunction. In addition, SMDs can also be caused by external factors
that alter mitochondrial functioning. PMD and SMD classification can
sometimes be blurred due to overlapping patient’s signs and symptoms, but
the distinction is important since they usually require different therapeutic
approaches to reduce morbidity and mortality when a non-mitochondrial
etiology is behind the primary disease as ocurrs in SMDs (Niyazov et al,,
2016). Furthermore, PMDs can also be classified according to childhood or
adult-onset and divided into different syndromes/conditions depending on
clinical features (Ylikallio and Suomalainen, 2012; Gorman et al., 2016; Ng
etal., 2021). The most detailed studies suggest that the prevalence in children
below 16 years of age is 5-15 cases per 100.000 individuals and = 23/100.000
for adults. The latter includes both individuals with MD and those at risk of
developing any form of MD (Gorman et al., 2015).
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The huge number of different disease etiologies of PMDs, which involve
different defects in mitochondrial biology that finally impact OXPHOS
(Figure 2), explains the high degree of heterogeneity and the difficulty to
establish effective treatments (Ylikallio and Suomalainen, 2012; Gorman et
al.,2016). Not only different mutations can resultin different clinical features,
but also the same mutation, especially relevant in the case of mtDNA-related
mutations with different levels of heteroplasmy (White et al., 1999), might
lead to different disease penetrance and severity. The central nervous system
(CNS) and muscles are the most affected tissues since they have elevated
energy requirements that rely on correct OXPHOS function, but PMDs
can encompass dysfunction of any organ or tissue (Figure 3) (Ylikallio and
Suomalainen, 2012; Gorman et al., 2016). Pathophysiological mechanisms
vary depending on the specific mutations, showing organ, tissue and even
cell-type specificity. The complexity that characterizes PMDs turns almost
into an entelechy to find a single treatment for PMDs with similar clinical
features and reinforces the idea of the need to investigate the pathological
mechanisms defined by specific mutations (Ylikallio and Suomalainen,
2012; Gorman et al., 2016; Russell et al., 2020).

1.3.1 Leigh syndrome
1.3.1.1 History, definition and clinical features

Leigh syndrome (LS) (OMIM 25600), also referred to as subacute necrotizing
encephalopathy, is a primary mitochondrial disease that was first described
in 1951 by the neuropathologist Dr. Denis Archibald Leigh. Back then, he
reported the case of a 7-months-old boy that developed normally until 6
weeks before the hospital admission date, when clinical signs began. The
patient progressively worsened until his death 4 days after admission.
Symptoms included: lethargy, sweating, optic atrophy with non-reactive
pupils, and spastic limbs. The neuropathological evaluation revealed necrotic
symmetrical focal lesions from thalamus to pons, the inferior olive, and the
posterior columns of the spinal cord accompanied by vascular and astroglial
proliferation (Leigh, 1951). Since this first report, the knowledge of this
condition has increased substantially regarding clinical features, diagnosis,
genetic etiology, pathophysiology mechanisms, and patient's management,
but despite these advances no effective treatments are currently available
(Schubert and Vilarinho, 2020).

LS has an estimated prevalence of 1 case per 40.000 individuals (Rahman
et al., 1996). Some founder effects have been described in Ashkenazi Jews
(Assouline et al., 2012), Feroe Islanders (1:1700) (Ostergaard et al., 2007),
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diskinesia, spasticity)
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Others
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Figure 3. Clinical signs that can be found in patients with a mitochondrial disease.

While any type of organ or tissue can be affected (green), most mitochondrial diseases mainly
manifest neurological (yellow) and/or muscular symptoms (orange).
Adapted from Gorman et al 2016.
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and the Canadian region of Saguenay-Lac-Saint-Jean (1:2000) (Morin et
al., 1993). Like all the major syndromes defined as PMDs, LS is a relatively
heterogeneous disease. Usually disease onset starts at 2 years of age after an
initial period of normal development followed by a physiological challenge
(i.e., infection, surgery) and has a fatal prognosis with a mean survival of
2 years after the first symptoms (Sofou et al., 2014). Most patients mainly
present a neurological clinical picture that includes: neurodevelopmental
delay, epilepsy, respiratory abnormalities, ataxia, hypotonia, motor
polyneuropathy, optical atrophy, and lactic acidosis in cerebrospinal
fluid (CSF) (Sofou et al., 2014; Schubert and Vilarinho, 2020). T2-weight
neuroimaging reveals symmetrical hyperintense images in brainstem and/
or basal ganglia, but lesions can also be found in cerebellum, spinal cord,
white matter, and thalamus. Histologically, lesions are characterized by
necrotic tissue damage, vacuolation, demyelination, gliosis, and vascular
proliferation. Despite being mainly neurologic, classical LS can also affect
almost any organ or tissue. This typical neuropathological presentation led
to the proposal, in 1996, of the following stringent criteria for LS diagnosis
(Rahman et al., 1996), subsequently revised in 2016 (Lake et al., 2016):

1. Clinical features compatible with brainstem and/or basal ganglia
dysfunction.

2. rogressive neurodegenerative disease with motor and intellectual
development delay.

3. Severe deficits in the activity of OXPHOS or pyruvate dehydrogenase
complex, mutations in genes related to mitochondrial energetic
machinery, and elevated lactate in CSF or blood serum.

Adult manifestations of LS are rare and more heterogeneous compared to
those of infantile-onset (McKelvie et al., 2012). The pathology onset ranges
from the early stages of adulthood until the elderly, and, in some cases, can
be accompanied by a lethal fast progressive disease (within weeks/months)
(McKelvie et al., 2012; Sofou et al., 2014). The clinical picture may include
psychiatric disorders, intellectual decline, ataxic behaviors, memory loss,
headache, and multiple sclerosis-like phenotype.

When both pediatric and adult patients just partially fulfill the
aforementioned criteria and present non-neurological symptoms (cardiac,
gastro-intestinal, hepatologic, or hematological) a diagnosis of Leigh-like
syndrome (L-LS) can be considered, particularly in patients with an atypical
neurodegenerative process or unaffected lactate levels (Rahman et al., 1996;
Sofou et al., 2014; Lake et al., 2016).
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1.3.1.2 Etiology

Leigh syndrome is caused by genetic mutations in genes related to essential
mitochondrial functions, being the most common those that produce
errors of metabolism due to OXPHOS dysfunction. The first links of LS to
mitochondrial energy metabolism were reported during the ’60s and ’70s.
In the course of these two decades, a lack of pyruvate carboxylase activity
and deficiencies in pyruvate decarboxylase, pyruvate dehydrogenase
complex, and cytochrome ¢ were described in patients with LS, but it was
not until 1991 when the first genetic mutation, in the lysine transfer RNA
mitochondrial gene, was identified (Hammans et al., 1991). To date, more
than 75 genes have been related to the appearance of any form of LS (Table
2) and each of those genes can present different types of mutations (Lake
et al., 2016). Mutations in nDNA genes represent 80% of LS cases, whereas
mtDNA mutations represent 20%. In addition, the most frequent causes of
LS are mutations in complex I, accounting for 34% of the total cases. The
vast number of genetic etiologies explains the clinical heterogeneity of LS
similarly to the one found in other PMDs (Rahman et al., 1996).

1.3.1.3 Available treatments for Leigh syndrome

No effective treatments are currently available for patients with Leigh
syndrome. The main clinical management of patients is based on symptomatic
therapy (a medical therapy of a disease that only affects its symptoms and
not the underlying cause), so therapeutic strategies are mainly focused on
ameliorating symptoms in order to improve the patient’s quality of life
(Baertling et al., 2014; Gerards et al., 2016). In any case, the aforementioned
genetic and clinical heterogeneity must always be considered when treating
patients, because depending on the specific genetic etiology of the diseases,
not all treatments are valid.

Usually, the treatment consists of the administration of a combination of
dietary supplements (coenzyme QI0, L-carnitine, a-lipoic acid, creatine-
monohydrate, biotin, pyruvate, thiamine, and riboflavin) and dietary
interventions (ketogenic diet or reduction of dietary valine). The main
rationale for the use of these strategies is explained by their antioxidant
properties, their function as OXPHOS cofactors, or their ability to restore
some metabolites imbalance. Some of the effects of these interventions
include: increasing the electron flux in the ETC, the ATP synthesis, or
the B-oxidation of fatty acids as well as reducing the lactic acidosis or the
accumulation of mitochondrial metabolite intermediates (Baertling et al.,
2014; Gerards et al., 2016; Lee et al., 2020; Schubert and Vilarinho, 2020).
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Table 2. nDNA and mtDNA mutations affecting mitochondrial biology that are described to cause
Leigh or Leigh-like syndrome in humans.

NDUFS4 is highlighted in bold due to its importance for this thesis.

Adapted from Schubert and Vilarinho 2020.

Affectation Mutated gene/s

Complex I subunit/assembly factor

NDUFAI, NDUFA2, NDUFAS,
NDUFA10, NDUFA12,

NDUEFSI, NDUFS2, NDUFS3,
NDUFBS, NDUFSs4,

NDUFS7, NDUFSS, NDUFV1,
NDUFV2, NDUFAF2, NDUFAF4,
NDUFAF5, NDUFAF6, C170RF89,
FOXREDI, NUBPL

Compl ex II subunit/assembly factor

SDHA, SDHAFI

Complex IIT subunit/assembly factor

UQCRQ, BCSIL, TTCI19

Complex IV subunit/assembly factor

NDUFA4, COX8A, SURF1, COX10,
COX15, SCO2, PET100

Pyruvate Dehydrogenase Complex
deficiency

PDHA1, PDHX, PDHB, DLAT, DLD

Biotinidase deficiency

BTD

Thiamine deficiency

TPK1, SLCI9A3

Lipoic acid deficiency

LIPTI1, LIAS, BOLA3

Amino acid HIBCH, ECHS1
Mutations Coenzyme Q10 deficiency PDSS2, COQ9
in nDNA . . . FBXL4, POLG, POLG2, SUCLA2,
Mitochondrial DNA maintenance SUCLGL TWNK, SLC25A4, MPV17
GTPBP3, TRMU, EARS2, FARS2,
IARS2, GFM1, GEM2, LRPPRC,
Mitochondrial translation TACOI, MTFMT, C120rf65,
MRPS34, MRPS39 (PTCD3),
NARS2, TSFM
Mitochondrial dynamics dysfunction | SLC25A46, DNMIL, MFN2, RRM2B
Mitochondrial material import/export | SLC25A19
Membrane phosphocomponents SERACI
Sulfur dioxygenase ETHEI
AAA oligomeric +/— ATPase CLPB, SPG7
RNA import PNPT1
RNA-specific adenosine deaminase ADAR, RNASEH1
Nuclear translocation system RANBP2
Nuclear pore complex NUP62
Manganese transportation SLC39A8
Complex I subunit NDI, ND2, ND4, ND4L, ND5, ND6
Mutations Complex IIT subunit CO-1II
in mtDNA Complex V subunit ATP6

tRNA

MT-TK, MT-TL, MT-TV, MT-TW
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1.3.1.4 Current clinical trials

Thanks to the development of valuable preclinical models during the past
years, the understanding of the Leigh syndrome pathology has increased.
Unfortunately, this knowledge has not been yet reflected in new treatments
for patients. Moreover, just a few clinical trials in patients with Leigh
syndrome are currently ongoing according to the U.S. National Institutes of
Health (NIH) data base (https://www.clinicaltrials.gov).

1. Using vatiquinone (EPI-743), a drug based on vitamin E that has been
shown to improve the function of cells with defective mitochondria
(phase 3, NCT05218655).

2. Using sonlicromanol (KH176), a drug that acts as a ROS modulator
(phase 2, NCT04846036).

1.4 NDUFS4, a complex | subunit

Complex I, first named as NADH:ubiquinone oxidoreductase, is the first
component of the ETC. It regenerates the NAD" pool oxidizing NADH to
sustain the TCA and fatty-acid oxidation. As a result, it supplies ubiquinol
for the rest of the ETC by reducing ubiquinone with the donor electrons
and using the energy of the redox reactions to pump four protons across the
membrane, essential to generate the yAm (Agip et al., 2019; Vercellino and
Sazanov, 2021). Mammalian complex I contains 45 subunits: 14 homologs
subunits found from bacteria to humans and 31 accessory subunits
accumulated in the course of evolution (Figure 4). NDUFS4 (NADH
dehydrogenase ubiquinone iron-sulfur protein 4) is a small (18 kD) accessory
subunit of the complex I (Figure 4), and mutations in the nuclear gene
encoding NDUFS4 have been described to produce LS (Table 2) (Fassone
and Rahman, 2012; Kahlhofer et al., 2021).

Several pieces of evidence suggest that NDUFS4 has functions in the
stabilization and assembly of complex I. Blue native PAGE (polyacrylamide gel
electrophoresis) studies in skin fibroblast of patients with NDUFS4 mutations
revealed abnormal assembly profiles with complete loss of fully assembled
CI, and only a sub-assembled CI of 830 kD, apparently catalytically inactive,
was detected (Assouline et al., 2012). Moreover, both fibroblasts from patients
and tissues from mice have reduced levels of CI structural subunits but do
not present a reduction of other complexes subunits (CII-CV) (Assouline et
al., 2012; Calvaruso et al., 2012). Importantly, despite these shortcomings,
partial complex I activity could still be measured. This phenomenon could
be explained by the formation of supercomplexes (Calvaruso et al., 2012).
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Figure 4. Mammalian complex | structure and NDUFS4 location. (A,B).

In mammals, complex I has an L-shape structure with one hydrophobic arm (containing 7 subunits
encoded by mtDNA) and one hydrophilic arm (with 38 subunits, of which 37 are unique, encoded
by nDNA). Moreover, it can be subdivided into three different modules based on their functions:
The P-module that pumps protons across the IMM, the Q-module responsible for transferring
electrons to ubiquinone, and the N-module that oxidizes NADH. NDUFS4 subunit belongs to the
N-module. (A) Mammalian complex I structure (Ovis aeris) taken from Protein Data Bank (6ZKC).
(B) Adapted from Agip et. al 2019. NDUFS4: NADH:Ubiquinone oxidoreductase subunit S4;
ND1-6: NADH:Ubiquinone oxidoreductase core subunits.

In Ndufs4 KO mice tissues, CIII partially stabilizes CI in supercomplexes
(CI+CIIL) in the absence of NDUFS4 and provides partial CI activity,
whereas other supercomplexes are absent (CI+CIIL+CIV, )(Calvaruso et
al., 2012). Noteworthy, an important factor to consider when studying ETC
components is the potential introduction of preparation artifacts that can
hinder the study of the in vivo situation. Compromised CI stability due to
the absence of NDUFS4 could explain the null CI activity found in some
reports. To overcome this limitation, studies in yeast, which have a more
stable CI, found that deletion of the NDUFS4 ortholog in yeast (NUYM)
disturbed the iron-sulfur cluster of the electron input domain decreasing CI
activity (Kahlhofer et al., 2017). Taken together, the experimental data clearly
suggest that NDUFS4 is necessary for correct CI function by playing a role
in the stabilization and assembly of the fully functional mature complex.

1.4.1 Ndufs4 KO mouse as a model of Leigh syndrome

Mice lacking NDUFS4 were generated in 2008 in Dr. Richard Palmiter’s
laboratory by excision of the exon 2 of the Ndufs4 gene (Kruse et al., 2008).
In mice, exon 2 encodes for a part of the mitochondrial targeting sequence
and the 17 first amino acids of the mature protein. The excision of exon 2
produces a frameshift that impedes the formation of the NDUFS4 mature
protein (Kruse et al., 2008). As expected, Ndufs4 KO mice have reduced CI
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activities in all tissues analyzed when compared to wildtype (WT) mice:
44% in the heart, 29% in muscle, 25% in the kidney, 19% in the liver, 17% in
the pancreas, 26% in whole-brain, and 9% in the lung (Calvaruso et al., 2012).

Of note, other whole-body NDUFS4 deficient mice have been generated
in the past years using different strategies. Essentially, total knockouts
were phenotypically similar to Ndufs4 KO mice, but not always identical
(Ingraham et al., 2009; Leong et al., 2012; Wang et al., 2017; Emmerzaal et al.,
2020). Since the original Ndufs4 KO mouse is the one extensively used and
the object of this thesis, most of the attention will be paid to this particular
NDUFS4 deficient model.

1.4.1.1 CNS affectation, the deadly phenotype

The Ndufs4 KO mouse recapitulates most of the aspects of human LS brain
pathology (Table 3) and has been broadly accepted as a relevant mouse
model of LS (van de Wal et al., 2022). Ndufs4 KO mice develop a progressive
encephalopathy with neuronalloss and strong neuroinflammation beginning
at postnatal day P30 that finally produces the death of the animal at around
P55 (Kruse et al., 2008; Quintana et al., 2010). The disease progression in
Ndufs4 KO mice can be subdivided into three different stages in which
clinical signs increase in severity: early stage (P0-P29), mid stage (P30-41),
and late stage (over P41) (Quintana et al., 2010).

Table 3. Clinical signs present in patients with LS and Ndufs4 KO mice.
Adapted from Bolea et al 2019.

Clinical signs Patients with LS Ndufs4 KO mice
Decreased lifespan Yes Yes
Ataxia, motor alterations Yes Yes
Problems to thrive Yes Yes
Growth retardation Yes Yes
Respiratory abnormalities Yes Yes
Seizures Yes Yes
Hypotonia Yes Yes
Brainstem lesions Yes Yes, abundant
Basal ganglia lesions Yes Yes, moderate
Olfactory bulb lesions Not described Yes, abundant
Vestibular nuclei Yes/dorsal brainstem Yes, abundant

During the course of the disease, Ndufs4 KO mice manifest growth
retardation, decreased body weight, ataxia, paw paralysis, seizures, and
respiratory abnormalities (Kruse et al., 2008; Quintana et al., 2010, 2012b;
Johnson et al., 2013). Moreover, Ndufs4 KO mice are hypersensitive to
volatile anesthetics and propofol but resistant to ketamine (Quintana et al.,

35



2012a). The main symptoms have been shown to have a neurological origin
since Cre-driven Ndufs4 deletion in neurons and glia (Nes-KO) essentially
demonstrated the same phenotype as systemic Ndufs4 KO mice (Quintana
et al., 2010). Ndufs4 KO mice present marked regional neurodegeneration
with the vestibular nuclei (VN), olfactory bulb (OB), brainstem (BS), basal
ganglia, and cerebellum (Quintana et al., 2010; Johnson et al., 2013) being the
most affected regions; which in many cases is consistent with observations
in human patients with LS (Table 3) (Arii and Tanabe, 2000; Lake et al.,
2016). Ndufs4 KO mice also present neurodegeneration in the retina, where
abundant retinal ganglion cell loss has been described (Yu et al., 2015).

We currently know that defined neuronal populations contribute differently
to drive the phenotype of Ndufs4 KO mice. Thus, loss of NDUFS4 in
glutamatergic neurons is responsible for VN, BS, and cerebellar pathology,
leading to ataxia, motor alterations, and respiratory abnormalities as well
as being responsible for the sensitivity to volatile anesthetics, whereas its
loss in GABAergic neurons is responsible for OB and basal ganglia lesions,
and the appearance of the seizures (Zimin et al., 2016; Bolea et al., 2019).
Ndufs4 loss in striatal medium spiny neurons produced a slight progressive
motor impairment with no apparent neuronal loss (Chen et al., 2017). In
contrast, cholinergic or dopaminergic neuron-specific Ndufs4 KO mice did
not show a phenotype compared to WT mice (Choi et al., 2017; Bolea et al.,
2019). This selective susceptibility to neurodegeneration could be partially
explained by especially low CI activities, (when compared to WT) in lesion-
prone areas (14% in OB, 25% in BS, and 28% in cerebellum) with respect
to non-neurodegenerative areas (62% in the anterior cortex)(Terburgh et
al., 2021a), but these pieces of evidence must be taken with caution since
CI activities were measured in late stage animals, where lesion prone areas
have a high number of reactive glial cells (microglia and astrocytes) that are
not present in non-lesioned areas, potentially explaining these differences.
In any case, the selective neuronal susceptibility to NDUFS4 deficiency
remains somewhat a mystery.

Since neuroinflammation, mainly microgliosis and astrogliosis, has been
established as a hallmark of the disease in regions where neurodegeneration
occurs in Ndufs4 KO mice (Quintana et al., 2010), it is surprising that it has
never been studied per se as a contributor to the disease. This is remarkable
because neuroinflammation and neuroimmune responses are: (i) widely
known contributors to the pathology in neurodegenerative diseases (Colonna
and Butovsky, 2017); (ii) the main gene ontology processes upregulated
in Ndufs4 KO brains (Balsa et al., 2020; Perry et al., 2021); and (iii) have
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been shown to be reduced by all interventions that ameliorate Ndufs4 KO
phenotype (Johnson et al., 2013; Martin-Perez et al., 2020; Perry et al., 2021)
(Table 4).

1.4.1.2 Effects of NDUFS4 deficiency in peripheral tissues

Growth is severely compromised due to OXPHOS deficient function in
Ndufs4 KO mice, as a consequence, they have dramatical reduced body
weight and size. Moreover, Ndufs4 KO mice develop alopecia starting at
~P16 with a peak around P20-24 followed by a complete regrowth of hair
after this period. Alopecia is mainly explained by systemic inflammation
with extensive recruitment of monocytes and macrophages into the skin.
Ndufs4 KO mice also present increased inflammatory markers in the liver,
bone marrow, spleen, and serum. This process is in part mediated by TLR2/4
signaling which leads to a systemic increase in macrophage numbers
towards a pro-inflammatory state at early ages (Jin et al., 2014). In addition,
global NDUFS4 deficiency decreased bone resorption and increased bone
mass (Jin et al., 2014). Ndufs4 KO mice also have a slight cardiac pathology.
They present hypertrophic cardiomyopathy with an increased heart-to-body
weight ratio and also aberrant and increased number of cardiomyocytes
(Reynaud-Dulaurier et al., 2020). Importantly, some patients with mutations
in NDUFS4 also develop cardiomyopathy (Ortigoza-Escobar et al., 2016).
Interestingly, Ndufs4 conditional KO in the heart did not produce any evident
cardiac pathology at one year of age (Karamanlidis et al., 2013; Zhang et
al., 2018) highlighting the complexity and pathological interplay between
different tissues in the whole-body knockout. However, despite no evident
pathology in basal conditions, heart-specific Ndufs4 KO mice developed
accelerated heart failure after pressure overload or repeated pregnancy
(Karamanlidis et al., 2013). Regarding skeletal muscle, decreased CI activity
was found in isolated mitochondria (Calvaruso et al., 2012) as well as whole-
tissue metabolite imbalance (Terburgh et al., 2021b), and some histological
abnormalities (Kruse et al., 2008).

1.4.2 Main pathological contributors described in Ndufs4
KO mice: focus on oxygen and mTOR

During the past decade, increasing knowledge has been gained regarding
the pathological mechanism operating in Ndufs4 KO mice. Usually, this
knowledge has been obtained by using different interventions or treatments
that target specific biological processes and evaluating their impact on
the Ndufs4 KO phenotype (Table 4). Some of the interventions can exert
multiple effects that could potentially explain the benefits.
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Table 4. Most remarkable interventions in Ndufs4 KO mice summarizing both the benefit
and target of the intervention.

Intervention

Benefit of the

Intervention target/

inervention effect
Ketogenic diet None .Ce.irbohydrat.e / Bornstein et al., 2022
Lipid metabolism
OPA1 overexpression i Mltochon‘dnal Civiletto et al., 2015
dynamics
Rapamycin T mTORCI inhibition Johnson et al., 2013
. Jain et al., 2016, 2019;
Epes T Reduced 0, Ferrari et al., 2017
Phlebotomy T Reduced O, Jain et al., 2019
Reynaud-Dulaurier
AAV gene therapy T Gene replacement etal., 20205
Corraetal,, 2022
Mitochondria protein
. synthesis inhibition,
P tal., 2021
Doxycycline T inhibition of microglia eryeta
reactive state
Fenofibrate 1 Lipid metabolism Schirris et al., 2021
AD4 i Antioxidant Liu etal., 2015
A Inhibitor of CSFIR (also of )
5 . . . Aguilar et al., 2022;
* .
PLX3397 depending on c-Kit), mlcrogh.a/ leukocyte | "ot al. 2022
dose depletion
IPI-549 T PI3K-y (.:ata.ly.tlc subunit Stokes et al., 2022
inhibitor
GO6983, o ral
GF109203X, and T Inhibition of PKC R
ruboxistaurin
Increases Glycerol-3-
GPD1 overexpression 1 phosphat.e blosynthesm', Liu et al,, 2021
regeneration of cytosolic
NAD*

The number of arrows indicates the extent of the benefits derived from the intervention in terms
of survival and motor phenotype. 1: low-mild improvement; 11: considerable improvement; 111:
extensive improvement. AD4: N-acetylcysteine amide; ¢-KIT: KIT proto-oncogene receptor
tyrosine kinase; CSFIR: colony stimulation factor receptor 1; GPDI: Glycerol-3-Phosphate
Dehydrogenase 1; mTORCI: mammalian target of rapamycin complex 1; OPA1: optic atrophy gene
1; PI3K-y: Phosphoinositide 3-kinase isoform y; PKC: protein kinase C; PLX3397: pexidartinib.
* Described in this thesis project.
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Thus, for some of the treatments we still do not have a clear understanding
of the precise mechanisms beyond their beneficial effects. This is the case
when targeting oxygen availability and the mammalian target of rapamycin
(mTOR), two of the interventions that extended survival and ameliorated
Ndufs4 KO pathology the most (Johnson et al., 2013; Jain et al., 2016; Ferrari
etal., 2017).

1.4.2.1 Oxygen

Molecular oxygen (O,) is the last electron acceptor of the ETC that together
with hydrogen finally forms water (Mitchell, 1961). Indeed, 90% of the
breath oxygen is used as an ETC substrate (Rich, 2003). In physiological
conditions, around 0,2% to 2% of electrons that go through the ETC do not
finally reduce O,, but instead, produce superoxide radicals (O,). Superoxide
is a reactive oxygen species (ROS) and the main precursor of other ROS.
In the cell, both CI and CIII are the main source of ROS (Murphy, 2009).
Despite ROS have important roles in cell signaling and homeostasis, they
are highly toxic molecules that can lead to oxidative damage in membranes,
DNA, RNA, or proteins. To avoid these undesired consequences, cells have
a complex antioxidant network that limits ROS concentration, but when
the production of ROS exceeds the buffering capacity of cells, oxidative
stress ensues, and consequences can be fatal (Murphy, 2009; Schieber and
Chandel, 2014).

In normoxic conditions (21% O,), Ndufs4 KO mice oxygen consumption
is impaired, which in turn, produces increased brain oxygen levels.
Strikingly, exposing Ndufs4 KO mice to a hypoxic environment (11% O,)
normalized brain oxygen levels, extended the median survival until P270,
and dramatically prevented neuropathology, whereas exposure to hyperoxia
(55% O,) produced the death of mice within days (Jain et al., 2016; Ferrari et
al., 2017). Furthermore, other interventions that reduce brain oxygen levels,
such as phlebotomy-induced anemia or exposure to carbon monoxide, are
also effective in preventing Ndufs4 KO neuropathology (Jain et al., 2019).
Whether the hypoxic response program is necessary for pathology rescue
during hypoxic conditions is yet unknown (Jain et al.,, 2019). Indeed,
chronic activation of the canonical hypoxic response (VHL-PHD-HIF) was
insufficient to rescue Ndufs4 KO disease.

Despite O, toxicity seems to be dramatically responsible of the Ndufs4
KO pathology, the precise mechanism/s by which these elevated oxygen
levels are harmful remain mostly unknown. Since previous research has
shown that the formation of superoxide radical in isolated mitochondria
is highly dependent on the levels of oxygen (Stepanova et al., 2019), it has
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been speculated that the increased brain oxygen levels of Ndufs4 KO mice
might increase oxidative stress (Jain et al., 2019). Indeed, one study found
increased generation of superoxide radical in the cerebellums of Ndufs4
KO mice by using a two-photon fluorescence probe (Lyu et al., 2022). In
addition, elevated ROS levels have also been found in less complex models
of NDUFES4 deficiency. NDUFS4-deficient primary mouse fibroblasts
and NDUFS4-homolog (ldp-5) depleted Caenorhabditis elegans showed
increased levels of ROS (Valsecchi et al., 2013; Maglioni et al., 2022).
Moreover, ROS accumulation has been described to be pathogenic in several
Drosophila melanogaster mitochondrial mutants, where a ROS-activated
route in neurons prior to neuronal loss onset causes lipid droplet (LD)
formation and peroxidation in glial cells favoring neurodegeneration (Liu
et al., 2015). A similar pathway of LD accumulation was also observed in
microglia and astrocytes of Ndufs4 KO mice in all disease stages suggesting
an evolutionarily conserved phenomenon (Liu et al., 2015).

Importantly, increased levels of ROS can affect processes that are tightly
regulated by redox signaling like inflammation. A slight elevation of ROS
levels is necessary for a proper inflammatory response (both innate and
adaptative). Yet, when very high, they can induce hyperactivation of the
inflammatory responses (D’Autréaux and Toledano, 2007; Mittal et al,
2014; Schieber and Chandel, 2014). This is not only applicable to peripheral
tissues, but also to the CNS. ROS are important regulators and, in some
cases, inducers of microglial activation (Rojo et al., 2014), which is the main
immune cell type of the brain. In addition, ROS have been widely involved in
the pathogenicity of neurodegenerative diseases like Alzheimer's disease or
Parkinson’s disease (di Filippo et al., 2010; Rojo et al., 2014). Unfortunately,
treating Ndufs4 KO with antioxidant agents such as N-acetylcysteine amide
(AD4) had very low beneficial effects (Liu et al., 2015). Moreover, there are
not studies trying to genetically boost the antioxidant response, for instance,
by overexpressing antioxidant enzymes. Only one research described that
overexpression of metallothionein 1, a protein that protects from oxidative
stress consequences, in Ndufs4 KO mice did not modify their phenotype
(Miller et al., 2020). More research is required to comprehend how the
observed neurodegeneration and neuroinflammatory response are caused
by these increased oxygen levels and potentially by imbalanced ROS levels.

1.4.2.2 mTOR

mTOR is an evolutionarily conserved serine/threonine protein kinase
mainly known for being a master metabolic hub of the cell. At the metabolic
level, mTOR acts as a nutritional signaling system having pleiotropic effects
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by controlling cell growth, proliferation, and survival via the mTORCI
and mTORC2 complexes. It stimulates anabolic processes such as protein
synthesis (translation of mRNA, ribosome biogenesis, etc.) and lipid
synthesis while inhibiting catabolic processes such as autophagy (Laplante
and Sabatini, 2009). Similarly, mTOR has been linked to mitochondrial
metabolic activity and biogenesis (Schieke et al., 2006; Cunningham et al.,
2007). Then, the mTOR pathway integrates signals from growth factors,
oxygen levels, amino acids, ATP, and ADP to regulate all these processes and
adjust them to the metabolic requirements of a particular context (Laplante
and Sabatini, 2009). mTOR has been shown to be hyperactivated in several
models of MDs including the Ndufs4 KO (Johnson et al., 2013; Ising et al.,
2015; Khan et al., 2017). Indeed, treating Ndufs4 KO mice with rapamycin,
a mTORCI inhibitor, extended median lifespan (= P120), and delayed both
the onset of symptoms and the development of brain lesions (Johnson et
al., 2013). However, the mechanism of the rapamycin rescue remains largely
unknown.

Rapamycin has well-documented immune-modulatory properties (Powell
etal., 2012), so to test if the improvement was due to its immunosuppressive
consequences (mainly abolishing neuroinflammation), Johnson et al,
treated Ndufs4 KO mice with FK-506 (tacrolimus), an immunosuppressive
medication that binds to the same target as rapamycin, FKBP12, but
inhibits calcineurin signaling rather than mTOR (Tamura et al., 1994).
FK-506 did not influence pathology initiation or progression, showing that
the off-target disruption of calcineurin by FKBP12 binding is not likely to
account for rapamycin's effects (Johnson et al., 2013). Moreover, they did not
find any direct recovery of mitochondrial function upon treatment. They
finally proposed, based on metabolomics data, that rapamycin promotes
a metabolic shift away from glycolysis and toward amino and fatty acid
catabolism, reducing the accumulation of toxic glycolytic intermediates. In
another study, rapamycin was found to inhibit signaling through both mTOR
complexes, to restore some mitochondrial protein levels, and to reduce
the abundance and activity of multiple protein kinase C (PKC) isoforms
(Martin-Perez et al., 2020). When Ndufs4 KO mice were treated with pan-
PKC or PKC-p inhibitors, an extended survival and reduced skin and brain
inflammation was observed. Specifically, PKC inhibitors downregulated the
NF-kB inflammatory response in the brain. So, the authors propose that
rapamycin's effects on PKC and the downstream inflammatory attenuation
is, at least to some extent, mediating its beneficial effects (Martin-Perez et al.,
2020). Other authors have postulated that the benefits of mTOR inhibition
are due to the disturbance of phosphoinositide 3-kinase (PI3K) signaling,
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an upstream regulator of mTORCI. By administrating specific inhibitors of
different PI3K isoforms, they showed that the inhibition of the PI3K-y, which
is mainly expressed in leukocytes, produced comparable effects to those of
rapamycin (Stokes et al., 2022). Despite probable (Dibble and Cantley, 2015),
the connections between mTOR inhibition and PI3K signaling or between
PI3Ky inhibition and mTOR signaling are not directly proven in the Ndufs4
KO brain context (Stokes et al., 2022). It might be also possible that PI3K
inhibition has other effects rather than mTOR signaling modulation that
could potentially explain the benefits of the therapy in Ndufs4 KO mice.

1.5 Neuroinflammation and neuroimmu-
ne responses in brain disorders

The neuroimmune system can be defined as the system responsible for the
protection of the nervous system in front of a perturbation of any kind (i.e.,
injury, infection, or neuronal dysfunction due to genetic mutations) in order
to restore homeostasis. Generally, in response to any potential threat, a
plethora of innate immune sensors engage a complex biological machinery
that involves the activation of different cellular responses and the secretion of
different immune mediators to allow cell-to-cell communication (Takeuchi
and Akira,2010;Kigerletal.,2014; Colonnaand Butovsky, 2017; Vainchteinand
Molofsky, 2020). This immune-like process is known as neuroinflammation.
Importantly, the neuroinflammatory response is not always beneficial, it has
been described to be harmful in a variety of situations like aging, cancer,
autoimmune diseases, or situation in which the neuroinflammation cannot
be switched off because the cause of the response cannot be eliminated (e.g.,
dysregulation of cellular processes governing the response) or because the
perturbation is intrinsically linked to the system (e.g., genetic mutations
causing neuronal death). Both situations are particularly relevant in the
context of neurodegenerative diseases in which neuroinflammation could
end up being noxious. Importantly, neuroimmune components do not only
play key roles in neuroinflammation, as occurs with the peripheral immune
system in peripheral tissues, they have important roles that are essential for
the correct function of the CNS under physiological conditions. Examples
of those functions are, among multiple others, the correct development of
the CNS, regulation of neuronal activity, trophic support to neurons, or
the maintenance of the blood-brain barrier (BBB) (Colonna and Butovsky,
2017; Liddelow and Barres, 2017; Li and Barres, 2018; Han et al., 2021b).
The main orchestrators of neuroinflammation are microglia and astrocytes
(Vainchtein and Molofsky, 2020).
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1.5.1 Main cellular players in neuroinflammation
1.5.1.1 Microglia

Just like the discovery that neurons are the basis for brain function, microglia
characterization also had a Spanish father. Pio del Rio-Hortega, a Spanish
researcher born in a small village of Valladolid, first described microglial
cells in 1919 in his collection of four magnificent papers El “tercer elemento”
de los centros nerviosos. (Rio-Hortega, 1919a, 1919b, 1919¢c, 1919d). More
than just describing the presence of these cells in the brain, he also described
some of their main features: microglia are highly plastic cells that can
migrate, proliferate and phagocyte, especially during pathological conditions
when they undergo morphological changes. Moreover, Rio-Hortega also
hypothesized that microglia are of mesodermal origin (Rio-Hortega, 1919¢),
something that could not be clearly proved until 2010 (Ginhoux et al., 2010).

Microglial are the resident macrophages of the CNS (Li and Barres, 2018).
They account for around 10% of the total number of adult CNS cells and
present heterogeneous densities and morphologies across different CNS
regions (Figure 5 A) (Lawson et al., 1990). It was believed for years that
microglia had a similar origin as the mononuclear phagocytic system
(Ransohoft and Perry, 2009) but in vivo linear tracing in mice showed
that microglia arise solely from c-KIT*CD45  primitive erythromyeloid
progenitors in the yolk sack, in a process dependent on CSF1R, PU.1, and
IRF8, that start to invade the developing brain around embrionary day 8.5
(E8.5)(Ginhoux et al., 2010; Kierdorf et al., 2013a). In humans, this process
occurs around 4.5 to 5.5 gestational weeks (Andjelkovic et al., 1998). The
differentiation of microglia to finally become mature homeostatic cells is
a long process that requires multiple steps and the influence of other CNS
resident cells which are essential for microglia to acquire and maintain their
homeostatic signature (Baxter et al., 2021; Borst et al., 2021; Prinz et al., 2021).
Microglial functions go far beyond immunity; they have been described to
participate in key processes during CNS development and function. Some
of these functions include: (i) supporting neurogenesis, oligodendrogenesis,
vasculogenesis, and myelination, (ii) ensuring correct BBB function and its
adaptation to physiological needs, (iii) monitoring and pruning synapses, or
(iv) regulating neuronal connectivity and activity. For all these functions to
correctly occur, microglia do not only rely on their ontogeny; bidirectional
communications with the rest of the cells that integrate the CNS are essential
(Lenz and Nelson, 2018; Sierra et al., 2019; Borst et al., 2021; Prinz et al.,
2021).
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Figure 5. Different levels of microglial heterogeneity in mice.

(A) Microglia present density and morphological heterogeneity across different brain regions.
Density and morphology vary substantially even within the different parts of a particular brain
region (e.g., olfactory bulb or cerebellum). Microglial cell densities were taken from Lawson
et al 1990. (B) Different microglial states (at least at the transcriptomic level) arise at different
developmental and age time points. (C) Resting microglia have a high expression of homeostatic
microglial genes such as P2ryl2 and Tmem119 that decreases dramatically once microglia become
reactive. Microglial cells are able to sense a wide range of homeostatic perturbations trough pattern
recognition receptors. These receptors can recognize a plethora of PAMP and DAMP molecules that
allow microglia to become reactive. The specific characteristics of a given homeostatic disruption
generate different microglial subsets, some of which have been mainly characterized based on their
transcriptomic signature. ALR: AIM2-like receptor; CLR: C-type lectin receptor; CN: cerebellar
nuclei; DAM: disease-associated microglia; LDAM: lipid-droplet-accumulating microglia; LOT:
lateral olfactory tract; LPS: lipopolysaccharide; MGnD: neurodegenerative microglia; ML: molecular
layer of the cerebellum; NLR: Nod-like receptor; OT: olfactory tubercle; P2yrI2: purinergic receptor
P2Y12 gene; RLR: RIG-like receptor; TLR: Toll-like receptor; TrmemI19: transmembrane protein
119 gene; WAM: white matter-associated microglia. (B) Adapted from Prinz et al 2021.
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In resting conditions, adult microglia are highly ramified and motile cells
distributed in nonoverlapping territories within the CNS parenchyma and
characterized by high expression of Tmem119, P2ryl2, P2ryl3, Hexb, CsflIr,
and Cx3crl genes (Li et al., 2019). Indeed, ex vivo manipulation of microglial
cells drastically changes their morphology and transcriptomic profile, which
are rapidly re-acquired when cells are exposed again to a CNS environment
(Bennett et al., 2018). In these steady-state conditions, microglia are long-
lived cells that show self-renewal properties, without input from other
peripheral myeloid cells, by coupling proliferation and apoptosis rates
to maintain a homogenous density through lifetime (Ajami et al., 2007;
Kierdorf et al., 2013b; Askew et al., 2017; Huang et al., 2018).

Despite having crucial non-immune functions, microglial cells have been
mostly known for their central involvement in the CNS immune response
(Figure 5 C). Microglia are, by far, the most important and representative
immune resident cells in the CNS (Li and Barres, 2018). They belong to
the innate immune system, and like other innate immune-related cells in
the periphery, they express a variety of pattern recognition receptors (PRRs)
which are responsible for sensing potential pathogens and tissue disruptions
(Takeuchi and Akira, 2010; Kigerl et al., 2014). The main families of PRRs
include Toll-like receptors (TLRs), Nod-like receptors (NLRs), RIG-like
receptors (RLRs), C-type lectin receptors (CLRs), and AIM2-like receptors
(ALRs) (Medzhitov et al., 1997; Yamasaki et al., 2008; Rathinam et al., 2010;
Szabo et al.,, 2012; di Virgilio, 2013). PRRs ligands can be divided between
those released from pathogens, called pathogen-associated molecular
patterns (PAMPs), or those from endogenous origin, called danger-
associated molecular patterns (DAMPs). The binding of these molecules to
PRRs induce signaling cascades that finally stimulate immunity and host
defense (Takeuchi and Akira, 2010; Kigerl et al., 2014). Moreover, microglial
cells have a complex expression array of chemokine, cytokine, scavenger,
and neurotransmitter receptors (Pocock and Kettenmann, 2007; Colonna
and Butovsky, 2017). Therefore, it is not surprising that microglial cells are
involved in virtually any disruption of CNS homeostasis. Under threatening
conditions (infection, injury, disease), microglia sense the danger and rapidly
adapt, shifting their morphology and both transcriptomic and metabolic
profiles in order to induce and modulate a broad spectrum of cellular
processes to cope with the insult.

As mentioned above, morphological changes of microglia are known since
their description (Rio-Hortega 1919b, 1919d). Once microglia sense a damage
or a pathogen cue, they lose their so-called resting ramified morphology
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and become reactive (see Box 1), changing
their shape towards an ameboid-like.
Historically, microglial morphology has
been divided into 3 different types: ramified
(homeostatic condition), hypertrophied/
bushy (reactive cells with enlarged cell
bodies and reduced number of cellular
processes), and ameboid/rounded (reactive
cells with huge phagocytic activity).
Despite being useful, the morphology
of microglial cells upon stimulation is
rather a continuum than fixed states.
High-resolution microscopy together with
in-depth software analysis have allowed
characterizing microglial morphological
changes using specific morphometrical
parameters (e.g., circularity, number of

Box 1. Nomenclature
recommendations for
microglial biology.

Through the literature,
nomenclature associated
with aspects of microglial
biology can sometimes

be confusing and even
outdated. Hereby, following
recent recommendations,
homeostatic microglia

refers to cells that are under
physiological conditions and
are actively undertaking a
vast number of functions that
are not associated with any
homeostatic perturbation,
whereas reactive microglia
refers to cells that are actively
reacting to a particular
stimulus or condition

processes, etc.; Leyh et al., 2021). (Badliceliictal 2022)

Functional states of microglia have often been categorized using the in vitro
macrophage paradigm as either pro-inflammatory/neurotoxic (M1) or anti-
inflammatory/protective (M2). This M1/M2 categorization, despite being
helptul in vitro, is inadequate to describe the in vivo situation (Ransohoff,
2016; Colonna and Butovsky, 2017). In fact, state-of-the-art techniques
developed in the past few years have determined that microglial responses
are highly heterogeneous (Figure 5 C). The emergence of powerful single-
cell techniques such as single-cell RNA sequencing (scRNA-seq), single-
nuclei RNA sequencing (snRNA-seq), and cytometry by time-of-flight
mass spectrometry (CyI'OF) have allowed to describe different microglial
transcriptomic profiles during development, homeostasis, aging, and disease
that rarely display a bias towards M1/M2 states (Masuda et al., 2020; Prinz
et al., 2021). Indeed, only adult homeostatic microglial cells are relatively
homogeneous across the entire CNS, showing a transcriptional continuum
with no clearly defined clusters (Hammond et al., 2019; Li et al., 2019;
Masuda et al., 2019). During development, aging, and disease microglial cells
present a huge transcriptomic heterogeneity with numerous cellular subsets
associated with a specific context (Figure 5 B, C). The precise functional
impact of each of these microglial states and whether they are beneficial or
detrimental in disease conditions is one of the biggest questions in the field
(Masuda et al., 2020; Prinz et al., 2021).
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In the context of pathology and disease, the resolution of the microglial
response is generally crucial for recovery. In those scenarios in which the
microglial response cannot be ended due to microglial overactivation, loss
of function of key microglial regulatory process, or changes in microglial
communication with neighboring cells, microglia can be detrimental and
exacerbate pathology. As mentioned above, microglia can adopt different
states depending on the context, so it is possible that different microglial
states might be happening simultaneously and that their balance, nature, and
abundance are what determine the overall impact (Colonna and Butovsky,
2017; Li and Barres, 2018; Sousa et al., 2018; Green et al., 2020; Vainchtein
and Molofsky, 2020; Baxter et al., 2021; Borst et al., 2021; Prinz et al., 2021;
Safaiyan et al.,, 2021). In the past few years, genetic and pharmacological
methods for depleting microglial cells have been developed. Despite some
limitations, these new approaches have allowed the study of the overall
impact of microglial cells in a wide range of pathologies (Green et al., 2020).
Moreover, microglia can be direct inducers of disease. In their utmost forms,
monogenic mutations that affect microglia function have been reported
to produce severe brain disorders, currently known as microgliopathies
(Rademakers et al., 2011; Goldmann et al., 2015; Oosterhof et al., 2019;
Schwabenland et al., 2019). In addition, a huge number of rare coding
variants of microglial-associated genes increase the risk of suffering several
neurodegenerative diseases such as Alzheimer’s disease or multiple sclerosis
(de Jager et al., 2009; Sims et al., 2017).

Altogether, microglial cells have been proven to exert important physiological
functions in homeostatic conditions as well as protective effects in the context
of pathology, but dysregulation of microglial biology can contribute to the
development and progression of diseases. Microglial states are enormously
complex, with increasing evidence indicating that different states coexist,
which are highly multivariate, depending on factors such as age, sex, brain
region, or context (i.e., the nature of the homeostatic perturbation). Context-
dependent studies are then required to elucidate the specific contributions
of microglia to disease, especially in pathologies with marked active
neuroimmune processes.

1.5.1.2 Astrocytes

Astrocytes are star-shaped cells distributed throughout the entire CNS
in nonoverlapping domains but connected by gap junctions through
their processes (Sofroniew and Vinters, 2010). They derive from the
neuroepithelium. Specifically, astrocytes arise from the radial glia adjacent
to the ventricular zone during early brain development (Rowitch and
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Kriegstein, 2010). They account for around 50% of cells in the human CNS
and have critical trophic, structural, and metabolic roles in CNS development
and physiology. The most crucial functions include control of synapses
development, maturation, and function, metabolic support of neurons, being
an integral part of BBB function or being key in the neuroinflammatory
response in partnership with microglia and other CNS cells (Allen and
Eroglu, 2017; Linnerbauer et al., 2020; Han et al., 2021b).

During the late 19" and early 20™ centuries, several morphological subsets
of astrocytes were described to be present in homeostatic conditions, which
include fibrous white matter astrocytes, protoplasmic gray matter associated
astrocytes, and specialized astrocyte subtypes like Bergmann or Miiller glia
(Kolliker, 1889; Andriezen, 1893; Kettenmann and Verkhratsky, 2008). The
morphological classification has been extended to nine different subtypes in
recent years (Matyash and Kettenmann, 2010). Importantly, all the astrocyte
classes are found in both human and rodent brains, albeit human astrocytes
are bigger and more branched (Matyash and Kettenmann, 2010; Oberheim et
al., 2012). Moreover, it is now clear that astrocytic morphology is influenced
by both local cytoarchitecture and region-specific functional demands. For
instance, the formation of extensive astrocyte branching appears to be caused
by neuron-astrocyte interactions rather than just being a cell-autonomous
property (Stogsdill et al., 2017). Furthermore, astrocytes also present a huge
degree of transcriptional heterogeneity across brain regions, developmental
stages, aging, and disease (Boisvert et al., 2018; Batiuk et al., 2020; Bayraktar
et al., 2020; Hasel et al., 2021; Sadick et al., 2022), and similar to microglia,
these different transcriptional subsets have not yet been efficiently paired to
functional manifestations.

In pathological scenarios, astrocytes have the ability to elicit profound
and robust responses to insults. This process in response to pathology is
what has been named reactive astrogliosis, (see Box 2) which involves the
production of reactive astrocytes, which engage morphological, molecular,
and functional changes in response to many types of pathological condition.
This response is possible thanks to a vast sensing machinery that enables
astrocytes to respond to a wide range of molecules from different sources,
including pathogens, serum-derived proteins, and signals from any cell type
of the CNS or circulating immune cells, that finally trigger the conversion
of astrocytes to a reactive state (Liddelow and Barres, 2017; Escartin et
al., 2019, 2021; Sofroniew, 2020). Once thought to be an irreversible and
unidirectional process, recently, an elegant study found that reactive
astrocytes isolated from an injured spinal cord reverted to a naive-like state
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when transplanted into an uninjured spinal
cord, whereas they formed astrocytic scars
when transplanted into an injured spinal
cord, indicating that environmental cues
are the main contributors to the plasticity
of reactive astrocytes (Hara et al., 2017).
Reactive astrocytes are able to secrete
cytokines,  chemokines, = complement
components, growth factors, extracellular
matrix components, and metabolites that
interact with other CNS cells in order to
coordinate a response (Liddelow and Barres,
2017; Sofroniew, 2020; Escartin et al., 2021).

As being mainly influenced by context-
specific non-cell autonomous signals,
increasing evidence indicates that different
subtypes of reactive astrocytes arise as a
result of the particular context-dependent
molecular signaling created by a certain
brain tissue disruption (Itoh et al., 2018;
Diaz-Castro et al, 2019; Habib et al,
2020; Wheeler et al., 2020; Hasel et al,
2021; Sadick et al., 2022). These astrocyte
subtypes may exert different functions, with
subpopulations having even opposite eftects,
that all together mark the outcome of the
astrocyte reactivity (Escartin et al., 2021).

Box 2. Nomenclature
recommendations for
reactive astrocytes.

Astrocytosis, astrogliosis,
reactive gliosis, astrocyte
activation, astrocyte reactivity,
astrocyte re-activation, and
astrocyte reaction are all

the terms used to describe
astrocyte phenotypes in brain
pathology (Escartin et al.,
2021). Recently, a consensus
statement authored by over

80 astrocyte experts proposed
the use of the terms reactive
astrogliosis and astrocyte
reactivity to refer to astrocyte
responses to pathology. The
term diseased astrocytes is
proposed for disorders that
directly impact astrocytic
cells, such as inherited
pathogenic astrocytic gene
variations or diseases-risk
polymorphisms associated
with some neurodegenerative
diseases (e.g., mutations in
GFAP in Alexander diseases or
APOE in Alzheimer's diseases,
respectively). Finally, the term
astrocyte activation ought

to be used for physiological
conditions and not used for
pathological contexts
(Escartin et al., 2021).

It is important to emphasize that astrocyte reactivity is highly conserved
across mammalian species and that it emerged as a normal physiological
response to protect, preserve and maintain CNS tissue homeostasis
(Sofroniew, 2020). It has crucial protective functions in CNS injury (Faulkner
et al.,, 2004), stroke (Liu et al., 2014), infection (Drogemiiller et al., 2008), and
neurodegenerative diseases (Chen et al., 2009; Kraft et al., 2013; Wang et al.,
2013; Katsouri et al., 2020). As a counterpoint, loss or gain of functions in
reactive astrocytes as a result of context-specific signaling can also lead to
detrimental or maladaptive effects. It has been argued that chronic exposure
to reactivity-trigger signals can drive excessive inflammation that promotes
neurodegeneration (Brambilla et al., 2009; Argaw et al., 2012; Kim et al,,
2014; Ceyzériat et al., 2018; Wheeler et al., 2020).
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When studying a particular pathology;, it is also important to consider that
cell-autonomous astrocyte dysfunctions may also occur. These diseased
astrocytes (Box 2) can initiate or contribute to neurodegeneration even
before the appearance of reactive astrogliosis. Moreover, in some pathologies,
disease-induced astrocyte dysfunction can blur, exaggerate or alter normal
astrocyte reactivity and worsen the outcome of the disease. Therefore, it is
crucial to distinguish between normal astrocyte reactivity, either beneficial
or detrimental, from those effects produced by diseased astrocytes in order
to generate disease-specific therapies (Sofroniew, 2020; Escartin et al., 2021).

1.5.1.3 Microglia and astrocyte communication

At first sight, microglia and astrocyte have little in common apart from
their CNS location; they share neither developmental origin, structural
properties nor surveillance functions, but their tight bidirectional
coordination (Figure 6) is extremely important in both physiological and
pathological conditions (Liddelow et al., 2020; Vainchtein and Molofsky,
2020).

In physiological conditions, recent studies have shed light on the mechanism
of such interactions. For example, astrocytic CSF1, IL-34, TGF-p, and
cholesterol act as trophic support molecules required for proper microglia
specification and function both in vivo and in vitro (Bohlen et al., 2017;
Baxter et al., 2021). A cytokine-mediated communication is also necessary
for correct synaptic pruning; near a redundant synapse, astrocytes release
interleukin-33 (IL-33), which attracts microglia to the region for synapse
engulfment (Vainchtein et al.,, 2018). Astrocyte-microglia coordination is
also found in neuronal corpse removal in which astrocytes engulf small
dendritic apoptotic bodies, whereas microglia is responsible for soma and
apical dendrites engulfment (Damisah et al., 2020).

While our knowledge of this coordination in physiology is still very limited,
much more is known about the nature and the consequences of microglia-
astrocyte communication in sickness. Upon a lipopolysaccharide (LPS)
challenge, usually used to resemble a bacterial infection, some astrocytic-
secreted factors stimulate microglia immune response (Kano et al., 2019). In
addition, microglial release of Clq, IL-1p, and TNF-a promotes a neurotoxic
astrocyte reactive phenotype that induces neuronal and oligodendrocyte
death in LPS-induced neuroinflammation and CNS injury (Liddelow et
al., 2017; Guttenplan et al., 2021). In case of brain viral infection, IFN-I
signaling in both neurons and astrocytes is required for proper microglial
activation in the OB to avoid further viral spreading (Chhatbar et al., 2018).
In mice experimental autoimmune encephalomyelitis (EAE), a mouse
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Figure 6. Mechanisms of microglia-astrocyte coordination.

Communication: bidirectional signaling between microglia (brown) and astrocytes (orange) can
be established to guide a particular process in which different factors (A and B) from each cell
can modulate the response of the other, regardless of whether the particular response is individual
or shared between cells. For example, some authors have hypothesized that brain microglial
repopulation after microglial depletion could be tightly controlled by such a communication.
Synchrony: particular ligands targeting both cells (factor C) can adjust the response to allow cells
to concertedly respond. For instance, both microglia and astrocyte possess purinergic receptors
that facilitate local purine sensing in both cells to elicit a common response. Relay effects: Specific
ligands target one cell type (factors D and F) that indirectly alters the other (factors E and G). For
example, LPS-stimulated microglia produce a specific neurotoxic subtype of reactive astrocytes
through the secretion of Clq, IL-1B, and TNF-a; or that astrocytic secretion of IL-3 enhances
microglial clearance capacity and motility in a mouse model of Alzheimer’s diseases. Adapted from
Vainchtein and Molofsky 2020.

model of multiple sclerosis, astrocyte and microglia cell-to-cell contacts
via membrane-bound proteins boost inflammation and enhance pathology
(Clark et al., 2021).

Collectively, what these studies demostrate, among multiple others
(Rothhammer et al., 2018; McAlpine et al., 2021), is that crosstalk between
microglia and astrocytes is essential for (i) physiological functioning, (ii)
responding to pathology, and (iii) explaining detrimental effects of these
cells in brain infection, injury or diseases.

1.5.1.4 Other cells involved in CNS inflammation

In steady-state conditions, microglia are generally the only immune cells
present in the CNS parenchyma, but an important repertoire of other
immune cells can be found at the CNS borders. Between the most relevant
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subpopulations, we can find the CNS-associated macrophages (CAMs)
which include perivascular macrophages (PVMs), meningeal macrophages
(MMs), and choroid plexus macrophages (CPMs) (Li and Barres, 2018).
In mice, both microglia and MMs share a common prenatal progenitor,
whereas PVMs originate from perinatal meningeal macrophages after
birth. CPMs are also established from myeloid perinatal progenitors and
in contrast to the other subpopulations, are the only ones being constantly
replenished by circulating monocytes (Goldmann et al., 2016; Masuda et al.,
2022). In addition, other important myeloid cells in the CNS borders are
peripheral monocytes, which are directly derived from the bone marrow.
Under physiological conditions, the presence of other myeloid cells apart
from microglia in the brain parenchyma is rare, but not during disease
conditions. For example, peripheral monocytes are an important source of
infiltrating cells that contribute to inflammation during EAE (Mildner et
al., 2009), viral infection (Cusick et al., 2013), acute demyelination (Plemel et
al., 2020), stroke (Ritzel et al., 2015), epilepsy (Varvel et al., 2016), peripheral
organ inflammation (D’Mello et al.,, 2009), or BBB integrity disruption
(Mildner et al., 2007), among others. Despite recent important advances
(e.g., scRNAseq, microglial-specific Cre driver mouse lines), the study of the
specific contributions of every particular myeloid subpopulation is still very
challenging due to overlapping markers and functions, especially during
injury and disease. Thus, the creation of tools to distinguish and selectively
manipulate microglia, CAMs, and infiltrating monocytes is a constant and
vast field of research (Bennett et al., 2016; Li and Barres, 2018; Dumas et
al., 2021; Prinz et al., 2021). Other immune cell populations present in CNS
borders include lymphocytes (B and T-cells), basophils, neutrophils, mast
cells, and dendritic cells. Similarly to monocytes, during BBB impairment
and CNS disease these cells can infiltrate into the brain parenchyma
and contribute to the outcome of a given perturbation. In summary, the
repertoire of immune cells that may participate in CNS inflammation is
large and complex. Specific cellular functions rely on the particular context
in which every cell type, establishes intricate connections with neighboring
cells that coordinately guide the overall response (Prinz and Priller, 2017).

1.6 How do mitochondria and mitochon-
drial defects induce inflammation?

As organelles with a bacterial origin, mitochondria possess a repertoire of
molecules that can be recognized by PRRs. Especially, mtDNA and mtRNAs
are analogous to those of bacterial origin and are fully able to elicit both
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antiviral-like and bacterial-like innate immune responses (West et al.,
2015; Dhir et al., 2018). In a context of mitochondrial stress, damage, or
dysfunction, mtDNA and mtRNAs can escape the mitochondrial matrix,
be released to the cytoplasm, and engage an inflammatory response via
inflammasome, TLRY, mitochondrial antiviral signaling proteins (MAVS),
and/or cGAS-STING pathways (Zhong et al., 2019; Gong et al., 2020; Luna-
Sanchez et al., 2021). Noteworthy, these signaling networks allow explaining
why throughout many severe disabling diseases, mitochondrial malfunction,
neurodegeneration, and persistent inflammation occur together. Therefore,
it has been speculated that the mitochondria-innate immune cross-talk
contributes to the pathobiology of PMDs (Luna-Sanchez et al., 2021). Indeed,
in polymerase gamma (POLG) mutator mice, a mouse model of mtDNA
instability that mirrors some clinical features of patients with POLG-related
PMD and aging (Trifunovic et al., 2004), one study found that aged mice
present a chronic c¢GAS-STING-dependent interferon type-I (IFN-I)
signalingin heart, liver, kidney, and expansion of the myeloid cell population.
Moreover, these mice showed a hyperresponsive pro-inflammatory
phenotype upon an LPS challenge also triggered by a cGAS-STING-IFN-I
signaling (Lei et al., 2021). In addition, mtDNA promotes inflammation
and muscle atrophy in mouse models of mitochondrial-related myopathies
(Rodriguez-Nuevo et al., 2018; Irazoki et al., 2023). These findings strongly
suggest considering direct immune-guided pathological consequences in
PMDs. Importantly, bulk RNA sequencing (RNAseq) of brains of both
whole-body and brain-specific Ndufs4 knockout mice revealed that innate
immune responses, including antiviral-related IFN signaling pathways,
are the most enriched (McElroy et al., 2020; Perry et al., 2021), suggesting
the potential implication of the immune response in this mouse model.
Importantly, based on the aforementioned evidence, neurons and astrocytes
are required for proper microglial response to viral infection in the OB
(Chhatbar et al., 2018) (one of the most remarkable neurodegenerative areas
in Ndufs4 KO mice). But how these IFN-I signaling pathways are triggered
in Ndufs4 KO mice remain largely unexplored.

1.7 Neuroinflammation in mitochondrial
defective mouse models

Several mouse models of mitochondrial dysfunction have been developed so
far in an attempt to study the pathological consequences of such abnormal
function (Iommarini et al., 2015; Torraco et al., 2015). Different strategies
have been used to model PMDs, which include: whole-body knockouts,
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tissue or cell-type specific knockout mice, or by introducing mutations in
specific genes by gene targeting. Unsurprisingly, and similar to what occurs
in patients suffering from PMDs, the particular phenotypic manifestations
of mice (age of onset, severity, tissue affected, etc.) depend on the precise
gene disrupted, and can vary substantially even when genes have relatively
similar mitochondrial functions. The pathological specificity related to
a particular gene affectation makes it very challenging to translate and
generalize pathological mechanisms and therapeutical approaches to
other gene disruptions even when they do not differ much in terms of the
phenotype they cause, highlighting once again the importance of considering
the genetic etiology behind the disease (Ylikallio and Suomalainen, 2012;
Gorman et al., 2016; Suomalainen and Battersby, 2018).

A number of these mouse models have allowed the study of brain pathology,
but most of the studies have been purely descriptive, and specific knowledge
of pathogenic mechanisms is still lacking. Moreover, in most cases, just like in
the Ndusf4 KO mouse model, a “neuron-centric” view of neurodegeneration
has prevailed because mitochondrial malfunction is assumed to play a direct
role in cell-autonomous neuronal death due to the large dependency of
neurons on OXPHOS ATP production. Thus, little attention has been paid
to test or discuss the potential impact that the inflammation associated to
neurodegeneration could have per sein the progression of the pathology (Rose
etal., 2017; McAvoy and Kawamata, 2019). So, in general, neuroinflammation
and its main cellular players have been widely overlooked despite most
mitochondrial dysfunctions that affect the brain in mice (Table 5), but also
in humans, showed the presence of neuroinflammatory hallmarks. Only
a few studies have focused on the direct role of astrocyte mitochondrial
dysfunction (Ignatenko et al., 2018, 2020; Fiebig et al., 2019; Murru et al,,
2019), but it was not until very recently that two studies, which include ours,
directly tested the role of microglia (Aguilar et al., 2022; Stokes et al., 2022).

Reports using astrocytic mitochondrial dysfunction models have shown
that, in some cases, not solely neuronal mitochondrial abnormalities are
responsible for a particular disease. Despite direct OXPHOS dysfunction
does not seem to produce any pathological phenotype (COX 10 and
NDUFS4 deficiencies) (Supplie et al., 2017; Ramadasan-Nair et al., 2019),
other mitochondrial perturbations in astrocytes produced a severe disease
in which neurodegeneration and neuroinflammation are highly present
(Ignatenko et al., 2018; Murru et al., 2019). Similar to what occurs with
whole-body or neuronal-specific knockouts, concrete mechanisms by which
particular mitochondrial malfunctions in astrocytes lead to disease (e.g.,
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loss of astrocytic trophic support to neurons, reactive astrocytes generating
an exacerbated inflammatory environment detrimental to neurons, etc.) are
unknown. Moreover, even when the dysfunctions do not produce any overt
phenotype, non-cell autonomous effects on neuronal survival can not be
discarded in the context of injury or disease, as observed in the astrocytic-
specific conditional Tfam KO mice, possibly due to malfunctional astrocyte
reactivity (Fiebig et al., 2019). Therefore, untangling cell-type specific
contributions (both cell autonomous and non-cell autonomous) will be key
for the complete understanding of mitochondrial diseases.

Table 5. Relevant mouse models of mitochondrial dysfunction with brain affectation:
mitochondrial affected process, phenotype of the mouse, and described
neuroinflammatory hallmarks.

Direct Neuro-
mitochondrial Phenotype inflammatory
affectation hallmarks
Progressive diseases be-
Astro?yte- Mitochondrial tw.een 38 m.onth§ of age Astrogliosis Ignatenko
specific DNA replication with motor impairment and microgliosis etal, 2018
Twinkle KO P and spongiotic encepha- 5 ?
lopathy
Sudden death at 8
Neuron- . . . -
specific Mitochondrial months due to rapid neu- Astrogliosis Ignatenko
ngzkle KO DNA replication ropathology appearance and microgliosis etal., 2018
after a healthy period
Astrocyte- rcr:)_rﬁAlifrzz?ts : Ataxia, reduced body Reactive astrogliosis
specific Afg3l1 coI;ltr(;lqan q Y weight, death of Berg- and in ﬂammitor Murru
and Afg3I2 regulator mann glia (BG), Purkinje signature Y etal., 2019
double KO 8 . Y cell (PC) abnormalities 8
functions
Twinkle point .
mutations Mitochondrial hiSez::;s, ::I)SS (;flil(i::ial Not assessed Nikkanen
(IOSCA DNA replication PP patpy . etal., 2016
neurons abnormalities
model)
Aminoacylation Sensorineural hearin, Agne
Wars2 mutant | of mitochondrial " & Not assessed gnew
(RNA loss etal., 2018
Astrogliosis and mi-
Total crogliosis in PC KO,
neuronal, PC, Aminoacylation Motor impairment, rrl:)lrcl;;)egllrﬁsg;:b?:; etljfmzeoﬂzlo.
and forebrain | of mitochondrial | extensive neuronal death .. " i
5 A . KOs (astrogliosis not Rumyantseva
Dars-specific tRNA in KO region/cell type
KOs assessed). Immune etal., 2022
pathway activation in
total neuronal KO
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Parl whole

body KO Mitochondrial Generalized necrotizing Extensive astrogliosis Spinazzi
and neuron- protease encephalomyelopathy and microgliosis etal., 2019
specific
. . Neuronal loss in stria- .
HtrA2 KO Mljcochondrlal tum, parkinsonian-like Not assessed Martins
serine protease etal., 2004
phenotype, death by P30.
RNA and protein Leukoencephalopathy
p32brain- chaperone in with undifferentiated Astrogliosis but not Yagi
specific KO mitochondrial oligodendrocyte microgliosis etal, 2017
translation and axon degeneration
GFAP increased mea-
sured in cortex and
Neuro'nal- @amngiesl Motor 1mpa'1rm§nt, hippocampus. Slight Peralta
specific . neuronal loss in hippo- tendency to IBA-1
subunit . e etal., 2020
Ndufs3 KO campus increase in hippocam-
pus. Both measured
by WB
Neuro.nal— Complex I Mild chron{c enceph- No astrogliosis. Mi- Peralta
specific . alopathy with motor L
Ndufas KO subunit impairment crogliosis not assessed etal., 2014
Nelfrona.l 3 Complex IIT En'cep}?alopathy'wuh Astrogliosis. Microgli- Diaz
specific Risp . lesions in the piriform ;
KO subunit o osis not assessed etal,, 2012
Neuronal- E.ncep.hal(.)pathy with le- o . . 4
R Complex IV sions in piriform cortex, | Astrogliosis. Microgli- Diaz etal,,
specific Cox10 . . . :
KO subunit striatum, hippocampus, osis not assessed 2012
and cortex
Astrocyte- . .
. Complex IV No evidence of patholo- Supplie
specific Cox10 . . None
KO subunit gical phenotype etal,, 2017
Ne}lronal— mtDNA vLate—onset cortico- Astrogliosis. Microgli- Soérensen
specific Tfam . hippocampal neurode- .
KO maintenance generation osis not assessed etal., 2001
Ast.rocyte- mtDNA Increased neuronal de;?th Astrogliosis in cortex R
specific Tfam . upon photothrombotic under physiological
maintenance . . etal,, 2019
KO lesion conditions
Astrm.:yte— Complex I Abnormal response to Ramad? S
specific subunit anesthesia Not assessed Nair
Ndufs4 KO etal., 2019)
Nelilronal- Mitochondrial Induction of integrated Restelli
specific Drpl . stress response. No neu- None
fission etal, 2018
KO ronal loss found
Low Aifml . ‘Astrqghiosm and Fernandez-
. Apoptosis microgliosis. Incresed
expressing . Cerebellar neuronal loss - de la Torre
. regulation pro-inflammatory
mice . etal., 2020
cytokine levels
Mitochondrial Optic atrophy. cerebellar Astrogliosis and
Slc25a46 KO fusion-fission P L . microgliosis in the Lietal., 2017
. neuronal loss, ataxia
dynamics cerebellum
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Table 5. Abbreviations.

Afg311/2: AFG3-like AAA ATPase 1/2 genes; Aifml: apoptosis-inducing factor mi-
tochondria associated 1 gene; BG: Bergmann glia; CoxI0: cytochrome C oxidase
assembly factor heme A:Farnesyltransferase COX10 gene; Dars2: aspartyl-tRNA
synthetase 2 gene; Drpl: dynamin-related protein 1 gene; HrtA2: high-temperature
requirement protein A2 gene; IOSCA: infantile-onset spinocerebellar ataxia; Ndu-
fa5: NADH-ubiquinone oxidoreductase 1 alpha subcomplex subunit 5 gene; Ndufs3:
NADH-ubiquinone oxidoreductase iron-sulfur protein 3 gene; Ndufs4: NADH
dehydrogenase (ubiquinone) Fe-sulfur protein 4 gene; Parl: presenilins-associated
rhomboid-like protein gene; PC: Purkinje cell; Risp: rieske iron-sulfur protein gene;
Slc25a46: solute carrier family 25 member 46 gene; Tfam: nuclear mitochondri-
al transcription factor A gene; Wars2: tryptophanyl-tRNA synthetase 2 gene; WB:
western blot.

1.8 Interleukin-6

Cytokines are small secreted and soluble proteins that can have either
autocrine, paracrine, or endocrine functions. Cytokines are potent biological
factors that were first discovered by their ability to control and modulate the
immune system. Soon after, they were shown to exert important functions
in other systems, including the CNS in both physiological and pathological
conditions. Within this group of factors, the interleukin-6 (IL-6) has been
proven to have relevant roles in a variety of CNS pathologies (Ozaki and
Leonard, 2002; Spooren et al., 2011; Erta et al., 2012).

IL-6isafour-helix bundle cytokine and it is considered the founding member
of the neuropoietin family (Murakami et al., 2019). In 1985, it was described
as a B-cell differentiation factor (BSF-2) that promoted B-cell maturation into
antibody-producing cells (Hirano et al., 1985). Finally renamed as IL-6, it
has important functions in the acute phase response, the transition of innate
to adaptative immunity, angiogenesis, and bone mass regulation, as well as
acting as a growth factor for hematopoietic progenitor cells (Heinrich et al.,
1990; Hurst et al., 2001; de Benedetti et al., 2006; Gopinathan et al., 2015).
In the CNS, IL-6 is produced by microglia, astrocytes, neurons, endothelial
cells, and oligodendrocytes (Figure 7) (Spooren et al., 2011) and primarily
involved in neuroinflammation. The first pieces of evidence were obtained
using GFAP-IL6 (Campbell et al., 1993) and NSE-IL6 transgenic mice (di
Santo et al., 1996), which have targeted IL-6 overexpression in astrocytes
and neurons, respectively. In these mice, chronic overexpression of IL-6
induces profound reactive phenotypes in both astrocytes and microglia
and increases the brain inflammatory milieu, even leading to cerebellar
neuronal loss and motor alterations in GFAP-IL6 mice (Campbell et al.,
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1993; di Santo et al., 1996). Moreover, IL-6 is highly induced in acute (e.g.,
traumatic brain injury, facial nerve axotomy) and chronic brain disorders,
such as Alzheimer's disease, Parkinson's disease, and multiple sclerosis (Erta
etal., 2012).

IL-6 effects are highly dependent on context (nature and intensity of the
insult). This complexity of IL-6 actions has made it difficult to decipher
the specific roles of this cytokine in the neuroinflammation associated
with different neuropathologies. Nowadays, but not exempt from certain
reductionism, IL-6 is believed to be beneficial in acute CNS injury acting
as a neurotrophic factor, reducing excitotoxicity, and stimulating recovery
after brain ischemia, whereas in chronic neuroinflammation, like in
neurodegenerative disorders, it seems to have detrimental effects (Spooren
et al., 2011; Erta et al., 2012).

During the course of this thesis project, two different research groups
reported increased expression of Il6 mRNA (Balsa et al., 2020) or IL-6
signaling pathways (McElroy et al., 2020) in brains with NDUFS4 deficiency.

1.8.1 Interleukin-6 signaling

Part of the complexity of IL-6 in neurodegenerative processes can be
explained by its types of signaling (Figure 7). Hitherto, three different types
of signaling have been described; all of which involve the interaction of IL-6,
the IL-6 receptor, and the gp130 protein (Jones and Jenkins, 2018).

The first one to be described was the classic signaling, in which IL-6 binds to
the class I cytokine receptor, the membrane-bound IL-6 receptor (mIL-6R)
(Yamasaki et al., 1988). For signal transduction, this binding alone is not
sufficienttoelicitanintracellularsignaling cascade. Itrequires oligomerization
of the IL-6/mIL-6R complex with the membrane-bound gp130 (Miillberg
et al., 1993). The gpl30 receptor is constitutively associated with tyrosine
kinase enzymes of the Janus kinase family (JAKI, JAK2, and TYK2)
(Lutticken et al., 1994; Stahl et al., 1994, 1995). The gp130 homodimerization
leads to the activation of JAK proteins which cross-phosphorylate between
them and phosphorylate gp130 tyrosine residues favoring the recruitment of
signal transductors. This process may lead to the activation of two different
intracellular transduction pathways: phosphorylation and activation of
STAT1/3 proteins that homo or heterodimerize and are translocated to
the nucleus or the binding of SHP2 that activates the PI3K pathway, which
produces activation of AKT leading to the stimulation of NF-kB and the Ras
pathways (Heinrich et al., 2003). This type of signaling can only occur in
cells that express the mIL-6R and gp130.
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Figure 7. Summary of IL-6 complexity in the CNS.

IL-6 can be produced by all resident CNS cells. Upon an insult, IL-6 is produced in different
amounts depending on the cellular source. In the brain, IL-6 mainly signals trough two different
types of signaling: the classic signaling and the trans-signaling. Classic signaling can only take
place in cells that express the membrane-bound IL-6 receptor, whereas trans-signaling can occur
in all cells that express gp130. The latter can be inhibited by the production of a soluble form of the
gp130 (sgp130). This complex signaling machinery may explain the enormous complexity of IL-6

biological actions during injury, infection, and disease. Adapted from Erta et al 2012.

The second type of IL-6 signaling described was the trans-signaling
(Miillberg et al.,, 1993), in which IL-6 binds extracellularly to the soluble
form of the IL-6 receptor (sIL-6R) previously generated by the proteolytic
actions of ADAM10/17 proteases upon the membrane receptor (mIL-6R) in
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mice and humans, or also by alternative mRNA splicing only in humans
(Schumacher et al., 2015). Then, the IL-6/sIL-6R complex can interact with
gp130 proteins located in the plasma membrane that produce the activation
of the intracellular transduction cascade. Since the gp130 is ubiquitously
expressed, this ternary complex can induce responses in cells that do not
express the mIL-6R, explaining the pleiotropic actions of IL-6 (Murakami
et al., 2019). Moreover, trans-signaling can be inhibited by the soluble form
of gp130 (spgl30), generated by alternative splicing, that binds to the IL-6/
sIL-6R complex preventing its interaction with membrane gp130 (Jostock et
al., 2001). It is especially worth highlighting that trans-signaling has a major
role in the pathogenic actions of IL-6 in the brain, whereas classic signaling
has been proposed to guide mainly regenerative and anti-inflammatory
actions (Rose-John, 2012; Campbell et al., 2014; Chucair-Elliott et al., 2014;
Rothaug et al., 2016).

Finally, a third type of signaling mechanism has been recently proposed for
dendritic cells in the context of multiple sclerosis: the cluster signaling. This
type of signaling is key for the development of EAE in mice since systemic
116 KO mice are resistant to EAE induction (Samoilova et al., 1998; Giralt
et al., 2013; Heink et al., 2017). Briefly, dendritic cells present an IL-6/IL-6R
complex to a gpl30-expressing T cell, which in combination with a T-cell
receptor (TCR) signal elicits a JAK/STAT signaling in the T lymphocyte
allowing the pathogenic Th17 differentiation of T cells (Heink et al., 2017).
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Ndufs4 KO mice, a well-established mouse model of Leigh
syndrome, present a lethal, fastly-progressing encephalopathy
with abundant neurodegeneration and neuroinflammation. We
hypothesize that the neuroinflammation associated with this
progressive brain pathology contributes to the disease, rather
than being just a consequence of the neurodegeneration.

To this aim, the main objectives of this thesis were the following:

o To study the contribution of microglia, the main immune
cells of the brain, to the neuropathology in Ndufs4 KO
mice by pharmacologically depleting them using a
CSF1R antagonist.

9 To study the role of IL-6, one of the main neuro-
inflammatory cytokines, analyzing the effects of its
whole-body deficiency in Ndufs4 KO mice.

e To study the effects of chronic neuroinflammation
in Ndufs4 KO by transgenic IL-6 overexpression in
astrocytes.
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3.1 Mice

All mice used in this study were fed ad libitum and housed in a 12-hour light-
dark cycle under specific pathogen-free conditions at constant temperature
(22 + 2°C) in the Servei d’Estabulari of the Universitat Autonoma de
Barcelona. All experiments were performed as per the approval of the
Ethics Committee on Animal Experiments of the Universitat Autonoma de
Barcelona (Ref. 3971 and 4155).

3.2 Mice generation

The parental mouse strains used in this study were Ndufs4*- (MGI:5614092)
(Kruse et al., 2008), II6” mice (MGI:6468229) previously generated in our
laboratory (Sanchis et al., 2020a), and GFAP-IL6 mice (MGI:7327600)
(Campbell et al., 1993). All mouse lines were backcrossed with a C57BL/6
background for at least ten generations. Both male and female mice were
used in the present study.

For the experiment with PLX3397, male and female Ndufs4"" mice were
bred with each other to obtain control (Ctrl; Ndufs4"*, Ndufs4*") and
Ndufs4 KO mice (Ndufs4™”"). Using this crossing strategy, animals were born
in frequencies similar to the expected mendelian ratios (Figure 8 A). Three
rounds of breeding were required to generate double-deficient mice lacking
IL-6 and NDUFS4 (Figure 8 B). (i) Firstly, constitutive IL-6 deficient mice
(Il6""/Ndufs4*'*) were crossed with heterozygous Ndufs4 (1l6"*/Ndufs4*")
mice. (ii) 1l6""/Ndufs4*" offspring were crossed with II6” mice. (iii) Finally,
the resulting 1l67/Ndufs4*" and 116""/Ndufs4*~ mice were bred to obtain
the four genotypes included in the current study: control (116*/Ndufs4*"),
116 KO (1167/Ndufs4*"), Ndufs4 KO (Il16*"/Ndufs4”"), and Double KO (1l6"/
Ndufs4"). Since Ndufs4 KO mice (Ndufs4”) cannot be used for breeding,
to maximize the efficiency of mice generation and reduce the number of
animals, in the final crossing, we decided to cross 1l6"/Ndufs4*" and 1167/
Ndufs4*" instead of crossing two 116""/Ndufs4*" mice. This strategy increases
the expected mendelian ratio of Double-KO mice generation from 6,25% to
12,5% (Figure 8 B), but it also makes it impossible to obtain II6"* mice;
thus heterozygous mice were used as controls for IL-6 deficiency. To be
consistent, heterozygous mice for the NDUFS4 deficiency (Ndufs4*") were
chosen for the control groups. It should be mentioned that both Il6* and
Ndufs4* mice are almost indistinguishable from their wildtype counterparts
(Il6** and Ndufs4*'*) in basal conditions (Kruse et al., 2008; van de Wal et
al., 2022). Regarding the astrocytic-targeted IL-6 overexpression (Figure 8
C), (i) firstly, GFAP-IL6 mice were crossed with Ndufs4* mice. (ii) From the
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resulting offspring, Ndufs4*~ and GFAP-IL6/Ndufs4*" mice were crossed,
producing six different genotypes; four of them were considered for this
study: control (Ndufs4*"), GFAP-IL6 (GFAP-IL6/Ndufs4*"), Ndufs4 KO
(Ndufs4”), and GFAP-IL6/Ndufs4 KO (GFAP-IL6/Ndufs4”). In this case,
IL-6 overexpression was conserved in hemizygosis since mice harbouring
two copies of the transgene have a severe motor disorder at early ages
(Campbell et al., 1993). In addition, to be consistent with the IL-6 deficient
mouse line, heterozygous mice for the NDUFS4 deficiency (Ndufs4*") were
again chosen as controls. In both IL-6 lines (deficiency and overexpression)
Ndufs4 KO mice were not born following mendelian ratios, with frequencies
of 17.41% and 17.9% for the IL-6 deficiency line and IL-6 overexpression
line, respectively, compared to the 25% expected (Figure 8 B, C). Genotyping
was carried out at P21 (just after weaning), which potentially may explain
the observed non-mendelian ratios for Ndufs4” births, since we did not
detect an increased death frequency of Ndufs4”- mice between P0-P20, this
suggests that some intrauterine death could be happening in the different
Ndufs4 KO mice.

3.3 Genotyping

All mice were genotyped by PCR (Tables 6, 7, and 8) using DNA extracted
from 2 to 5 mm of the tail. For DNA extraction, the tails were boiled in 100
uL of 50 mM NaOH solution for 7 min. Primers and oligonucleotides were
purchased from Sigma-Aldrich. DNA polymerase and buffers were obtained
from Thermoscientific (DreamTaq™ Green DNA polymerase, EP0713).
DNA was amplified using a Prime Thermal Cycler (Techne, Staffordshire,
United Kingdom). PCR products were run in 2% agarose gels at 110 V for
35 minutes. After running, gels were incubated in SYBR Safe stain (533102,
Invitrogen) for DNA staining following the manufacturer’s instructions.

>

Figure 8. Breeding strategy for the generation of the mice used in this project.

(A) Breedings for the PLX3397 experiment. Experimental groups: control (includes
Ndufs4*"* and Ndufs4*" mice) and Ndufs4 KO mice. (B) Breedings required to study
the effects of IL-6 deficiency in Ndufs4 KO mice. Experimental groups: control,
Ndufs4 KO, 116 KO, and Double KO mice. (C) Breedings required to study the ef-
fects of CNS IL-6 overexpression in Ndufs4 KO mice. Experimental groups: control,
Ndufs4 KO, GFAP-IL6, GFAP-IL6/Ndufs4 KO mice. (A-C) For 116 and Ndufs4, “+”
and “~“symbols indicate the wildtype and the deficient gene variant, respectively.
Percentages indicate birth rations: in italics for the expected mendelian ratio and
bold for the observed ratio.
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Table 6. PCR to determine the gene variant of Ndufs4.
WT variant shows a band at 150 bp, whereas KO variant shows a 300 bp band.

Volume (pl) Final concentration
Buffer 10x 1.5 1x 2 mM)
dNTPs 0.45 300 uM each
Primer 1
5-AGCCTGTTCTCATACCTCGG-3 0.3 0.2uM
Primer 2
5- GGTGCATACTTATACTACTAGTAG-3 03 0.2uM
Primer 3
5-GTCCTCTATGAGGGTACAGAG-3 0.3 0.2uM
Taq polymerase 0.08 26.7 mU/uL
H20 12.07
Final volume 15
Sample 1
Temperature (°C) Time (s) Cycles (n)
Inicial denaturation 95 180 1
Denaturation 95 10
Hybridation 53 30 34
Elongation 65 30
Final elongation 72 300 1

Table 7. PCR to determine the gene variant of //6.
WT variant shows a band at 300 bp, whereas KO variant shows a 150 bp band.

Volume (pl) Final concentration
Buffer 10x 1.5 1x 2 mM)
dNTPs 0.45 300 uM each
Primer Revi
5- GAGACTGTGAGAGAGGAGTGTG-3’ 0.23 0.15uM
Primer Rev2
5- CATCTTATCTGGGCTGACCCTAG-3 0.23 0.15uM
Primer Rev3
5- TCTCTGCTGGGATCTAGGGCC-3 0.3 0.2uM
Taq polymerase 0.08 26.7 mU/uL
H20 12.21
Final volume 15
Sample 1
Temperature (°C) Time (s) Cycles (n)
Inicial denaturation 95 180 1
Denaturation 95
Hybridation 56 30 34
Elongation 72
Final elongation 72 300 1
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Table 8. PCR to determine the GFAP-IL6 transgene.
Positive samples for the transgene will show a band at 196 bp. A control PCR was used as a positive
control for the PCR reaction using primers for the MtI gene. Control band should appear in all
samples at 178 bp.

Volume (pl) Final concentration
Buffer 10x 1.5 1x (2 mM)
dNTPs 0.15 0.5 uM each
Primer GFAP-IL6 F
5- GATCCAGACATGATAAGATA-3 0.45 0.2uM
Primer GFAP-IL6 R
5- CCGAAAAAACTCGGAATGG-3 03 0.2uM
Primer Mt1 F
5- TCACCAGATCTCGGAATGG-3’ 0.23 0.15uM
Primer Mt1 R
5- AAGAACCGGAATGAATCGC-3 0.23 0.15uM
Taq polymerase 0.08 26.7 mU/uL
H20 11.76
Final volume 15
Sample 1
Temperature (°C) Time (s) Cycles (n)
Inicial denaturation 95 180 1
Denaturation 95
Hybridation 53 30 33
Elongation 72
Final elongation 72 300 1

3.4 Disease staging and phenotype

Disease stages of NDUFS4-deficient mice have been previously described
in detail (Quintana et al., 2010). In brief, disease progression in Ndufs4
KO mice can be subdivided into three stages: early stage (P0-P29), mid
stage (P30-40), and late stage (<P40) in which clinical signs increase in
severity (Kruse et al., 2008; Quintana et al., 2010). Early stage Ndufs4 KO
mice (<P30) have decreased body weight and length, alopecia, breathing
abnormalities, and decreased total ambulation when compared with control
mice. During this period, mice are able to grow and gain some weight and
do not present visible signs of discomfort. Within the mid stage window
(P30-40), Ndufs4 KO mice start to lose weight around P35 and become
slightly ataxic. Clasping, body twisting, and epilepsy generally appear
around P36-40, and motor coordination progressively worsens. Symptoms
progress rapidly and around P40 Ndufs4 KO mice enter the late stage phase
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in which mice present severe ataxia, spontaneous rotation behavior, paw
paralysis, severe respiration deficits, sudden weight drop, and ultimately,

they die around P55.
3.5 Experimental designs

Several major experiments were conducted in the course of this thesis
project. For clarification, the different experimental designs are summarized
in Figures 9 and 10.

.
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Figure 9. Experimental design of the PLX3397 experiment.

Control and Ndufs4 KO mice were weaned at P21. Beginning at P24-P25 mice were injected
intraperitoneally 6 days a week with vehicle solution or 40 mg/kg of PLX3397. Mice went through
two different tests (open field and accelerating rotarod) at 3 different ages which correspond with
the early, mid, and late stages of the disease. Moreover, the respiration pattern was also assessed by
plethysmography at P47-P48. Furthermore, mice were weighed every day and monitored for disease
progression. Brains were collected at P48-P49 for different purposes which include histology, ISH,

and RNAseq.
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Figure 10. Experimental design of the IL-6 deficient and IL-6 overexpressing experiments.

Mice from the different genotypes were weaned at P21. Mice went through open field, rotarod,

and plethysmography tests at every disease stage. Mice were weighed and monitored for disease

progression every other day. At P38-P39 and P49-P55 mice were euthanized and the brain was
collected for histology and multiplex analyses.
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3.6 Microglial depletion with the colony-
stimulating factor 1 receptor (CSFIR)
inhibitor, PLX3397

A dose-response study was performed to set the appropriate PLX3397 dose.
For that purpose, 50 days-old WT mice were intraperitoneally (IP) injected
6 days a week for two weeks with vehicle solution (Veh) or 4, 8, 16, or 40 mg/
kg of PLX3397 (MedChem, HY-16749). The daily injected volume was 0,1 ml
for every 10 g of weight. PLX3397 was dissolved in a solution of 20% DMSO,
40% PEG-300, 5% Tween-80, and 35% saline (v/v). The 40 mg/kg dose was
finally selected. So, control and Ndufs4 KO mice were injected with Veh or
40 mg/kg of PLX3397 IP 6 days a week beginning on postnatal days P24-
P25 (Figure 9). To minimize litter effects, mice from the same litter and
with equal genotype were assigned different treatments.

3.7 Clinical evaluation

In the course of this project, mice were weighed and examined daily or every
other day for clinical signs (ataxia, and gait/postural alterations). Paw clasping
behavior and body twisting were examined by suspending the animals by the
tail for 20 seconds and measured as the presence or absence of the behavior;
the day of onset was recorded. Food pellets and hydrogel were placed on the
cage floor when Ndufs4 KO mice start to present paw paralysis. Finally, mice
were humanely euthanized after a 20% loss of maximum body weight, after
veterinary recommendation, or when they were found moribund.

3.8 Behavioral tests

Mice were tested at the early, mid, and late stages at postnatal days P27-29,
P38-39, and P48-49, respectively. All mice were tested after 30 minutes
of habituation in the testing room. It should be mentioned that due to
the extremely narrow temporal window, some of the animals included in
the experiments could not perform all tests at all ages. Nevertheless, this
situation was avoided as far as possible.

3.8.1 Rotarod

The rotarod test was used to monitor motor coordination. The task consisted
of placing the animals on a rotating bar that accelerated from 4 rpm to 40
rpm in 300 s (Harvard Apparatus, Holliston, MA, USA). The latency time
to fall from the rod to the ground was measured. At the early disease stage,
mice underwent two consecutive training trials the day before the first
rotarod test. A training trial was considered successful when mice did not
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fall before starting the task and did not jump during the execution of it. The
following day, the test was performed thrice with a minimum lapse of 10
min between trials, and the mean of the trials was calculated.

3.8.2 Open field (OF)

The mice were placed in one of the corners of a methacrylate white box (56
[W], 36.5 [D], 31 [H] cm) and allowed to explore the apparatus freely for 10
minutes. The measured parameters include the total ambulation distance
(horizontal activity) and the number of rearings (vertical activity; the
number of times the mouse stood on its rear limbs). The activity of the mice
was recorded through videography. The total distance traveled was analyzed
using EthoVision XT tracking software (Noldus Information Technology
bv., Wageningen, the Netherlands), whereas rearings were visually counted
by the experimenter. Rotation behavior was assessed only in the late stage
open field test and measured as the presence or absence of the behavior.

3.8.3 Whole-body plethysmography

Unrestrained whole-body plethysmography was used to assess the
ventilatory function. The detailed protocol has been described previously
(Prada-Dacasa et al., 2020). Briefly, the mice were allowed to acclimatize to
the plethysmograph chamber (EMMS, ref. PLY310) for 45 min, followed by
15 min of the experimental period. The chamber was cleaned between the
different mice. Tidal volume (volume of air moved into or out of the lungs
during a normal breath) normalized per body weight (uL-g*) and respiratory
frequency (breaths- min™) are reported in this study.

3.9 Tissue preparation for immunostaining

All mice used in the study were euthanized by decapitation. Mice ages
were at P47-P48 for the PLX3397 experiments; at P38-39 and P48-P55 for
mid and late stages, respectively, in the IL-6 deficiency and overexpression
experiments (now referred to as IL-6 experiments). All brains dissected for
histology were fixed in 4% paraformaldehyde (PFA) solution at 4°C for 24
h and then transferred to cryoprotective 30% sucrose in PBS (Phosphate-
buffered saline) (0.01 M pH 7.4) solution for 48 h at 4°C.

In PLX3397 and IL-6 experiments, the entire brain was preserved for
immunostaining. Before freezing, olfactory bulbs (OB) were separated from
the rest of the brain by cutting coronally the prefrontal cortex. OBs were
embedded in OCT medium and frozen in dry ice, whereas the remaining
brain was frozen by immersion in isobutane at -30°C. All brains used for
immunostaining were kept at -80°C until sectioning.
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3.10 Cryosectioning and immunostaining

In PLX3397 and IL-6 experiments, 20 um coronal sections of the brain were
obtained usinga Leica CM3050 S cryostat (Leica Biosystems GmbH, Wetzlar,
Germany). Brains were sectioned from bregma 0.62 mm to -2.46 mm, and
from bregma -5.34 mm to -6.64 mm following Franklin and Paxinos mouse
brain atlas (Paxinos & Franklin, 2013). The sections were preserved in an
anti-freezing solution (50% PBS 0.01M, 30% ethylene, and 20% glycerol) at
-20°C until staining. OBs were also cut at 20 pm, but directly mounted on
Superfrost slides (Thermo Fisher Scientific), dried at room temperature (RT)
(20-26°C), and stored at -80°C until staining.

Antibodies used for immunostaining are summarized in Table 9. IBA-1
(ionized calcium-binding adaptor protein-1) and TMEMI119 (transmembrane
protein 119) were used to stain for microglia, and GFAP (glial fibrillary acidic
protein), NeuN (neuronal nuclear protein), CD3 (cluster of differentiation 3),
and podocalyxin were used to stain for astrocytes, neurons, T-lymphocytes,
and blood vessels, respectively. Immunostaining negative controls, consisting
of samples incubated only with secondary antibodies, were included (not
shown).

Table 9. List of the different antibodies used for the immunostainings.

Antibody Conjugated Manufacturer Catalogue # Host Dilution
Anti-IBA1 - Wako 019-19741 Rabbit 1/1000
Anti-TMEM119 - Abcam ab209064 Rabbit 1/1000
Anti-GFAP - Dako 70334 Rabbit 1/1000
Anti-NeuN - Millipore ABNO1 Chicken 1/500
Anti-Podocalyxin - R&D Systems MAB1556 Rat 1/100
Anti-CD3 - Dako A0452 Rabbit 1/100
Anti-Rabbit Ale);aél;luor ThermoFisher A11011 Goat 1/600
Anti-Chicken Ale’zaslglum ThermoFisher A11039 Goat 1/600
Anti-Rabbit Biotin Vector BA-1000 Goat 1/200
Anti-Mouse Ale)lasl;luor ThermoFisher A-11001 Goat 1/500

In the PLX3397 and IL-6 experiments, duplicate sections of free-floating
brain slices or mounted OBs were selected within the following brain
coordinates: cortex and hippocampus (between bregma -1.94 mm and -2.30
mm), VN and cerebellum (between bregma -5.88 mm and -6.12 mm), and
OB (between bregma 4.28 mm and 3.20 mm). For immunostaining, sections
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were washed once in PBS and then blocked in 1% BSA and 0.2% Triton
X-100 in PBS solution for 1 h at RT. Slides were then incubated overnight
at 4°C with the chosen primary antibody diluted in blocking solution. The
following day, sections were left for 1 h at RT, washed three times with PBS
(10 min each), and incubated with the specific secondary antibody diluted in
blocking solution 1 h at RT carefully protected from light. Finally, sections
were washed again three times with PBS (10 min each), and free-floating
brain slices were mounted on Superfrost slides (Thermo Fisher Scientific).
The slides were then dried and mounted with DAPI Fluoromount (Southern
Biotech).

For immunohistochemical analysis of CD3* cells, brain sections were first
mounted on slides, incubated with citrate buffer (10 mM sodium citrate,
0.05% Tween, pH 6) for 20 min at 96°C for antigen retrieval, and incubated
with endogenous peroxidase blocking solution (70% methanol and 3%
hydrogen peroxide) for 15 min. Slices were then blocked as described
previously, incubated overnight at 4°C with the primary antibody diluted
in blocking solution. The next day, sections were washed three times
with PBS (10 min each) and incubated for 1 h at RT with the secondary
antibody again diluted in blocking solution. Afterwards, section were again
washed three times with PBS (10 min each) and incubated for 1h at RT with
horseradish peroxidase-coupled streptavidin (1:600, Vector SA-5004). The
immunoreactivity was visualized using 0.5 mg/ml 3,3-diaminobenzidine
and 0.033% hydrogen peroxide for 10 min at RT. Finally, the slides were
dehydrated and covered with DPX mounting medium. In this case, as
the presence of CD3* cells in the brain parenchyma in basal conditions is
extremely rare (Prinz and Priller, 2017), a positive control (GFAP-IL6 mouse
brain) described to have CD3" cell infiltrates was included and used to verify
successful CD3 detection (Quintana et al., 2009; Giralt et al., 2013).

3.11 In situ hybridization using RNAscope

In situ hybridization (ISH) using RNAscope Multiplex Fluorescent kit
(Advanced Cell Diagnostics) was used to detect Gad2 (GABAergic neurons)
and Slc17a6 (glutamatergic neurons) transcripts. Briefly, 48-49-day old mice
were euthanized, and their brains were immediately embedded in OCT
medium and frozen with dry ice. Fourteen-micrometer brain cryosections
containing the VN region were obtained, directly mounted on slides, and
kept at -80°C until use. First, sections (between bregma -5.88 mm and -6.00
mm) were fixed in cold PBS containing 4% PFA for 30 min at RT. Following
two quick washes in PBS, the brain slices were dehydrated in 50% (5 min),
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70% (5 min), and 2 x 100% (5 min each) ethanol solutions and treated with
protease I'V solution at RT for 30 min. Protease was washed away with two
PBS washes (2 min each). Target and negative control probes were applied
directly to the sections and incubated at 40°C for 2 h in a HybEZ oven
(Advanced Cell Diagnostics, Inc., Newark, CA, USA). Next, the slides were
incubated with preamplifier (AMP1, 40°C for 30 min) and amplifier reagents
(AMP2, 40°C for 15 min; AMP3, 40°C for 30 min). The slides were then
incubated with fluorescent labels (AMP4- Alt C). Finally, the brain sections
were mounted using DAPI Fluoromount.

3.12 Microscopy and image quantification

Immunofluorescence and immunohistochemistry images of brains from
the PLX3397 and IL-6 experiments were captured using a Nikon Eclipse
90i microscope coupled to a Nikon Digital Camera DXM1200F using the
ACT-1 v2.70 capture software (Nikon, Tokyo, Japan) for GFAP, IBA-1,
TMEMI119, and CD3 stainings. Cornus Ammonis 1 (CAl) and VN were
photographed at 20X magnification, while images of the cortex, whole
hippocampus, OB, and cerebellum slices were taken at 10X magnification.
Images were captured under specific detector sensitivity conditions for
each area; exposure and gain settings were optimized for each staining
and maintained constant during entire the acquisition. The samples were
quantified using Image]J software (FIJI version 1.51). For GFAP, IBA-1, and
TMEM119 immunofluorescence quantification, fluorescence intensity
was measured and normalized by area. Intensity is reported in arbitrary
units (a.u.) since the output values from the Image] software do not have
a specific measurement unit. The total number of IBA-1* or CD3* cells
were manually counted and relativized by area. Microglial morphological
phenotypes were visually discriminated. Podocalyxin images were captured
using a Zeiss LSM800 confocal microscope (Carl Zeiss AG, Oberkochen,
Germany) at 20X magnification using a Plan-Apochromat 20x/0.8 objective.
In situ hybridization images were captured using a Zeiss LSM700 confocal
microscope (Carl Zeiss AG, Oberkochen, Germany) at 20X magnification
using a Plan-Apochromat 20x/0.8 objective. Maximal intensity projections
of Z-stacks were created using Image] software. Positive Gad2 and Slc17a6
neurons were counted and relativized by area.

3.13 RNA extraction and sequencing

For RNA sequencing experiments, brain samples were obtained from
48-49 days old control and Ndufs4 KO mice treated with Veh or PLX3397.
Hippocampi were manually dissected, whereas VNs were dissected
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using a 1 mm coronal brain matrix. A 2 mm coronal brain slice was
obtained from the VN region, and the cerebellum and the brainstem
were removed. Hippocampi and VNs were flash-frozen in liquid nitrogen
and kept at -80°C until RNA extraction; later they were homogenized in
Precellys lysing tubes (ref. P000918-LYSKO0-A) containing 1 ml of TRIzol
(Invitrogen™, ref. 15596018) using a Precellys 24 tissue homogenizer (Bertin
Instruments, Montigny-le-Bretonneux, France) (3x5000 rpm, 7s per cycle).
The homogenate was incubated for 5 min at RT and transferred to a clean
1.5 ml Eppendorf tube. Then, 200 pl of chloroform was added to each tube,
vigorously shaken, incubated for 3 min, and centrifuged (12000 g, 15 min,
4°C). After centrifugation, the upper aqueous phase containing the RNA
was carefully removed and placed in a clean Eppendorf tube. 1.5 volumes
of 100% ethanol for molecular biology were added to every tube for each
volume of the collected RNA-containing aqueous phase. Afterward, RNA
was purified using the RNeasy Mini Kit (Qiagen, ref. 74106) according to the
manufacturer’s instructions. RNase-free DNase set (Qiagen, ref. 79254) was
used during the RNA purification protocol for genomic DNA digestion. RNA
purity (260/230 and 260/280 ratios) and concentration were measured using
a DS-11 FX+ Spectrophotometer/Fluorometer (DeNovix Inc., Wilmington,
DE, USA). For accurately assessing RNA concentration, Qubit™ RNA High
Sensitivity assay was used (Thermo Fisher Scientific, ref. Q32852) following
the manufacturer’s instructions. Before sequencing, RNA integrity was
measured in the Agilent 4200 TapeStation (Agilent Technologies, Santa
Clara, CA, USA) using the High Sensitivity RNA ScreenTape (ref. 5067-5579).
Only RNAs samples with RIN (RNA integrity number) values > 8 were used.
Libraries were constructed and samples sequenced, trimmed, and aligned to
the reference genome by the Biomedicum Functional Genomics Unit at the
Helsinki Institute of Life Science at the University of Helsinki. Sequencing
was performed with NextSeq High Output 75 cycle flow cell on the NextSeq
500 (Illumina Inc., San Diego, CA, USA). Raw BCL read files were converted
to FASTQ format using bcl2fastq, trimmed with Trimmomatic (Bolger et al.,
2014), and aligned to mouse GRCm39 reference genome using STAR (Dobin
et al., 2013).

3.14 Multiplex

Mice were euthanized by decapitation at P38 for mid stage and between P47-
P55 for late stage. Brain areas were dissected, flash-frozen in liquid nitrogen,
and kept at -80°C until further use. Multiplex analysis for brain tissue was
previously optimized and validated in our laboratory (Sanchis et al., 2020c)
following a previous protocol for spinal cord (Amo-Aparicio et al., 2018).
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In short, both OBs and half cerebellums were mechanically homogenized
using an MM-400 mixer mill (Retsch GmbH, Haan, Germany), followed
by ultrasonic homogenization using Sartorius-LABSONIC P (Sartorius AG,
Gottingen, Germany). Samples were homogenized in 100 ul (OB) and 200
ul (cerebellum) of ice-cold protein extraction buffer. Every 10 milliliters of
homogenization buffer contained: 2,5 mL of 25 mM HEPES, 20 pl of 10%
IGEPAL, 0,5 ml of 0.1 M MgCl,, 130 pl of 1.3 mM EDTA (pH 8.0), and
100 ul of 0.1 M EGTA (pH 8.0). Homogenization buffer was supplemented
with a 1% protease inhibitor cocktail and 0.1 M phenylmethylsulphonyl
fluoride (Sigma-Aldrich P8340 and P7626, respectively). After sonication,
the homogenate was centrifuged at 12000 g for 5 min. The supernatant was
collected to determine the protein concentration using the PierceTM BCA
Protein Assay (Thermofisher ref. 23.227). A protein concentration of 5-12
ug/pl of the tissue lysate was used to measure the abundance of IL-6, TNF-q,
IL-10, and IL-1P using the Mouse High Sensitivity T Cell Magnetic Bead
Panel (Millipore, ref. MHSTCMAG-70K) according to the manufacturer's
instructions. Data were obtained using a Luminex MAGPIX instrument
system (Luminex Corporation, Austin, TX, USA) and analyzed using the
xPONENT software v4.2 (Luminex Corporation, Austin, TX, USA). All
results were normalized to the protein concentration in the lysate. Results
between the blank and the first standard of the standard curve were
considered as 0. IL-1f levels were unquantifiable as the levels seemed to be
below the detection threshold of the technique.

3.15 Representation and statistics

All graphics were generated using GraphPad Prism 8 software (GraphPad
Software, Inc, San Diego, CA, USA) except for those of the RNAseq that
were generated using the R software (version 4.2.1). The great majority
of the graphics are shown as mean + SEM, except for tidal volume and
respiratory frequency (box and whisker plot), and survival (Kaplan-Meier
curve). In addition, the “N” of the groups is consistently shown within the
bars or next to the graph. Statistical analyses were performed using the
Statistical Package for Social Sciences (SPSS) 19 (IBM, Armonk, NY, USA).
Survival was analyzed using log-rank test. For comparisons between two
groups (i.e., clasping), the homogeneity of the variances was assessed using
Levene’s test; unpaired Student’s t-test (equal variances) or Mann-Whitney
test (different variances) were selected accordingly. The analysis for the
dosage pilot study, which involved more than two groups and just one
variable, a one-way ANOVA test, followed by Tukey's multiple comparison
test, was used. The chi-square test was used for frequency analysis (rotation
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behavior). When there were two variables to compare, statistical analysis
was performed using the generalized general model (GzLM) (McCulloch
and Searle, 2010). The GzLM is more flexible than two-way ANOVA since
it tolerates different distributions, heterogeneity of variances, and missing
values. Similar to the two-way ANOVA, the GzLM tests for the two main
effects and the interaction between them. Only when the interaction was
significant we performed a sequential Bonferroni post hoc test for pairwise
comparisons; relevant p-values are shown in brackets throughout the text.
Similarly, for repeated measures (body weight gain), a generalized estimating
equation (GEE) analysis was used. Statistical significance was defined as
p-value <0.05. Both male and female mice were used in this study, and sex
differences were reported when applicable. Regarding RNAseq, differential
expression analysis of normalized gene counts was done in R (version 4.2.1)
using the DESeq2 package (Love et al., 2014) which computes p-values using
the two-sided Wald test method and corrects for multiple testing with the
Benjamini-Hochberg method. Only genes with p-adjusted value < 0.05 and
log2Fold change > 0.5 or < -0.5 were used for data analysis, representation,
and interpretation. Gene Ontology (GO) enrichment was performed with
Metascape (Zhou et al., 2019), heatmaps and volcano plots were done using
the Complexheatmap (Gu et al., 2016) and Enhancedvolcano R packages,
respectively.
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Results






Part 1. Microglial cells contribute to the
Leigh-like disease of Ndufs4 KO mice

Microglia depletion increases lifespan and improves the
motor performance of Ndufs4 KO mice

Resembling Leigh syndrome pathology (Lake et al., 2016; Lee et al., 2020),
Ndufs4 KO mice develop a fatal early-onset progressive encephalopathy
characterized by respiratory deficiencies, a strong decline in motor function,
and neurodegeneration and neuroinflammation in several brain areas
(Kruse et al., 2008; Quintana et al., 2010; Johnson et al., 2013). However, the
role of neuroinflammation is poorly understood. To study the implications of
neuroinflammation in the progression of the pathology in Ndufs4 KO mice,
we induced a neuroimmune disruption by pharmacologically depleting
microglial cells using the well-known inhibitor of CSF1R, PLX3397 (Elmore
etal., 2014). Briefly, CSF1R signaling is necessary for microglial survival, and
the receptor’s blocking induces microglial death (Elmore et al., 2014).

In order to establish the effective working dose, different doses were tested
in WT mice (Figure 11). As expected, a daily injection of PLX3397 caused
a dose-dependent reduction in the number of microglial cells. 40 mg/kg
6 days a week reduced approximately 70% of the IBA-1" cells across the
whole brain after 14 days of treatment (Figure 11 A). This reduction seemed
homogenous across different brain regions (Figure 11 B). Importantly, the
different doses of PLX3397 did not produce significant body weight changes
when compared to the vehicle-treated mice (Figure 11 C). Thus, we used
the 40 mg/kg dose for further experiments aiming to understand the role
of neuroinflammation in Ndufs4 KO mice. The breeding and experimental
design are shown in Figures 8 A and 9, respectively.

As expected, Ndufs4 KO mice exhibited early mortality (Figure 12 A),
reduced body weight (Figure 12 B), progressive motor decline (Figure 13
A-D), and altered respiration (Figure 13 E). Since PLX3397 is documented
to be well tolerated at low doses as the one used in this study, only a few
control mice were included to monitor possible side effects. As expected, at
P60, PLX3397-treated control mice showed no signs of illness. Regarding the
effects the treatment in Ndufs4 KO mice, microglial depletion prominently
increased the survival rate of Ndufs4 KO mice (p = 0.001) (Figure 12 A), but
did not rescue the body weight loss (Figure 12 B). A small non-significant
reduction of body weight was observed in control mice treated with PLX3397.
Microglial depletion significantly rescued other abnormalities. Thus, it
reduced the progressive deterioration of balance and motor coordination in
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Figure 11. Intraperitoneal administration of PLX3397 at 40 mg/kg reduces approximately 70%
of IBA-1* cells in the mouse brain.

(A) Number of IBA-1* cells in the mouse brain after injection of different doses of PLX3397 after 14

days of treatment. (B) A similar decrease in IBA-1* cells was observed in different brain regions, as

exemplified by the representative images of the cortex and cerebellums at the different doses. Scale
bar 100 um. ** p < 0.01, *** p < 0.001. (C) Body weight change in the different treated groups.

the rotarod (Figure 13 A), while vehicle-treated Ndufs4 KO mice were mostly
incapable of performing the rotarod test by approximately two months of
age (late stage), PLX3397-treated mice showed improved motor performance
at the mid (P38-P39) and late stages (P47-P48) of the disease as revealed
by the significant interaction followed by post hoc pairwise comparisons
(Ndufs4 KO-Veh vs. Ndufs4 KO-PLX3397, p = 0.042 and p = 0.009, for mid
and late stage, respectively). This presumably reflects the effects on motor
coordination rather than general activity since microglia depletion did not
rescue the decreased ambulation of Ndufs4 KO mice in the OF (Figure 13
B). Microglia depletion also reduced the frequency of spontaneous rotation
behavior (mice circling on themselves, possibly due to vestibular lesions)
in Ndufs4 KO mice at the P47-48 (p = 0.014) (Figure 13 C). PLX3397 also
delayed the onset of clasping/twisting behavior in NDUFS4-deficient mice
(p £0.001). (Figure 13 D).
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Figure 12. Inhibition of CSFIR signaling extends the lifespan of Ndufs4 KO mice.

(A) Kaplan-Meier survival curve for Ndufs4 KO mice treated with vehicle or PLX3397. (B) Total
body weight for Ctrl-Veh, Ctrl-PLX3397, Ndufs4 KO-Veh, and Ndufs4 KO-PLX3397 of male and
female mice (n = 7-15). ** p < 0.001, ® Ndufs4 effect p< 0.05.

Patients with LS normally present with respiratory abnormalities that are
strongly associated with mortality (Arii and Tanabe, 2000). Constitutive
Ndufs4 KO mice also show abnormal breathing patterns, which increase
in severity as pathology progresses (Quintana et al., 2012b). Respiratory
rhythm generation and control include numerous CNS regions, such as the
VN, cerebellum, and different brainstem nuclei. Respiratory abnormalities
in Ndufs4 KO mice are partially associated with mitochondrial dysfunction
due to NDUFS4 loss in the VN and abnormal responses in the pre-
Botzinger complex of the brainstem (Quintana et al., 2012b). In line with
these findings, using whole-body plethysmography (Prada-Dacasa et al,,
2020), we observed an increased tidal volume (volume of air inspired by
the animal in one breath) in Ndufs4 KO mice at P47-P48 (Figure 13 E), but
no significant changes in respiratory frequency (Figure 13 F). Microglial
depletion significantly increased the tidal volume, while a similar trend was
observed for respiratory frequency (PLX3397 effect, p= 0.09).
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Figure 13. Inhibition of CSFIR signaling delays motor symptoms in Ndufs4 KO mice.

(A-D) Effects of PLX3397 on the motor phenotype of Ndufs4 KO mice: latency to fall in the

accelerating rotarod (A), total distance traveled in the open-field test (B), rotation behavior in the

open field at the late stage (C), and clasping onset in vehicle and PLX3397-treated Ndufs4 KO mice

(D). (E) Tidal volume and (F) respiratory frequency of control and Ndufs4 KO mice treated with

vehicle or PLX3397 at P47-P48. @ Ndufs4 effect p< 0.05, % treatment effect p <0.05, ¢ p <0.05
interaction between both factors, * p = 0.05-0.01, *** p <0.001.

PLX3397 treatment prevents IBA-1+ cell accumulation and
proliferation in brain regions associated with neurodege-
neration in Ndufs4 KO mice

The characteristic fatal encephalopathy of the Ndufs4 KO mice occurs in
specific brain regions (Quintana et al., 2010; Johnson et al., 2013; Miller et
al., 2020; Shil et al., 2021). We examined whether PLX3397 treatment could
also reduce microglial cell numbers in Ndufs4 KO mice and prevent IBA-1*
cell accumulation in the known neurodegenerative areas in late stage mice.
As expected, prominent glial reactivity (as revealed by IBA-1 and GFAP
immunostaining) was observed in the VN, OB, and cerebellum, where
abundant neurodegenerationis described to occurin Ndufs4 KOmice (Figure
14). At the late stage, in these three regions, most microglia and astrocytes
present a reactive morphology as shown in magnified images (areas 1-4) of
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cells showing microglia and astrocyte morphology in the VN of control or
Ndufs4 KO mice. In addition, GFAP (but not IBA-1) immunostaining clearly
increased in the cortex and hippocampus (Figure 14). Treatment with
PLX3397 caused a robust decrease in IBA-1 fluorescence intensity in all the
studied brain areas. Control animals showed microglial depletion similar to
the observed in the pilot dosage study (Figure 11 A), which confirmed the
reproducibility of the experiment. Ndufs4 KO mice also showed dramatic
microglial depletion both in areas where microgliosis is prominent (VN, OB,
and cerebellum) and in those lacking it (cortex and hippocampus). Massive
microglial cell accumulation hindered adequate cellular segmentation in the
first three areas and, thereby, a precise cell count. This was possible in the
cortex and hippocampus, where PLX3397 administration reduced IBA-1*
cells by approximately 70 and 60%, respectively. Different results depending
on the brain area were observed regarding GFAP immunoreactivity due to
PLX3397 administration (Figure 14). Thus, in the VN, PLX3397 did not affect
GFAP immunofluorescence in either control or Ndufs4 KO mice, whereas in
the cerebellum, a reduction was observed in both genotypes. In contrast,
within the OB, cortex, and hippocampus, PLX3397 treatment increased
GFAP immunofluorescence. Taken together, the GFAP immunofluorescence
results suggest that astrocytes respond to the microglial depletion in a
region-dependent manner.

Reactive microglia promote neuronal loss in Ndufs4 KO mice

After showingthat PLX3397 treatment could prevent microglialaccumulation
in major neurodegenerative areas of Ndufs4 KO, we investigated whether a
reduction in the microglial response could prevent neuronal loss in Ndufs4
KO mice in two areas with prominent neuroinflammation, the OB (not
shown) and the VN (Figure 15 B). By quantifying the area occupied by
NeuN immunostaining, we observed that microglial depletion partially
protected against neuronal loss in the granular cell layer of the olfactory
bulb (GrOB), as revealed by a significant interaction between genotype
and treatment (Figure 15 A). In the whole VN, in contrast, microglial
depletion did not significantly prevent neuronal loss (Figure 15 C, left).
However, a more thorough inspection indicated that although extensive
microgliosis occurred in the whole VN of Ndufs4 KO mice, it was especially
dramatic between the magnocellular part of the medial vestibular nucleus
(MVeMC) and the lateral vestibular nucleus (LVe), where extensive bilateral
symmetrical lesions appeared, usually surrounded by a glial scar (Figure 15
B)(Quintana et al., 2010). Analysis of neuronal loss in this area indicated that
microglial depletion tended to rescue neuronal loss although no significance
was obtained (Figure 15 C, right).
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Figure 14. Inhibition of the CSFIR prevents IBA-1+ cell accumulation in neuro-
degeneration-related areas of Ndufs4 KO mice.

Representative images of IBA-1 and GFAP immunofluorescence in VN, OB,
cerebellum, cortex, and the hippocampus together with the quantification of IBA-1
fluorescence intensity or total IBA-1* positive cell and GFAP fluorescence intensity
in control and Ndufs4 KO mice treated with vehicle or PLX3397 at P47-48 days of
age. Amplified areas 1 and 3 show homeostatic microglial (1) and astrocytic (3)
morphologies, whereas 2 and 4 show the typical reactive morphologies of microglia
(2) and astrocytes (4) ® Ndufs4 effect p< 0.05, % treatment effect p <0.05, ¢ p <0.05
interaction between both factors. Scale bar 100 pm.
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Figure 15.

(A) Percentage of the area occupied by NeuN staining in the GrOB. (B) Image of IBA-1 and GFAP
stainings of the VN of a Ndufs4 KO mouse showing where Ndufs4 KO mice use to develop lesions.
Lesions are typically formed by reactive IBA-1* cells surrounded by a glial scar (C) Percentage of
the area occupied by NeuN staining in the whole VN and the area associated with the main lesion.
Ndufs4 effect ® p <0.05, ¢ p <0.05 interaction between both factors. GrOB: granular cell layer of
the olfactory bulb; VN: vestibular nucleus; MvePC: medial vestibular nucleus, parvicellular part;
MveMC: medial vestibular nucleus, magnocellular part; SuVe: superior vestibular nucleus; LVe:
lateral vestibular nucleus.

Microglia promote both glutamatergic and GABAergic neuro-
nal loss in Ndufs4 KO mice

Since NeuN is a general neuronal marker, we sought to investigate if specific
neuronal populations were affected by microglial depletion in the VN. To
this end, we used ISH assays to assess specific transcripts as markers of
glutamatergic (Slc17a6%) and GABAergic (Gad2') neurons (Figure 16).
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Figure 16. Microglia promotes neuronal loss in Ndufs4 KO mice.

(A) Representative ISH images and quantification of the number of glutamatergic and GABAergic
neuronal subtypes in the lesion-associated areas of the VN in control and Ndufs4 KO mice treated
with vehicle or PLX3397 at P47-48 days of age. (B) Representative ISH images and quantification
of the number of glutamatergic and GABAergic neuronal subtypes in the non-lesioned areas in
control and Ndufs4 KO mice treated with vehicle or PLX3397 at P47-48 days of age. Scale bar 100
um. Ndufs4 effect ® p <0.05, % treatment effect p< 0.05, ¢ p <0.05 interaction between both factors.

90



o)

VN non-lesion

DAPI Slc17a6 Gad2

Ctrl-Veh

Ctrl-PLX3397

o oy
> d

i

B3 Ctrl-Veh B3 Ctrl-PLX3397 EZ@ Ndufs4 KO-Veh EZ@ Ndufs4 KO-PLX3397

Ndufs4 KO-Veh

Ndufs4 KO-PLX3397

e ;
3

*
|

600
400

Slc17a6* + Gad2*
(neurons/mm2)
§ |
Slc17a6*
(neurons/mma2)
2 8 &
§
Gad2+
(neurons/mma2)
N S
g8 8

Figure 16 (cont.).

In the analysis, we divided the VN into lesion-associated (MVeMC and LVe)
and non-lesioned (MVePC and SuVe) areas. As expected, glutamatergic and
GABAergic neuronal loss of untreated Ndufs4 KO mice was much more
prominent in the lesioned area (Figure 16 A) than in the non-lesioned
(Figure 16 B). Importantly, microglial depletion rescued both glutamatergic
and GABAergic neuronal loss in the lesion-associated area (Figure 16 A).
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In the non-lesion area, PLX3397 partially prevented neuronal loss in
glutamatergic neurons, but not in GABAergic neurons (Figure 16 B).
Collectively, these results indicate that microglial cells promote neuronal
loss in the VN of Ndufs4 KO mice regardless of the neuronal subtype.

Lack of evidence of infiltrating CD3+ cells in motor-related
neurodegenerative regions of Ndufs4 KO mice

We observed that Ndufs4 KO mice develop aberrant blood vessel morphology
with aneurism-like structures in the VN, but not in non-neurodegenerative
regions such as the cortex (Figure 17 A). Some reports using PLX3397 at
concentrations like those used in this study have described that besides
depleting microglia, it may also alter the populations of other immune cells
(Han et al., 2020; Lei et al., 2020). We reasoned that both the development of
massive lesions in the VN and blood vessel abnormalities may promote some
peripheral cell infiltration into the brain parenchyma. Thus, we investigated
whether Ndufs4 KO mice presented T lymphocyte infiltrates in the most
prominent neurodegenerative areas and whether PLX3397 treatment
modified them to some extent. Interestingly, we did not find CD3* cell
infiltrates in either the cerebellum or the VN of Ndufs4 KO mice at the late
stage (Figure 17 B), but substantial CD3* cells infiltrates were present in the
OB at this stage, which were not affected by microglial depletion (Figure 17
C). A GFAP-IL6 mouse cerebellum (a chronic model of neuroinflammation
with CD3" cell infiltrates) was used as a positive control (Figure 17 B) (Giralt
etal., 2013).

Effects of PLX3397 treatment in the transcriptome of the
vestibular nuclei and the hippocampus of control and Ndufs4
KO mice

Next, we performed a whole-tissue transcriptomic analysis by bulk RNA-seq
of the VN and the hippocampus of late stage control and Ndufs4 KO mice
treated with vehicle or PLX3397. We selected the VN based on our results
showing that PLX3397 is protective against neurodegeneration in this area
in Ndufs4 KO mice, and the hippocampus as a “control” region that presents
mild neuroinflammatory hallmarks, but not neurodegeneration.

Clustered heatmap based on the relative expression of 84 microglial-related
genes selected from the literature (Bennett et al., 2016; Sousa et al., 2018;
Hammond et al., 2019; Li et al., 2019; Masuda et al., 2019; Guttenplan et al.,
2021; Hasel et al., 2021) revealed that untreated Ndufs4 KO mice samples
cluster together and have the highest relative expression of most microglial
genes (Figure 18 A). In addition, both control and Ndufs4 KO PLX3397-
treated mice also tend to cluster together (except for 2 KO samples) indicating,
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Figure 17. T-cells do not infiltrate into the VN and the cerebellum of Ndufs4 KO mice, but they do
infiltrate in the OB at the late stage of the disease.

(A) Ndufs4 KO mice develop morphological blood vessel abnormalities in the VN, but not in the

cortex. Magnified areas 1 and 2 indicate aneurism-like structures. (B) Image showing the positive

control used in the CD3 immunohistochemistry (GFAP-IL6 mice cerebellum) together with

representative images of the cerebellum and VN. (C) Representative images and quantification of

the number of CD3* cells infiltrating the OB. Black arrows and amplified images indicate CD3*
cells. Scale bars 100 um. ® Ndufs4 effect p< 0.05.
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as seen in immunofluorescence results, that the treatment is strongly acting
on microglial cells in both genotypes (Figure 18 A). In contrast to microglial
genes, clustered heatmap based on 85 astrocyte-related genes (Guttenplan et
al., 2021; Hasel et al., 2021; Sadick et al., 2022) revealed that samples cluster
depending on genotype rather than treatment (Figure 18 B). Hence, these
results are in line with the observed reduced number of microglial cells
with PLX3397 treatment compared to untreated mice and with the increase

of reactive astrocyte morphology by GFAP staining in Ndufs4 KO mice
(Figure 14).
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Figure 18. Clustered heatmap of microglial and astrocyte-associated genes in the VN of the different
groups analyzed.

Hierarchical clustering showing Z score of most relevant (A) microglial and (B) astrocyte genes.

Z-score indicates how far from the mean a particular data point is by representing the variation of

each sample transformed in a logarithmic scale. Negative values indicate values below the average,
whereas positive values indicate values above the average.

Similarly, in the hippocampus, when the different samples were clustered by
the relative expression of the selected microglial genes, treated and untreated
mice clustered together regardless of the genotype (Figure 19 A), whereas
when clustered by the relative expression of astrocytic genes they mainly
cluster by genotype (Figure 19 B).
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Figure 19. Clustered heatmap of microglial and astrocyte-associated genes in the hippocampus of the
different groups analyzed.

Hierarchical clustering showing Z score of most relevant (A) microglial and (B) astrocyte genes.

In the VN, pairwise differential expression analysis between Ndufs4 KO-
Veh and Ctrl-Veh revealed 205 differentially expressed genes (DEG);
142 upregulated and 63 downregulated (Figure 20 A). Gene ontology
(GO) enrichment analysis (see Note 1) of upregulated genes (Figure 20
B) showed that a high number of enriched genes in Ndufs4 KO mice are
associated with immune-related processes (Figure 20 B, C). For instance,
phagocytosis-related genes were highly enriched in Ndufs4 KO mice (Figure
20 B, D), which is in accordance with the morphological features displayed
by microglia in this region (Figure 14).

Whereas no differences were found in the Note 1.
expression of homeostatic microglial genes For the different pairwise
(e, Tmemll9, P2ry12), we found nine comparisons, DEG for every

GO term can be found at the

upregulated DEG (Cst7, Cxcl10, Clec7a, Ccle, T e a——
Cd68, Lgals3bp, Lgals3, Trem2, and Tyrobp) section at the end of this
(Figures 20 C) that have been linked to a thesis manuscript.

particular state of reactive microglial cells,
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found in several neurodegenerative diseases, known as disease-associated
microglia (DAM)(Habib et al., 2020; Masuda et al., 2020). Furthermore, we
found an increased expression of genes commonly upregulated in reactive
astrocytes such as Vim, Timpl, or Lcn2 (Liddelow et al., 2017; Escartin et al.,
2021). GO enrichment analysis of downregulated genes showed that protein
folding was the most significantly decreased GO term (Figure 20 B, D).
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Figure 20. Upregulated DEG in the VN of Ndufs4 KO mice are mainly associated with immune-related
processes.

(A) Number of upregulated and downregulated DEG between Ndufs4 KO and control mice treated

with vehicle. (B) GO enrichment of upregulated and downregulated genes in Ndufs4 KO-Veh

vs. Ctrl-Veh. (€) Heatmap showing Z score of genes of the inflammatory response GO term. (D)

Volcano plot showing the comparison between Ndufs4 KO-Veh and Ctrl-Veh highlighting some of

the significant upregulated phagocytosis-related genes and downregulated protein folding genes.
padj: adjusted p-value.

Regarding PLX3397 effects on gene expression, Ctrl-PLX3397 mice had
only downregulation of a few microglial-related genes when compared to
untreated controls (Figure 21 A). Similarly, most DEG in PLX3397-treated
vs. untreated Ndufs4 KO (Figure 21 B) were downregulated microglial
genes (Figures 21 C). Within these genes, there are homeostatic microglial
genes (e.g., Tmem119, P2ry12, or Hexb) as well as genes whose upregulation
is usually associated with the reactive state of microglia (e.g., Trem2, Aifl,
or Tyrobp). Consistently, most enriched GO terms were associated with the
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inflammatory response and microglial reactivity (Figure 21 D). In order to
test if the effect of treatment is different across genotypes, the interaction
between the factors was tested and no DEG were found, meaning that both
control and Ndufs4 KO mice responded similarly to treatment. Furthermore,
no astrocytic genes were found to be differentially expressed in Ndufs4 KO
due to treatment.
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Figure 21. Downregulated DEG in the VN of PLX3397-treated Ndufs4 KO mice were mainly microglial-
associated genes.

(A) All DEG in Ctrl-PLX3397 vs. Ctrl-Veh were downregulated. (B) Number of upregulated

and downregulated DEG between Ndufs4 KO-PLX3397 and Ndufs4 KO-Veh mice. (C) Heatmap

showing Z scores of all DEG genes between Ndufs4 KO-PLX3397 and Ndufs4 KO-Veh mice. (D) GO
enrichment of downregulated genes in Ndufs4 KO-PLX3397 vs. Ndufs4 KO-Veh.

In the hippocampus, pairwise differential expression analysis between
Ndufs4 KO-Veh and Ctrl-Veh revealed 298 DEG, of which 163 were
upregulated and 135 downregulated (Figure 22 A). Gene ontology (GO)
enrichment analysis of upregulated genes (Figure 22 B) showed that
enriched genes in Ndufs4 KO-Veh mice are again associated with immune-
related processes (Figure 22 B, C) as well as with the regulation of epithelial
cell proliferation or astrocyte differentiation (Figure 22 B). Few microglial
genes were upregulated in Ndufs4 KO-Veh mice, whereas important
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reactive astrocyte-associated genes were upregulated in Ndufs4 KO-Veh
mice compared to untreated controls such as Gfap, Vim, Serpina3n, Osmr,
or Stat3 (Figures 22 C, D). These observations are in line with both IBA-
1 and GFAP stainings (Figure 14). Again, GO enrichment analysis of
downregulated genes showed that protein folding was the most significantly
decreased GO term (Figure 22 B, D).
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Figure 22. Hippocampal upregulated DEG associated with the inflammatory response were less
abundant than in the VN of Ndufs4 KO-Veh mice when compared to Ctrl-Veh.

(A) Number of upregulated and downregulated DEG in the hippocampus of Ndufs4 KO mice treated

with vehicle vs. Ctrl treated with vehicle. (B) GO enrichment of upregulated and downregulated

genes in Ndufs4 KO-Veh vs. Ctrl-Veh. (C) Heatmap showing Z score of genes of the inflammatory

response GO term. (D) Volcano plot showing the pairwise comparison between Ndufs4 KO-Veh

and Ctrl-Veh highlighting DEG genes associated with protein folding (downregulated) and reactive
astrocyte genes (upregulated).

Pairwise comparisons of Ndufs4 KO-PLX3397 versus Ndufs4 KO-Veh and
Ctrl-PLX3397 versus Ctrl-Veh showed that treatment had little effect over
the transcriptome of the different genotypes; only 19 and 13 DEG in Ndufs4
KO-PLX3397 versus Ndufs4 KO-Veh and Ctrl-PLX3397 versus Ctrl-Veh,
respectively were affected (Figure 23). In both genotypes, similar to the VN,
the few DEG observed were mainly microglial-related genes such as P2ry12,
P2ryl13, or Selplg (Figure 23). Consistently, the interaction did not reveal any
DEG.
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Figure 23. PLX3397 treatment mainly downregulates microglial-related genes in the hippocampus of
Control and Ndufs4 KO mice.

Percentage and volcano plot of upregulated and downregulated DEG in Ctrl-PLX3397 compared to
Ctrl-Veh and Ndufs4 KO-PLX3397 compared to Ndufs4 KO-Veh. padj: adjusted p-value.
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Part 2. Effects of IL-6 deficiency on the
Ndufs4 KO brain pathology

Since the microglial response is noxious in Ndufs4 KO mice, we next
investigated one of the potential candidates implicated in this process: the
cytokine IL-6, which is an important neuroinflammatory mediator that
modulates microglial actions during disease (Spooren et al., 2011; Erta et al.,
2012). Importantly, increased expression of II6 mRNA (Balsa et al., 2020) or
IL-6 signaling pathways (McElroy et al., 2020) have been described in brains
of NDUFS4- deficient mice. Thus, to dissect the possible contributions of IL-6
to the development of Ndufs4 KO pathology we generated a mouse line with
combined IL-6 and NDUFS4 deficiency together with its respective littermate
controls (Figure 8 B and 10). In addition, in Part 3 we will be presenting the
results of another mouse line with CNS overexpression of IL-6.

IL-6 levels are increased in the olfactory bulb and cerebellum
of Ndufs4 KO mice

The olfactory bulb and cerebellum are two of the main regions where
neurodegeneration and neuroinflammation occur in Ndufs4 KO mice
(Quintana et al., 2010). We investigated IL-6 protein synthesis by multiplex
analysis in both regions and we found increased IL-6 levels in Ndufs4 KO
mice at the late stage of the disease compared to control mice (Control vs.
Ndufs4 KO, p = 0.005 and p = 0.001 for OB and cerebellum, respectively)
(Figure 24 A, left), which is consistent with previous studies (Balsa et al.,
2020; McElroy et al., 2020). In addition, in our RNAseq data set we also found
that downregulated genes in the VN of PLX3397-treated Ndufs4 KO mice
compared to untreated KOs might be linked, as revealed by GO enrichment
analysis (GO:0032675), with IL-6 production (Figure 21 D). Although our II6
KO mouse model was previously validated (Sanchis et al., 2020a), we wanted
to confirm the absence of IL-6 protein expression in Double KO mice. As
expected, we could not find detectable levels of IL-6 either in the olfactory
bulb or in the cerebellum of Double KO mice. Moreover, we investigated
whether other pro-inflammatory cytokines could also be involved and if
IL-6 deficiency could be modifying their levels. In line with the described
neuroinflammation in Ndufs4 KO mice (Kruse et al., 2008; Quintana et al.,
2010; Johnson et al., 2013), we also observed a significant increase of tumor
necrosis factor a (TNF-a) in the olfactory bulb of Ndufs4 KO and Double
KO mice at the late stage compared to littermates (Ndufs4 effect, p< 0.001),
and the same trend in the cerebellum (Ndufs4 effect, p = 0.13) (Figure 24
A, right). Surprisingly, interleukin-1p (IL-1p) levels were undetectable in any
genotype or region (not shown).
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Figure 24. Survival and body weight remained unmodified by IL-6 deficiency in Ndufs4 KO mice.

(A) IL-6 and TNF-a levels in the olfactory bulb and cerebellum at the late stage. (B) Kaplan-Meier
survival curve for control, 116 KO, Ndufs4 KO, and Double KO mice. (C) Body weight curves of male
and female mice of all genotypes (n = 11-17). ® Ndufs4 effect p< 0.05, *IL-6 effect p< 0.05,
¢ p< 0.05 interaction between both factors.

IL-6 deficiency does not modify lifespan or body weight in
Ndufs4 KO mice

As expected, NDUFS4-deficient mice showed reduced lifespan (=P55) and
body weight compared to their littermate controls, but IL-6 deficiency did
not have an impact on survival or body weight (Figure 24 B, C) in Ndufs4
KO mice. In contrast, 116 KO male mice had reduced body weight compared
to controls (Control vs. 116 KO, p = 0.033), and the same trend was observed
in females (Figure 24 C).

IL-6 is not involved in the motor decline of Ndufs4 KO mice
To determine whether IL-6 deficiency in Ndufs4 KO mice could have an
impact on coordination, balance, and ambulation at any of the different
disease stages we performed rotarod and open-field behavioral tests. As
expected, Ndufs4 KO mice showed a progressive decline in balance and
motor coordination as the pathology progresses compared to their littermate
controls, and by =2 months of age (late stage of the disease) they were mostly
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incapable of performing the rotarod test (Figure 25 A). This motor phenotype
could not be rescued by IL-6 deficiency. Similarly, in the OF test mice with
loss of NDUFS$4 revealed decreased ambulation in all disease stages (Ndufs4
effect, p < 0.001), with no obvious effects of IL-6 deficiency (Figure 25 B). In
this case, during the open-field test, we also monitored mice vertical activity
measured by the number of rearings (Figure 25 B, right). Commonly, the
number of rearings is used as an exploration trait, but it also can be used as
a measure of rear limb strength (Reynaud-Dulaurier et al., 2020). Identically
to the rotarod task results (Figure 25 A), the number of rearings decreased
progressively over time in NDUFS4-deficient mice compared to controls
(Figure 25 B, right) but, again, IL-6 deficiency did not revert this phenotype
in Ndufs4 KO mice. In line with motor activity and coordination results,
no statistical differences were found in the onset of the clasping behavior
between Ndufs4 KO and Double KO mice (Figure 25 C). In addition, Ndufs4
KO mice again showed increased tidal volume in all disease stages compared
to their littermate controls (Figure 25 D). Regarding IL-6 deficiency, we
observed a statistically significant interaction between both factors at the
mid stage of the disease suggesting that IL-6 deficiency partially rescued the
altered breathing pattern in Ndufs4 KO mice at this stage (Ndufs4 KO vs.
Double KO, p < 0.001) (Figure 25 D). Moreover, a non-significant trend was
also observed in the other stages of the disease that becomes significant when
Ndufs4 KO and Double KO groups are analyzed separately with genotype
and age as factors (genotype effect, p = 0.004). We did not observe changes in
respiratory frequency due to NDUFS4 deficiency in any stage (Figure 25 E).
However, we observed a global increased respiratory frequency due to IL-6
deficiency at early stages. The same trend can be observed between control
and Il6 KO at the mid and late stage (Figure 25 E), statistically significant
(genotype effect, p = 0.001) when analyzed separately with genotype and age
as statistic factors.

IL-6 deficiency in Ndufs4 KO mice has moderate effects on
microgliosis and astrogliosis

Next, we wanted to examine whether IL-6 is involved in the neuro-
inflammatory response present in Ndufs4 KO mice despite not affecting
their survival or motor phenotype. For that purpose, we used the microglial
markers IBA-1 and TMEM119 and the astrocytic marker GFAP to extensively
study neuroinflammation at the mid and late stages of the disease.

At the late stage, NDUFS4-deficient mice presented a more prominent
and generalized microgliosis, with dramatic increases of IBA-1 mean
fluorescence intensity in the VN, OB, and cerebellum, together with a
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Figure 25. Total IL-6 deficiency does not rescue progressive motor deficits but modifies the altered
breathing pattern in a mouse model of Leigh syndrome.

(A) Latency to fall in the accelerating rotarod. (B) Total distance travelled and vertical behaviour
(rearings) in the open-field test. (C) Day of onset of clasping behavior in Ndufs4 KO and Double KO
mice. (D) Tidal volume and (E) respiratory frequency of at the different stages.

o Ndufs4 effect p< 0.05, *IL-6 effect p< 0.05, ¢ p< 0.05 interaction between both factors.

slight increase in CAl (Figure 26 A, B). We also stained for TMEM119,
a microglial-specific homeostatic marker (Bennett et al, 2016) whose
expression decreases once microglia activate and can be used as an indirect
measure of microglial reactivity (Vankriekelsvenne et al., 2022). Consistent
with IBA-1 results, TMEM119 fluorescence intensity was decreased in all
regions studied (Figure 27), especially in areas where the most prominent
microglial activation is observed such as the OB, and even it was totally
absent in the VN of NDUFS4-deficient mice (Figure 27 A, B). Interestingly,
IL-6 deficiency exacerbated microglial reactivity in CAl of Ndufs4 KO
mice (Figure 26 B). As shown in Figure 26 B, Double KO mice had a
greater number of IBA-1* cells (Ndufs4 KO vs. Double KO, p < 0.001) and a
higher percentage of reactive microglia (sum of hypertrophic and ameboid
microglial phenotypes) (Ndufs4 KO vs. Double KO, p < 0.001) compared to
Ndufs4 KO mice.

Consistently, we also found decreased TMEM119 staining in CA1 of Double
KO mice compared to Ndufs4 KO mice (Figure 27 A). In addition, we found
a prominent decrease of TMEMI119 in the cortex of NDUFS4-deficient mice
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Figure 26. Analysis of microgliosis at the late stage mice in different brain regions revealed increased
microglial reactivity in CA1 of Ndufs4 KO mice with IL-6 deficiency.

(A) Representative images of IBA-1 staining and quantification of IBA-1 fluorescence intensity at the
late stage in VN, cerebellum, OB, and cortex of the different genotypes. (B) Representative images
of IBA-1 staining and quantification of IBA-1 fluorescence intensity at the late stage in CA1. White
arrows in the magnifications indicate reactive microglial morphology.
o Ndufs4 effect p< 0.05, *IL-6 effect p< 0.05, ¢ p< 0.05 interaction between both factors.
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Figure 27. TMEM119 immunoreactivity is decreased in NDUFS4-deficient mice.

(A) Quantification of relative TMEM119 fluorescence intensity at the late stage in the cerebellum, OB,

cortex, and CALl. (B) Representative images of TMEM119 signal and DAPI in the VN of the different

genotypes. The dashed lines in Ndufs4 KO and Double KO images indicate an accumulation of cells

where massive lesions are classically found, note that no TMEM119 signal is detected compared to

the strong IBA-1 staining in the VN. Scale bar 100 um. ® Ndufs4 effect p< 0.05, ¢ p< 0.05 interaction
between both factors.

(Figure 27 A) indicating that despite no changes were found in IBA-1 (Figure
26 A), cortical microglia were indeed affected by NDUFS4 deficiency.

In line with IBA-1 and TMEM119 results, we found a global increase of
GFAP in NDUFS4-deficient mice at the late stage in the VN, cerebellum,
OB, cortex, and CA1 (Figure 28). In contrast, IL-6 deficiency did not have
any effect in the VN, cerebellum, OB, and cortex. Surprisingly, we observed
the opposite effect in the CA1 where GFAP intensity was lower in Double
KO than in Ndufs4 KO mice (Figure 28 B) in comparison to IBA-1 staining
where IBA-1* cells were increased in Double KO mice (Figure 26 B).

We also checked for IBA-1 (Figure 29) and GFAP (Figure 30) at the mid
stage of the disease. We found an increase in both IBA-1 intensity and IBA-
1" cells as well as the presence of reactive microglia in the VN of NDUFS4-
deficient mice that was not affected by IL-6 deficiency (Figure 29 A). IBA-1
mean fluorescence intensity was also significantly increased in the OB of
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Figure 28. Analysis of astrocyte reactivity at the late stage in different brain regions.

(A) Representative images of GFAP immunofluorescence of the different brain regions at the late
stage of the disease. At the top, whole-brain sagittal GFAP staining shows the regions of astrocyte
reactivity in Ndufs4 KO mice (white arrows). At the bottom, representative images of GFAP staining
in VN, Cerebellum, OB, cortex, and CA1 of the different genotypes. (B) Quantification of relative
GFAP fluorescence intensity at the late stage in VN, cerebellum, OB, cortex, and CAl. Scale bar
100 pm. ® Ndufs4 effect p< 0.05, *IL-6 effect p< 0.05, ¢ p< 0.05 interaction between both factors.
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Figure 29. Analysis of microgliosis at the mid stage in the different brain regions.

(A) IBA-1 mean fluorescence intensity quantification in VN. Image show reactive-like phenotypes
of microglial cells in the VN of Ndufs4 KO and Double KO mice (B) IBA-1 mean fluorescence
intensity quantification in the cerebellum, cortex, and CA1. e Ndufs4 effect p< 0.05.

NDUFS4-deficient mice, but not in the cerebellum or the cortex (Figure 29
B). In addition, we did not find differences in IBA-1 fluorescence intensity in
the hippocampal CA1 area between controls and NDUFS4-deficient mice,
but we did observe an increased number of IBA-1* cells (Figure 29 B, right).
No differences in IBA-1 were found between Ndufs4 KO and Doble KO mice
in this region, which suggests that the increased number of microglial cells
in the CA1 of Doble KO mice compared to Ndufs4 KOs at the late stage
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(Figure 28 B) occurs during the progression of the pathology. Altogether,
our results indicate an emerging microglial response in NDUFS4-deficient
mice at the mid stage that is not affected by the IL-6 deficiency.

In contrast to what occurs with microgliosis, we observed a generalized
increase in GFAP average fluorescence intensity at the mid stage in all regions
studied (Figure 30 B) with the presence of hypertrophied astrocytes (Figure
30 A) similar to those found at the late stage (Figure 28 B). Therefore, it
seems that reactive astrogliosis precedes microgliosis in Ndufs4 KO mice in
most of the brain regions. Similar to IBA-1, IL-6 deficiency did not have any
effect in either control or Ndufs4 KO mice.
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Figure 30. Astrocyte reactivity is already generalized at the mid stage of NDUFS4-deficient mice.

(A) GFAP representative images and (B) mean fluorescence intensity quantification in VN, cerebe-
llum, OB, cortex, and CAl of all genotypes. ® Ndufs4 effect p< 0.05.
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Part 3. Effects of IL-6-induced chronic
neuroinflammation in Ndufs4 KO mice

Once we proved that decreasing the neuroimmune response by partially
depleting microglial cells has beneficial effects in Ndufs4 KO mice, we wanted
to assess the opposite paradigm and test whether a chronic induction of a
neuroinflammatory state in the CNS of Ndufs4 KO mice would exacerbate
the pathology in these mice. For that purpose, we took advantage of the
GFAP-IL6 mouse (Campbell et al., 1993). As briefly mentioned in Section
1.8.1, GFAP-IL6 mice overexpress IL-6 guided by the Gfap promoter which
confines the overexpression to astrocytes. GFAP-IL6 mice present early
postnatal astrocyte and microglial reactivity across the brain (Campbell
et al., 1993, 2014; West et al., 2022a). By generating a mouse line with
combined CNS IL-6 overexpression and NDUFS4 deficiency, together with
its respective littermate controls (Figures 8 C and 10), we will be able to
induce a chronic neuroinflammatory state in Ndufs4 KO mice before the
neuropathology onset (Quintana et al, 2010) and assess its impact on
pathology progression (Figure 10). In addition, this model could also give
us information about how glial cells with NDUFS4 deficiency respond to a
chronic CNS inflammation promoted by IL-6 overexpression.

NDUFS4 deficiency compromises cerebellar IL-6 produc-
tion in GFAP-IL6 mice

We investigated the levels of specific cytokines at both mid and late stages in
the cerebellum and the OB of the different genotypes as we did in the IL-6
deficiency experiment (Figure 31). Noteworthy, the cerebellum has been
described to have, by far, the most prominent IL-6 production in GFAP-IL6
mice (Campbell et al., 1993); this has also been the case in our experiments.
We found increased levels of IL-6 at mid and late stages in the cerebellums
of NDUFS4-deficient mice, whereas in the OB was only significant at the
mid stage since the high variability in the Ndufs4 KO mice at the late stage
precluded statistical significance. Similar results were obtained regarding the
IL-6 overexpression effect; IL-6 overexpression further increased IL-6 levels
in the cerebellum at both stages, and at the mid stage in the OB (Figure 31,
left). Strikingly, cerebellar IL-6 levels were around five and seven times lower
at mid and late stages, respectively, in GFAP-IL6/Ndufs4 KO mice compared
to GFAP-IL6 (mid, p = 0.003; late, p < 0.001) (Figure 31, left). Regarding
TNF-a levels in the OB, there were no differences at the mid stage between
genotypes, while NDUFS4-deficiency increased them at the late stage. IL-6
overexpression did not have any effect at any stage (Figure 31, middle). In
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the cerebellum, both NDUFS4 deficiency and IL-6 overexpression induced
an increase in TNF-a levels. After decomposing the interactions, we found
increased TNF-a levels in Ndufs4 KO mice compared to control mice at both
stages (mid, p = 0.017; late, p =0.018), but no difference between GFAP-IL6
mice and GFAP-IL6/Ndufs4 KO mice (Figure 31, middle). IL-10, a cytokine
with anti-inflammatory functions, was increased by IL-6 overexpression but
not by NDUFS4 deficiency in the cerebellum at both stages. On the contrary,
in the OB, IL-10 levels were increased by NDUFS4 deficiency only at the
late stage, but not by IL-6 overexpression (Figure 31, right). Furthermore,
we again did not detect IL-1B (not shown). Altogether, these results show
different patterns in cytokine levels depending on the brain region.
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Figure 31. Region-dependent cytokine levels.

IL-6, TNF-a, and IL-10 levels in the cerebellum and olfactory bulb of the different genotypes at the
mid and late stages. ® Ndufs4 effect p< 0.05, *IL-6 effect p< 0.05 , ¢ p< 0.05 interaction between
both factors.

Astrocytic-targeted IL-6 overexpression reduces female
but not male Ndufs4 KO mice survival

Contrary to IL-6 deficiency, IL-6 overexpression negatively impacted the
survival of Ndufs4 KO in a sex-dependent manner: female GFAP-IL6/
Ndufs4 KO mice had decreased mean survival by around 20% (Ndufs4 KO
vs. GFAP-IL6/Ndufs4 KO, p = 0.0019), whereas no significant differences
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were found in GFAP-IL6/Ndufs4 KO male mice compared to Ndufs4
KO mice (Figure 32 A). Moreover, male and female NDUFS4-deficient
mice again presented the typical severe decrease in body weight, but no
differences were found between Ndufs4 KO and GFAP-IL6/Ndufs4 KO mice
in any sex (Figure 32 B).
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Figure 32. Reduced survival of female Ndufs4 KO mice with astrocytic IL-6 overexpression.

(A) Kaplan-Meier survival curve for control, GFAP-IL6, Ndufs4 KO, and GFAP-IL6/Ndufs4 KO
mice. (B) Body weight curves for control, GFAP-IL6, Ndufs4 KO, and GFAP-IL6/Ndufs4 KO male
and female mice (n = 11-25). ** p <0.01, ® Ndufs4 effect p< 0.05.

Astrocyte-targeted IL-6 overexpression barely modifies
other phenotypic aspects of Ndufs4 KO mice

Astrocytic IL-6 overexpression had a negative impact on female Ndufs4 KO
mice survival, but not in males. Thus, for a better comparison of disease
progression between sexes, we present the results of the motor evaluation of
disease progression divided by sex. Generally, NDUFS4-deficient mice had
reduced motor coordination (Figure 33 A) and total motor activity (Figure
33 B) as well as increased tidal volume (Figure 33 D), and an unchanged
respiratory frequency (Figure 33 E) when compared to control mice.
Regarding IL-6 overexpression effects, GFAP-IL6 mice were comparable to
their controls in motor coordination (Figure 33 A), motor activity (Figure
33 B), tidal volume (Figure 33 D), and respiratory frequency (Figure 33
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E). In addition, IL-6 overexpression itself barely impacted the Ndufs4 KO
phenotype regardless of sex; GFAP-IL6/Ndufs4 KO mice of both sexes had
similar motor coordination, total motor activity, and ventilatory function
as Ndufs4 KO mice at all disease stages (Figure 33 A, B, D, E). Only female
GFAP-IL6/Ndufs4 KO showed a slightly advanced clasping onset (p = 0.023)
(Figure 33 C), which is consistent with their decreased lifespan. On the
contrary, we found a significant interaction between both factors in the
respiratory frequencyat the early stage; post hoc pairwise comparison revealed
that NDUFS4 deficiency increased respiratory frequency in GFAP-IL6 mice
(GFAP-IL6 vs. GFAP-IL6/Ndufs4 KO, p = 0.037) (Figure 33 E). Overall,
these results suggest that a chronic IL-6-mediated neuroinflammatory state
in Ndufs4 KO brains does not strongly affect disease progression.
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Figure 33. CNS IL-6 overexpression barely affects the motor or respiratory phenotype of
Ndufs4 KO mice.
(A) Latency to fall in the accelerating rotarod. (B) Total distance travelled in the OF test. (C) Day of
onset of clasping behavior in Ndufs4 KO and GFAP-IL6/Ndufs4 KO mice (D) Tidal volume and (E)
respiratory frequency at the different stages. ® Ndufs4 effect p< 0.05, 4 p< 0.05 interaction between
both factors, * p = 0.05-0.01.
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NDUFS4 deficiency decreases microgliosis in response to
chronic IL-6 overexpression at both mid and late stages of
the disease

After characterizing the effects of IL-6 overexpression in Ndufs4 KO mice
in survival and disease progression we next assessed the glial reactivity by
IBA-1 and GFAP stainings in the different brain regions at both mid and
late stages of the disease. Importantly, we did not detect any sex-specific
differences in gliosis, so the results of both sexes are presented together.

As expected, NDUFS4 deficiency again induced an increased IBA-1
fluorescence intensity in the VN and the cerebellum of Ndufs4 KO mice
with the abundant presence of reactive microglia, especially in the VN,
while in the CAl and the cortex both IBA-1 intensity and the number of
IBA-1* cells were comparable to control mice (Figure 34). Regarding IL-6
overexpression effects, in the VN, we found a significant interaction between
both factors. In this case, the interaction indicated that IL-6 overexpression
had no major impact on the IBA-1 intensity of Ndufs4 KO mice (Ndufs4 KO
vs. GFAP-IL6/Ndufs4 KO, p = 0.172), whereas it induced a clear increase in
NDUFS4 non-deficient mice (Control vs. GFAP-IL6, p = 0.027), probably
because the massive microglia reactivity of NDUFS4-deficient mice in this
region is mainly due to the effect of the genotype without the influence of
IL-6 (Figure 34 A). Accordingly, GFAP-IL6/Ndufs4 KO mice developed the
characteristic bilateral symmetrical lesions with no apparent differences
between genotypes (Figure 34 B). In the other regions, IL-6 overexpression
clearly induced a substantial increase in IBA-1 fluorescence intensity in both
genotypes. Interestingly, even though Ndufs4 KO mice responded to IL-6
overexpression by increasing IBA-1 and the number of IBA-1* cells, they did
it to a lesser extent when compared with GFAP-IL6 mice in the cerebellum,
cortex, and CAl (GFAP-IL6 vs. GFAP-IL6/Ndufs4 KO, p < 0.001 in all
regions) (Figure 34).

In line with the PLX3397 and the IL-6 deficiency experiments, we again
found a global increase of GFAP in late stage Ndufs4 KO mice in the VN,
cerebellum, cortex, and CA1 (Figure 35). IL-6 overexpression also induced
a clear increase in GFAP in GFAP-IL6 mice compared to control mice.
However, in Ndufs4 KO mice, the effects of IL-6 overexpression varied by
region. In the VN and the cerebellum, IL-6 overexpression further increased
GFAP fluorescence intensity in Ndufs4 KO mice (IL-6 effect, p = 0.013 and
p < 0.001, respectively), while it had no effect in the cortex (Ndufs4 KO vs.
GFAP-IL6/Ndufs4 KO, p=0.233), and reduced GFAP intensity in the CAl
(Ndufs4 KO vs. GFAP-IL6/Ndufs4 KO, p=0.009) (Figure 35 B).
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Figure 34. Analysis of microgliosis in the late stage mice in different brain regions revealed
decreased microgliosis in Ndufs4 KO mice due to IL-6 overexpression.

(A) Representative images of IBA-1 staining (B) Quantification of IBA-1 fluorescence intensity in the
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Figure 35. IL-6 overexpression effects over GFAP are region-dependent in Ndufs4 KO mice
at the late stage.

(A) GFAP mean fluorescence intensity quantification in VN, cerebellum, OB, cortex, and CA1. (B)
Representative images of GFAP staining. ® Ndufs4 effect p< 0.05, *IL-6 effect p< 0.05 , ¢ p< 0.05
interaction between both factors.

Atthe mid stage, we did not find overt signs of microgliosis in Ndufs4 KO mice
in any region (Figure 36). IL-6 overexpression again induced a clear increase
in IBA-1 in all regions, notwithstanding the genotype. In line with the late
stage observations, we again found a decrease in IBA-1 in GFAP-IL6/Ndufs4
KO mice compared to GFAP-IL6 in all regions studied, including the VN
(GFAP-IL6 vs. GFAP-IL6/Ndufs4 KO, p = 0.015), probably because, contrary
to the late stage, microglial reactivity in response to NDUFS4 deficiency
in the VN is incipient and does not mask the effect of IL-6 overexpression
(Figure 36). Remarkably, the magnitude of the decreasing effect appeared to
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Figure 36. Analysis of microgliosis at the mid stage mice in different brain regions again revealed
decreased microgliosis in Ndufs4 KO mice due to IL-6 overexpression.
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be less pronounced at the mid stage, both in the fluorescence intensity and
in the number of cells in the CA1 and cortex, than at the late stage (Figure
35B).

Regarding astrocyte reactivity, we found increased GFAP intensity in the
cortex and the CA1 but not in the VN or the cerebellum due to NDUFS4
deficiency. Moreover, we found increased GFAP in IL-6 overexpressing
mice, regardless of the genotype, and contrary to IBA-1, GFAP intensity
was similar between GFAP-IL6 and GFAP-IL6/Ndufs4 KO mice in the VN,
cerebellum, and cortex, while it was slightly increased in the CAl due to
NDUEFS4 deficiency (Figure 37).
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Figure 37. Analysis of astrogliosis at the mid stage mice in different brain regions.
(A) GFAP mean fluorescence intensity quantification in VN, cerebellum, OB, cortex, and CALl. (B)
Representative images of GFAP staining. ® Ndufs4 effect p< 0.05, *IL-6 effect p< 0.05, ¢ p< 0.05
interaction between both factors.
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Discussion






The aim of this thesis was to investigate the role of neuroinflammation on
the Ndufs4 KO mouse model of Leigh syndrome using both pharmacological
methods and transgenic mouse models. Through our studies, we were able
to demonstrate that neuroinflammation plays a key role in the pathology of
the LS mouse model, with microglia playing a central role. This paves the
way for new treatments for the human disease.

5.1 Neuroinflammation as a contributor to
Ndufs4 KO mice encephalopathy

Neuroinflammation, understood as the immune-like process that takes
place in the CNS in response to an insult of any kind, is a key manifestation
of the Ndufs4 KO mice encephalopathy. It has extensively been reported that
Ndufs4 KO mice develop abundant neuroinflammation in brain areas where
neurodegeneration takes place, which include the VN, the OB, the cerebellum,
and specific brain areas in the brainstem. In addition, neuroinflammation,
mainly astrocyte reactivity, has also been reported in the hippocampus, a
region where neuronal death is not apparent. This neurodegenerative process
leads to a severe phenotype in which Ndufs4 KO mice progressively present
motor alterations, respiratory abnormalities, seizures, and ultimately, death
around postnatal day 55 (Kruse et al., 2008; Quintana et al., 2010, 2012b;
Johnson et al.,, 2013; Shil et al.,, 2021; van de Wal et al., 2022). Accordingly,
the phenotype of all the Ndufs4 KO mice cohorts generated during the
study consistently replicated the phenotype reported previously, even in
the IL-6 experiments, where genetic background variations caused by
crossing different mouse strains could have been introduced. The consistent
phenotype confirms the validity of our experiments, strongly suggesting
that the effects observed in Ndufs4 KO mice as a result of the interventions
are due to their modulatory effects.

Remarkably, previous published interventions that either extend the lifespan
or rescue motor decline in Ndufs4 KO mice, such as hypoxia (Jain et al,,
2016, 2019), rapamycin treatment (Johnson et al., 2013), or doxycycline
administration (Perry et al., 2021), have been shown to reduce microglia
and astrocyte reactivity as well as immune-related pathways in Ndufs4 KO
brains. Whether this neuroimmune process is a pathological mechanism
contributing to the progression of the disease or simply is a consequence of
neurodegeneration deserves adequate investigation in the context of brain-
related mitochondrial disorders, and particularly, in the Ndufs4 KO mouse
model of LS.
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5.1.1 Characterizing microglia and astrocyte reactivity
using IBA-1 and GFAP immunostaining: useful, but limited

5.1.1.1IBA-1

Unlike other tissues, in healthy conditions, the CNS does not receive any
additional myeloid cells from the periphery; thus, microglia are the only
myeloid cells present in the brain parenchyma in basal conditions (Ginhoux
etal., 2010; Hoeffel and Ginhoux, 2015; Li and Barres, 2018). Ionized calcium-
binding adapter moleculel (IBA-1), a protein that binds calcium and actin,
is an extensively used marker of microglia. IBA-1 expression increases when
microglia become reactive, but as other common microglial markers such
as CD11b or CD68, is not microglia-specific (Li and Barres, 2018). The IBA-
1 gene (Aifl) is expressed in all myeloid-derived cells, including CAMs
and peripheral monocytes. In steady-state conditions, IBA-1 can be used
as a reliable marker of the microglia present within the brain parenchyma,
providing an accurate visualization of the microglial cell body and processes.
However, during chronic neuroinflammation, peripheral monocytes can
infiltrate and engraft the brain acquiring microglia-like phenotypes (e.g.,
morphology, clonal expansion capacity, markers)(Shemer et al., 2018;
Grassivaro et al., 2020). Therefore, it is highly possible that some IBA-1* cells
of Ndufs4 KO mice are actually infiltrating myeloid cells and not microglia,
especially at lesion sites, where we also observed aneurism-like vascular
abnormalities that could compromise the BBB allowing peripheral cells to
infiltrate (Knox et al.,, 2022). The same applies to GFAP-IL6 mice (Recasens
et al, 2021). In fact, to clearly distinguish between microglia and other
myeloid cells researchers have mainly relied on flow cytometry approaches
(Martin et al., 2017). Moreover, only very recently, truly microglia-specific
Cre-driven mouse lines have been developed (Dumas et al., 2021). In recent
years, some additional microglial-specific markers have been described,
which include TMEM119 or P2RY12. However, their expression decrease
dramatically when microglia become reactive; thus, they are unsuitable for
properly studying microglial cells under pathological conditions (Bennett
et al., 2016; Paolicelli et al., 2022; Vankriekelsvenne et al., 2022). Indeed, we
did not detect any TMEM119* cells in the VN region of Ndufs4 KO mice and
minimal staining in the OB, indicating, in accordance with their morphology
and their strong IBA-1 immunoreactivity, that all or almost all microglial
cells present in those regions are reactive. In summary, currently, there are
no specific markers for reactive microglia that could not potentially overlap
with other infiltrating myeloid cells and that would be useful to separate
between both cell populations.
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5.1.1.2 GFAP

Glial fibrillary acidic protein (GFAP), an essential protein of astrocyte
intermediates filaments, is the most broadly used marker for reactive
astrocytes since the upregulation of GFAP is a common early response to
almost any type of injury or disease, often correlating with the severity of
the trauma (Escartin et al., 2019, 2021). Similarly to IBA-1, despite its proven
utility, some considerations must be taken into account when using GFAP as
a marker for reactive astrocytes. Firstly, astrocytes have regional-dependent
GFAP content (Haim and Rowitch, 2017); for instance, in basal conditions,
cortical astrocytes are barely GFAP immunoreactive, while hippocampal
astrocytes are strongly stained. Indeed, this can be appreciated in the
multiple GFAP stainings of the cortex and the CAl of control mice done
in this project, in which very few astrocytes were detected per field in the
cortex in comparison to the CAl. In disease conditions (NDUFS4 deficiency)
or with IL-6 overexpression (GFAP-IL6), GFAP immunoreactivity in the
cortex increased around eight times when compared to controls, whereas
the GFAP mean fluorescence intensity was only doubled in the CAl. This
would mean that both cortical and hippocampal astrocytes were responding
to the particular condition, but in any case would be an evidence that
cortical astrocytes are more reactive than CA1 astrocytes. Secondly, GFAP
immunoreactivity does not enable to visualize the complete astrocyte
morphology, since the thin distal ramifications are not marked. Moreover,
GFAP overestimates astrocyte hypertrophy when they are reactive
(Wilhelmsson et al., 2006). So, in order to entirely assess the particular state
of astrocytes in a given condition, they should be accurately characterized
through the use of a combination of several markers together with functional
assessments (Escartin et al., 2021).

5.1.2 CSF1R inhibition to study microglia

Given that microglia are the innate immune cells of the brain and one of
the most remarkable orchestrators of the neuroinflammatory response in
the CNS (Borst et al., 2021), we focused on studying the contributions of
microglia to the pathology of Ndufs4 KO mice. Over the past few years, several
innovative methods have emerged for examining the effects of microglia in
diverse contexts. One of the most notable of these approaches focuses on the
colony-stimulating factor 1 receptor (CSF1R), which can be targeted either
through genetic manipulation by mutating or removing the CSF1R gene, or
through pharmacological means by using small-molecule inhibitors or anti-
CSF1R antibodies (Hume et al., 2020). CSFIR signaling is indispensable for
microglial survival and its antagonization has the capability of temporarily
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depleting mouse microglia from the CNS parenchyma (Elmore et al., 2014).
For our purposes, we decided to use a pharmacological approach, consisting
of the chronic administration of a CSFR1 antagonist, PLX3397. CSFIR
inhibitors such as PLX3397 or PLX5622 have been proven to be a good and
safe method to assess global microglial functions in several mouse models of
neurodegenerative diseases (Green et al., 2020; Dumas et al., 2021). Within
their main advantages, we find that: they do not lead to cognitive and
behavioral impairments, are orally bioactive, show BBB penetrance without
damaging it, and allow for sustained microglial depletion without the need
for costly and time-consuming transgenic strategies (Green et al., 2020). The
latter is especially relevant in our study, since Ndufs4 KO mice are not able to
mate, and the crossing must be established using only heterozygous mice for
the deficiency (Ndufs4*"), making highly laborious to obtain Ndufs4 KO mice
with other genetic modifications. Importantly, it is essential to administer
these inhibitors chronically to maintain microglial depletion, since inhibitor
withdrawal will allow microglia to repopulate the brain in around 3-7 days
(Elmore et al., 2014; Najafi et al., 2018).

Typically, these inhibitors are delivered formulated in chow (Green et al,,
2020), but given that Ndufs4 KO mice progressively develop severe motor
problems and difficulties to thrive together with sudden body weight drops
we were concerned about the possibility that PLX3397 administration in
chow could be inconsistent for each animal along the experimental period.
For these reasons, we deemed it appropriate to administer PLX3397 IP
at a dosage that would result in significant microglia depletion, with the
potential to significantly impact disease progression. By the time we set
the experiment, we only found one study using PLX3397 administered IP
(Kuse et al., 2018). Thus, we set a pilot study to select the dose. We found
a dose-dependent microglial depletion in the brain; treating WT mice IP
either with 8 or 16 mg/kg of PLX3397 reduced microglial numbers by 25%
after 14 days of treatment compared to a 70% reduction when the dose was
40 mg/kg. This dose-dependent effect goes in line with oral formulations
at different concentrations (Elmore et al., 2014; Najafi et al., 2018). So, we
decided to use the 40 mg/kg PLX3397 dose for our experiment and found that
partially depleting microglia using PLX3397 improved the motor phenotype
and prevented microglia accumulation in the main neurodegenerative
areas of Ndufs4 KO mice such as the VN, the OB, or the cerebellum.
Furthermore, our results also strongly suggest that microglial response may
be promoting neuronal loss in these regions. When we assessed neuronal
loss by immunofluorescence using a general neuronal marker (NeuN), we
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found that PLX3397 treatment partially prevented the neuronal loss in
the GrOB, while a clear trend was observed in the VN. However, specific
staining for glutamatergic and GABAergic neuronal subpopulations using
ISH revealed that microglia promoted neuronal loss in both subtypes.
Interestingly, although VN glutamatergic neurons are the ones that have
been described to be susceptible to NDUFS4 deficiency, microglial depletion
also prevented GABAergic neuron loss, suggesting that microglial-mediated
neuronal loss is not limited to susceptible neurons. Of note, the VN also
consists of a small glycinergic subpopulation that was not assessed in our
study (Bagnall et al., 2007). Moreover, despite we did not evaluate the precise
subpopulation preserved in the GrOB in microglial-depleted Ndufs4 KO mice,
the preservation can most likely be attributed to the GABAergic neuronal
subpopulation since it is eminently a region composed of GABAergic neurons
(Nagayama et al., 2014). We did not investigate neuronal preservation in
other neurodegenerative regions, but since we observed preservation in these
two relatively unrelated brain areas, we belive that the neuronal preservation
might be extensible to all involved areas.

In line with our neuropathological observations together with previous
reports (McElroy et al., 2020; Perry et al., 2021), bulk RNAseq of the
transcriptome of the VN and the hippocampus of Control and Ndufs4 KO
mice revealed mainly an upregulation of genes related to the immune system,
especially in the VN. Remarkably, PLX3397 treatment only induced changes
in microglial-related genes and not in those associated with other cell types in
both the VNs and hippocampus of Control and Ndufs4 KO mice, presumably
meaning that the effects of the treatment are eminently related to its direct
action on microglia. This goes in line with previous studies (Najafi et al.,
2018). Of course, bulk RNA sequencing can give a good picture overview
of transcriptomic changes but is relatively unable to detect subtle cell-type
specific changes since the RNA produced by each cell type is diluted in the
whole-tissue RNA pool. For instance, although abundant neuronal loss is
present in the VN of Ndufs4 KO mice, we did not detect neuronal-related
gene changes between Ndufs4 KO-Veh and Ndufs4 KO-PLX3397 mice. In
addition, we found a robust increase in GFAP immunoreactivity in the
hippocampus of PLX3397-treated groups, especially in control mice, but no
upregulation of astrocyte-related genes including Gfap. This circumstance
might be masking relevant pathways that primarily guide microglial actions
in Ndufs4 KO mice.

Regarding the GFAP increase in PLX3397-treated mice, one study found
that astrocytes are responsible for the phagocytosis of microglial cells that
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die due to CSFIR inhibition. Moreover, they showed reactivity signatures,
including the upregulation of the expression of the Gfap gene (Konishi et
al., 2020). These findings align with other studies reporting similar results
(Najafi et al., 2018), and may explain why we observed a GFAP increase in
PLX3397-treated mice.

5.1.2.1 CSF1R inhibition: effects beyond microglia

Despite how useful CSFIR inhibitors are, the treatment using these drugs
is not as microglial-specific as once believed. Increasing pieces of evidence
indicate that CSF1R inhibition does not only affect microglia but also affects
other peripheral immune cell populations, as well as CAMs (Han et al., 2020;
Kerkhofs et al., 2020; Lei et al., 2020; Spiteri et al., 2022). This phenomenon
can be mainly explained because CSFIR/CsfIr expression is not restricted
to microglia and it is expressed by all the mononuclear phagocyte system
that, as microglia, partially rely on CSF1R signaling for survival, leading to a
partial depletion of mature peripheral immune cell populations and CAMs
when CSF1R is chronically inhibited (Tushinski et al., 1982; Tushinski and
Stanley, 1983; Grabert et al., 2020; Hume et al., 2020). Nevertheless, microglia
seem to be way more dependent on CSF1R signaling since homozygous loss-
of-function mutations of the CSFIR/CsfIr gene in both humans and mice
provoke a total microglial loss, whereas they only lead to a partial loss of
peripheral macrophages (Hume et al., 2020). In addition, the two main
CSFIR inhibitors used, PLX3397 and PLX5622, which bind the CSF1R with
comparable affinities, can also bind to important hematopoietic stem cell
kinases such as c-Kit. Importantly, PLX5622 is expected to produce fewer
hematopoietic off-target effects since its 20-fold more active against CSF1R
than against c-Kit, whereas PLX3397 binds more or less with the same affinity
to both (Chen and Abkowitz, 2009; DeNardo et al., 2011; Spangenberg et al.,
2019). Despite this increased affinity for CSF1R, PLX5622 has been reported
to affect both myelopoiesis and lymphopoiesis (Spangenberg et al., 2019;
Spiteri et al., 2022). However, as far as we know there are no studies directly
comparing the effects of both PLX3397 and PLX5622 on the peripheral
immune population which makes it difficult to infer whether PLX5622 has
lesser off-target effects than PLX3397. In any case, what seems clear is that
the higher the dosage, the higher the effects both centrally and peripherally.
For instance, PLX3397 administrated in chow at 290 parts per million (ppm)
is able to deplete 99% of brain microglia within 21 days, whereas when
administrated at 600 ppm 99% depletion is achieved only after 7 days of
treatment (Elmore et al., 2014; Najafi et al., 2018). Something similar seems
to happen in peripheral immune populations (Han et al., 2020).
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In line with this idea, a recently published study using PLX3397 in Ndufs4
KO mice at higher concentrations, which may target and eliminate a
wider range of immune cell types other than microglia, showed a dose-
dependent increased lifespan and amelioration of clinical signs in Ndufs4
KO mice (Stokes et al., 2022). In short, they used three different PLX3397
concentrations in chow to treat Ndufs4 KO mice: 667, 1334, and 2001 ppm
which corresponded to an approximate oral dose of 100, 200, and 300 mg/
kg, respectively. At the lower dose of 100 mg/kg, Stokes and colleagues found
a similar survival extension and clinical signs amelioration in Ndufs4 KO
mice as the ones we have obtained. Importantly, at 100 mg/kg, microglia
should be 99% depleted after 7 days of treatment (Najafi et al., 2018), meaning
that, under certain circumstances, partial depletion (this thesis; Aguilar et
al., 2022) and full depletion (Stokes et al, 2022) seem to have comparable
effects in terms of delaying disease progression. One possible explanation
is that, in our study, the remaining microglial cells of PLX3397-treated
mice are not fully functional. Indeed, they have a very distinct morphology
(e.g., less number of ramifications, increased cell body) when compared
with those from untreated mice. Unfortunately, the authors did not report
the exact numbers of IBA-1* cells in the group of Ndufs4 KO mice treated
with PLX3397 at 100 mg/kg, only at 300 mg/kg, where the depletion was
certainly complete. In addition, despite Stokes et al. claimed to obtain a
general leukocyte depletion, they did not interrogate the numbers of other
specific subpopulations of immune cells, neither centrally nor peripherally,
with other approaches beyond a brain IBA-1 staining, which, indeed, is a
shared limitation with our study. Despite this limitation, it seems reasonable
to speculate that the dose-dependent effect of PLX3397 on the Ndufs4 KO
mouse phenotype might be associated with the type(s) of the immune cell
population being eliminated as the dose increases. The effects on peripheral
myeloid cell populations could be partially addressed, for instance, by
treating Ndufs4 KO mice with CSFIR inhibitors that are almost unable to
cross the BBB such as PLX73086 (Bellver-Landete et al., 2019) or Ki20227
(Ohno et al., 2006).

To look at other leukocyte subpopulations, apart from those of myeloid origin
(IBA-1* cells), we immunohistochemically stained for CD3, a well-described
pan-T-cell marker, in the neurodegenerative areas of Ndufs4 KO mice. The
absence of CD3" cell accumulation in the main areas responsible for the
major symptoms of Ndufs4 KO (VN and cerebellum) suggests that myeloid-
derived immune cells are the main ones responsible for the pathogenesis,
reinforcing the idea that the pathogenic neuroimmune response present in
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these mice is mainly guided by innate immunity mechanisms, as observed
in bulk RNAseq data (McElroy et al., 2020; Perry et al., 2021).

With all the current pieces of evidence, we propose that neuroinflammation
is a keystone in the development of Ndufs4 KO brain pathology that directly
promotes and increases neuronal loss producing a severe negative impact
(Figure 38). Henceforth, disentangling the specific contributions of different
immune cell subpopulations with more refined approaches will be key for
the complete understanding of the immune interplay that guides Ndufs4 KO
mice encephalopathy and will allow the development of immunomodulatory
therapies.

5.2 IL-6 deficiency in Ndufs4 KO mice

Once we proved that microglial response is pathogenic in Ndufs4 KO
mice, we attempted to uncover possible mechanisms of action by which
this cell type promotes neuronal loss. Based on existing literature (Balsa
et al., 2020; McElroy et al., 2020) and our VN RNAseq data, we decided
to study the role of the cytokine IL-6. This cytokine is an important
mediator of neuroinflammation and is known to have strong detrimental
effects during chronic neuroinflammation (Erta et al., 2012). Therefore,
we hypothesized that IL-6 could potentially guide microglial activity in
Ndufs4 KO mice. Collectively, our results indicate that although IL-6 protein
levels were increased in the tested neurodegenerative regions of Ndufs4
KO mice compared to control mice, this cytokine would not appear to be
responsible for the major consequences of neuroinflammation in Ndufs4 KO
mice neuropathology, since IL-6 deficiency did not affect survival, disease
progression, or gliosis. This is somewhat surprising, and perhaps the systemic
IL-6 KO approach might be masking potential IL-6 effects.

>

Figure 38. Proposed hypothesis: how neuroinflammation promotes Ndufs4 KO mice
encephalopathy.

Susceptible neurons to NDUFS4 deficiency (red) release danger signaling molecules,
such as PAMPs and DAMPs, sensed by microglia and astrocytes that may serve
as reactivity-trigger signals. Consequently, these cells engage a response, but the
persistence of the NDUFS4 deficiency finally leads to the establishment of a positive
feedback loop that promotes the over-reactivity of microglia, which, in turn,
promotes a massive neuronal loss of both susceptible and non-susceptible neurons.
Currently, the specific role of astrocytes and infiltrating cells in the pathology is
unknown; we suggest that they may have important implications in the development
of the pathology that require further investigation. Our data, along with other recent
publications, highlight that the usefulness of some beneficial interventions may
come from lowering neuroinflammation.
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Two mechanisms could be at play: (i) opposite effects of IL-6 signaling and
(i) potential compensatory mechanisms due to constitutive IL-6 deficiency.
The Il6 KO mice used in this study were completely deficient in IL-6
(Sanchis et al., 2020a); therefore, they also had abolished all types of IL-6
signaling. As briefly mentioned in Section 1.8.1, IL-6 signaling is extremely
complex. It has been proposed that classic signaling guides IL-6 protective
effects, while trans-signaling mediates harmful effects, which emphasizes
the importance of distinguishing between these two signaling pathways
(Rothaug et al., 2016). Remarkably, microglia are the only cells in the CNS
in which IL-6 can signal through classic signaling since the mIL-6R is not
expressed in any other cell types (Hsu et al., 2015). Thus, we cannot rule
out the possibility that both types of signaling are exerting opposite cell
type-specific effects, and when IL-6 is eliminated, protective and harmful
effects compensate each other, and the pathology remains unchanged. In the
second mechanism, unknown developmental compensatory mechanisms in
response to constitutive IL-6 deficiency could be occurring, again masking
IL-6 contributions to the pathology of Ndufs4 KO mice. It could also be
possible that other signaling pathways or cytokines compensate for the
IL-6 deficiency. However, we did not find different levels of TNF-a between
Ndufs4 KO and Double KO mice, in addition, IL-1B remained undetectable
in both genotypes. Although the appearance of compensatory mechanisms
in knockout models is well-documented, the identity of these remains mostly
obscure(El-Brolosy and Stainier, 2017). To overcome these limitations, we
have preliminary data (not shown) indicating that the specific blockade of
IL-6 trans-signaling by administrating sgp130Fc, which binds to the IL-6/
sIL-6R complex (Jostock et al., 2001), to Ndufs4 KO mice does not modify
survival or disease progression. If this additional evidence is confirmed, it
will certainly certify that IL-6 plays a minor role in the encephalopathy of
Ndufs4 KO mice.

However, IL-6 deficiency partially reversed the respiratory abnormalities
observed in Ndufs4 KO mice. Respiration rhythm generation and
coordination require a complex circuitry in which the VN and brainstem
are key components. Respiration is strongly influenced by inflammation
(Pefia-Ortega, 2019). Furthermore, microglia and different inflammatory
mediators can modulate respiratory rhythm (Lorea-Hernandez et al., 2016;
Pefia-Ortega, 2019). For instance, IL-1p (Lorea-Hernandez et al., 2020)
and IL-10 (Giannakopoulou et al., 2019) can modulate tidal volume and
respiratory frequency in non-pathological conditions. To our knowledge,
this is the first direct report showing that IL-6 can also modulate breathing.
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The fact that IL-6 influences respiration in both non-pathological and
pathological conditions, together with that we did not find differences in
gliosis between Ndufs4 KO and Double KO mice, leads us to hypothesize that
IL-6 has an intrinsic capacity to affect breathing, as observed in the case of
other cytokines (Giannakopoulou et al., 2019; Lorea-Hernandez et al., 2020).
This could be achieved by changing neuronal firing or playing a relevant role
in glia-neuron communication (Pefia-Ortega, 2019). Consistently, we also
found that PLX3397 administration was also capable of modulate breathing.

5.3 Possible mechanisms of microglia
pathogenesis in the context of the Ndufs4
KO brain disease

5.3.1 Other potential inflammatory pathways involved

Regarding the strong neuroimmune response present in Ndufs4 KO mice,
IL-6 signaling is only one of the multiple neuroinflammatory mediators
that could be hypothesized to be contributing. Mitochondrial defects have
been shown to elicit different inflammatory responses, including TLRY,
inflammasome pathway, or IFN type I responses (Zhong et al., 2019; Luna-
sanchez et al., 2021). We did not find evidence of inflammasome activation
because one of the main mechanisms of action of this complex is the final
conversion of pro-IL-1f into its active form (Yang et al., 2019) and we
could not detect IL-1p in Ndufs4 KO mice. Interestingly, some studies have
reported interferon-related response activation in NDUFS4-deficient mice
(McElroy et al., 2020; Perry et al.,, 2021) and other mitochondrial disease
mouse models (Lei et al., 2021). However, we did not find any GO pathway
related to IFN signaling in our bulk RNAseq data.

5.3.2 Microglial phagocytosis

Microglia phagocyte both dead and stressed/dysfunctional neurons (Brown
and Neher, 2014; Butler et al., 2021). There are three main evidence indicating
that microglia could be actively phagocyting in Ndufs4 KO mice brain lesion
sites.

First of all, IBA-1* cells within Ndufs4 KO mice brain lesions (e.g., VN, OB, or
cerebellum) are fully rounded, a morphological phenotype associated with
the phagocytic activity of microglia. Secondly, as discussed above, microglial
removal preserved neurons in the VN and the OB of Ndufs4 KO mice at the
corresponding late stage of the disease, indicating that microglial response
may be promoting direct neuronal loss in primary neurodegenerative regions
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of Ndufs4 KO mice. Finally, the most upregulated GO pathway in Ndufs4
KO mice treated with vehicle compared to vehicle-treated control mice in
the VN was the positive regulation of phagocytosis. Within the upregulated
genes in Ndufs4 KO mice in our VN RNAseq dataset, we find Trem2 and
Tyrobp, which codify for the triggering receptor expressed on myeloid cells
2 (TREM2) and DNAX-activation protein 12 (DAP12), respectively. TREM2
is a membrane-bound receptor that can bind different ligands including
phosphatidylserine, which is exposed in dying neurons, or DNA molecules
that can be released under certain dysfunctional circumstances (Bouchon
et al., 2000; Takahashi et al., 2005; Wang et al., 2015; Moya et al., 2021),
whereas DAP12 is an adaptor protein for correct TREM2 surface expression
and intracellular signaling (Humphrey et al, 2015). TREM2 signaling
cascades promote microglia chemotaxis, motility, proliferation, survival,
and phagocytosis, and it is necessary for microglia to acquire a DAM
profile (Keren-Shaul et al., 2017; Ulland and Colonna, 2018; Butler et al.,
2021). Indeed, we found several DAM-associated genes upregulated in the
VN of Ndufs4 KO-Veh compared to Ctrl-Veh mice. TREM2-guided effects
have context and time-dependent effects in neurodegenerative diseases. For
example, the deletion of Trem2 in mouse models of Alzheimer’s disease is
detrimental or beneficial depending on when it is eliminated (Ulland and
Colonna, 2018). Even though the precise pathways by which microglia
contribute to the progression of the diseases and promote neuronal death
in Ndufs4 KO mice remain unclear, we suggest that both IFN-related
pathways and phagocytosis may be in part responsible for the detrimental
contributions of microglia to the pathology.

5.3.3 Microglia and astrocyte partnering

The main goal of our project has been focused on microglia, but astrocytes
also exert crucial roles in pathological contexts. Even though it was beyond
the scope of this project to directly interrogate the role of astrocytes, we
consistently stained for GFAP, which gives clues about the state of astrocytes
as discussed above, and we interrogated astrocyte-specific signatures in our
RNAseq dataset. As mentioned in sections 1.5.1.2 and 1.7, astrocytes have
been proven to negatively affect brain pathology under certain scenarios,
as well as exacerbate pathology in some mitochondrial dysfunction
contexts and respond abnormally when they present with a mitochondrial
malfunction (Sofroniew and Vinters, 2010; Ignatenko et al., 2018, 2020;
Murru et al,, 2019). In fact, we observed a strong induction of GFAP together
with reactive-like astrocyte morphology that, in most cases, precedes, in
time and intensity, microglial reactivity in Ndufs4 KO mice. For instance, in
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the IL-6 deficient mice experiment, we found a significant increase in GFAP
immunoreactivity in all regions studied in Ndufs4 KO mice compared to
controls at the mid stage of the disease, while microglial reactivity was either
absent or very low, except in the OB. This was also observed in the IL-6
overexpressing experiment in the cortex and CAl. Unfortunately, we do
not know if astrocyte reactivity is already present at the early stage. Still,
these findings definitively open the question of whether astrocytes are the
first responders to the effects of NDUFS4 deficiency or whether they are
intrinsically affected by it. These observations are especially interesting
since microglia are commonly the first responders that guide astrocyte
detrimental actions in a variety of scenarios, such as in TBI (Penkowa et
al., 1999), epilepsy (Sano et al., 2021), or axotomized models (Liddelow et
al., 2017). Importantly, in mice with specific Ndufs4 deletion guided by the
Gfap promoter, mice looked healthy without signs of illness (Ramadasan-
Nair et al., 2019), indicating that in basal conditions NDUFS4 deficiency in
astrocytes does not have major consequences. Unfortunately, the authors did
not interrogate whether the deficiency could affect how astrocytes respond to
a particular threatening stimulus. In addition, it is now clear that microglia
and astrocyte “work” as partners (Liddelow et al., 2020), especially in disease
conditions, so it is highly possible that their crosstalk may elicit coordinated
responses in the context of NDUFS4 deficiency that impact the pathology of
Ndufs4 KO mice that must be considered in future studies.

5.3.4 Context-dependent microglial responses

In our opinion, one final aspect should not be overlooked when investigating
the mechanisms of microglial pathogenesis in complex diseases like the
one developed in Ndufs4 KO mice: context-dependent microglial actions
(Paolicelli et al., 2022). Given that neurodegeneration occurs in multiple
brain areas that differ significantly in terms of neuronal composition
and function, it is likely that region-specific microglial responses are
taking place. For instance, susceptible GABAergic neurons in the OB and
susceptible glutamatergic neurons in the VN may respond differently to the
NDUFS$4 deficiency (Bolea et al., 2019), hence, generating a different danger
pattern that will make microglia react in a different fashion despite the final
outcome being the same: microglial reactivity and neuronal loss. Another
example could be that we detect T-cell infiltration in the OB of Ndufs4 KO
mice, but not in the VN or the cerebellum. Could these infiltrating T-cells
interact with microglia and somehow mutually modulate their responses as
described in other brain scenarios? Are microglia attracting T-cells in the
OB but not in other regions? (Schetters et al., 2018).
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5.4 Effects of chronic neuroinflammation
in Ndufs4 KO mice

The last goal of the thesis was to assess whether an increased inflammatory
environment could affect Ndufs4 KO mice disease in an opposite fashion
to that observed depleting microglia and reducing neuroinflammation.
To do so, we used GFAP-IL6 and Ndufs4 KO mice to generate GFAP-IL6/
Ndufs4 KO mice. GFAP-IL6 mice have been widely used as a model for
chronic neuroinflammation. As mentioned above, these mice overexpress
the cytokine IL-6 under the control of the Gfap promoter, which restricts the
overexpression to astrocytes, since they are the unique cells expressing Gfap
in the adult brain. As a result, GFAP-IL6 mice develop abundant microgliosis
and astrogliosis in which both cell types show morphological signs of
reactivity. They also promote tissue vacuolization, angiogenesis, peripheral
cell infiltration, and ultimately neurodegeneration (Campbell et al., 1993;
Erta et al,, 2012; Giralt et al., 2013); as a result, these mice start to develop
serious motor problems around six months of age (Gyengesi et al., 2019).
Consistent with this, in young mice, we found prominent microgliosis and
astrogliosis but no differences in total ambulation and motor coordination
between control and GFAP-IL6 mice at any time point. We hypothesized
that IL-6 overexpression would potentiate and advance Ndufs4 KO mice
disease based on abundant literature indicating that a neuroinflammatory
state can be neurotoxic by aggravating neurodegenerative mechanisms
(Chitnis and Weiner, 2017). For example, IL-6 overexpression could
allow microglial cells to become primed and potentiate their detrimental
actions. Microglial priming refers to the heightened sensitivity of microglial
cells to a secondary inflammatory stimulus, resulting in an enhanced
inflammatory response compared to the response to an initial or ongoing
stimulus. These processes have been described in multiple situations, but
whether different combinations of stimuli guide different primed microglial
phenotypes with different functionalities remains to be fully studied (Perry
and Holmes, 2014; Neher and Cunningham, 2019). Importantly, IL-6 has
been related to microglial priming, for instance, increased IL-6 production
and signaling in the brain of aged mice compared to adult mice potentiates
microglial response after a systemic inflammation (Garner et al., 2018). In
this particular case, the primary stimulus would be IL-6, and the secondary,
the NDUFS4 deficiency-mediated inflammatory response. Additionally, the
presence of inflammatory by-products could further harm neurons that are
already vulnerable to NDUFS4 deficiency.
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Strikingly, IL-6 overexpression only reduced the survival of Ndufs¢ KO
female mice, which may indicate that Ndufs4 KO female mice have a
higher sensitivity to brain inflammation than male mice, highlighting the
importance of considering each sex in these types of studies. It is long known
the existence of an interplay between IL-6 and estrogens that could partially
explain the sex-dependent differences (Stein and Yang, 1995; Young et al.,
1997). Moreover, some studies have reported IL-6 sex-dependent effects
in a variety of neurodegenerative diseases, for instance, in a mouse model
of EAE demyelination, T-cell infiltrates and gliosis in the spinal cord were
regulated in a sex and cellular IL-6 source-dependent manner (Sanchis et
al., 2020b). In addition, the inhibition of IL-6 trans-signaling modulated
the phenotype of two different mouse models of Alzheimer’s disease also
in a sex-dependent manner (Escrig et al., 2019). To add another layer of
complexity, it is now clear that not only can inflammatory mediators exert
different effects depending on the sex, but also cellular components of the
neuroimmune system can be highly influenced by sex, with particular
relevance to those found in astrocytes and microglia (Osborne et al., 2018;
Han et al., 2021a). For instance, pieces of evidence suggest a clear sexually
dimorphic microglial response as a result of a CNS insult like a traumatic
brain injury in mice (Villapol et al., 2017).

Apart from survival and a slight difference in clasping onset (3 days), female
GFAP-IL6/Ndufs4 KO mice were phenotypically similar to males in terms of
disease progression and gliosis. We did not further interrogate the specific
cause of this sex-specific decreased survival, but since both GFAP-IL6/
Ndufs4 KO female and male mice had similar disease progression compared
to their Ndufs4 KO mice counterparts, it is unlikely that this observation is
related to increased neuronal loss in females. We suggest that it may be due
to the alteration of other aspects of the Ndufs4 KO phenotype, that we did
observe but that were not addressed in this thesis, such as the appearance of
seizures (Kruse et al., 2008; Quintana et al., 2010; Bolea et al., 2019). There is
a significant correlation between inflammation and epilepsy, as seizures can
trigger inflammation or inflammation exacerbate the severity of seizures
(Vezzani et al., 2011). In addition, some studies have observed different sex
susceptibilities to the development of specific epilepsy subtypes (Christensen
et al., 2005; Reddy et al., 2021). Therefore, it cannot be ruled out that the sex-
dependent effect on survival is due to a greater susceptibility to developing
epilepsy, or a greater severity of seizures in GFAP-IL6/Ndufs4 KO female
mice compared to GFAP-IL6/Ndufs4 KO male mice and Ndufs4 KO mice.
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5.4.1 Decreased microgliosis in Ndufs4 KO mice in response
to IL-6 overexpression

NDUFS4 deficiency compromised cerebellar IL-6 production in GFAP-IL6
mice. This may explain the decreased IBA-1 levels in this region in GFAP-
IL6/Ndufs4 KO mice compared to GFAP-IL6 mice, as less IL-6 production
may result in less microglial reactivity. Importantly, this seemed specific for
IL-6 since NDUFS4 deficiency did not affect TNF-a or IL-10 production
in GFAP-IL6 mice. Interestingly, the absence of NDUFS4 did not hinder
IL-6 production in the olfactory bulb of GFAP-IL6/Ndufs4 KO mice but
instead increased it due to the combined effects of IL-6 overexpression and
NDUFS4 deficiency. These results indicate that NDUFS4 deficiency does
have different effects on IL-6 levels depending on the brain region in GFAP-
IL6 mice. Unfortunately, time constraints prevented us from including data
on cytokine levels from other regions. To further explore the correlation
between IL-6 expression and IBA-1 staining, we plan to measure IL-6 levels
in the cortex of all genotypes. This will allow us to determine if the decrease
of both IBA-1 staining and the number of IBA-1* cells found in the cortex
of GFAP-IL6/Ndufs4 KO mice is also reflected in lower IL-6 levels, as was
observed in the cerebellum.

Strikingly, GFAP levels measured by immunostaining were comparable
between both IL-6 overexpressing mice in the cerebellum and other regions
at both disease stages. Since 1/6 expression is guided by the Gfap promoter
in GFAP-IL6 mice, one would expect a correlation between GFAP and IL-6
protein levels given their mRNA-coupled expression, but this may not be
necessarily true. It is well known that mRNA and protein levels do not
always correlate (Greenbaum et al., 2003; Liu et al., 2016). Additionally,
the levels of GFAP immunoreactivity were already strongly elevated in
GFAP-IL6 mice, suggesting that GFAP protein levels may be approaching
saturation, even though Gfap transcription may still be active, and thus 116.
No studies have described the dynamics between Gfap and 1/6 expression
and their protein expression levels in the context of GFAP-IL6 mice. Indeed,
only a few studies have quantified IL-6 protein levels in GFAP-IL6 mice so
far (Quintana et al., 2009; Recasens et al., 2021). On this matter, our results
evidence that GFAP immunoreactivity and IL-6 levels do not necessarily
correlate in GFAP-IL6 mice.

We have two hypotheses that could explain why microgliosis is consistently
decreased at both mid and late stages in the cortex, CAl, and cerebellum
of GFAP-IL6/Ndufs4 KO mice when compared to GFAP-IL6 mice. The
first explanation is that NDUFS4 deficiency directly affects astrocytic IL-6
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production depending on the brain regions. It is possible that OXPHOS
defective astrocytes could not entirely sustain such an abundant IL-6
production in the cerebellum (McAvoy and Kawamata, 2019). For instance,
an experiment to directly investigate this could involve establishing primary
astrocyte cultures from the cerebellum and other regions, such as the cortex
of GFAP-IL6 and GFAP-IL6/Ndufs4 KO mice, and see the effects of the
absence of the Ndufs4 gene on IL-6 secretion. Another possibility is that
NDUFS4-deficient microglia are not able to respond to an inflammatory
stimulus such as IL-6 appropriately. In the normal scenario (GFAP-IL6
mice), and given that microglia are important target and effector cells of this
cytokine, it was believed that the primary IL-6 released by astrocytes would
engage a paracrine immune response in microglia, which then would release
other inflammatory mediators. These microglia-released factors could
further exacerbate inflammation, leading to more astrocyte reactivity and
increased expression of Gfap and, thus, the production of IL-6, establishing
a positive feedback loop. Despite logic, a very recent work contradicts this
previous conception. The authors of this study found that microglia-depleted
GFAP-IL6 mice had similar Il6 expression levels and comparable levels of
astrocyte reactivity measured by GFAP (West et al., 2022b), indicating that
astrocytes could produce identical amounts of IL-6 and become similarly
reactive without any microglial input.

5.5 Future perspectives

With our current results, we cannot establish the cause of the decreased
microgliosis in Ndufs4 KO mice with IL-6 overexpression when compared
to GFAP-IL6 mice. Therefore, our immediate goal is to assess the potential
explanations. As discussed above, the likely possibility is that astrocytes
harboring the IL-6 transgene together with an NDUFS4 deficiency are
unable to produce IL-6 at levels comparable to those without the deficiency,
which may have a direct effect on microgliosis. As previously mentioned, to
study this, we will measure cytokine levels in other brain regions, such as the
cortex, as well as directly assess the IL-6 production in IL-6-overexpressing
astrocytes with NDUFS4 deficiency in primary cultures. Furthermore,
based on the existing literature, we could not rule out the possibility that
microglia were responding abnormally due to NDUFS4 deficiency; thus, we
also decided to set up a battery of experiments to study the effects of NDUFS4
deficiency in microglia. The great majority of the studies that interrogated
which factors influence or modulate microglial response to inflammatory
stimuli are based on challenging microglia with LPS (Hoogland et al,
2015). LPS is a component of the cell wall of gram-negative bacteria that
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can stimulate microglia via TLR4 to produce pro-inflammatory cytokines,
leading to the activation of the innate immune response (Carpentier et
al., 2008). Recent studies have shown that LPS stimulation switches the
microglial metabolic profile from OXPHOS to glycolysis (a process known
as the "glycolytic switch") in rodents. This switch to glycolysis was necessary
for producing pro-inflammatory cytokines, suggesting that the metabolic
reprogramming of microglia is a crucial aspect of the immune response to
LPS (Bernier et al., 2020; Hu et al., 2020; Cheng et al., 2021; Vizuete et al,,
2022). During this conversion, LPS stimulation has also been reported to
induce a transient increase in microglial OXPHOS O, consumption (Nair
et al., 2019). Significantly, mitochondrial dynamics has been described
to influence microglial response to LPS (Park et al, 2013; Nair et al,
2019; Harland et al., 2020; Stavropoulos et al., 2021). Taken together, this
evidence indicate that fine-tuned mitochondrial function is indispensable
for normal microglial response upon LPS stimulation. Since previous works
have primarily used LPS to study aspects of mitochondrial functioning in
microglial cells, we decided to study the effects of NDUFS4 deficiency in
microglia upon an LPS challenge. To do so, we are investigating this response
both in vitro and in vivo.

Firstly, we established primary microglia and astrocyte cultures from WT
and Ndufs4 KO mice to compare their transcriptomic changes and measure
the levels of cytokines released into the culture media in response to LPS
stimulation. In parallel, we administered LPS to Ndufs4 KO mice prior to the
onset of neurological symptoms at P30 to investigate the total tissue cytokine
levels and microglial morphological changes in various brain regions.
We are confident that we will see changes in the response of NDUFS4-
deficient microglia at different levels, especially considering a recent study
from December 2022 that described that NDUFS4-deficient macrophages
produced more cytokines in response to LPS and had a negative impact on
tissue repair after a myocardial infarction (Cai et al., 2022).

To summarize, immune-related alterations are commonly observed in
patients suffering from a mitochondrial disease (Hanaford and Johnson,
2022). Wedemonstrated that microglial response is per sea pathogenic driving
mechanism of the Ndufs4 KO mice encephalopathy. Our data support the
notion that unraveling the specific roles of immune cells and their responses
could have significant implications for understanding mitochondrial
diseases. This is not only because immune cells could play a direct role in
the pathology, as microglia do in Ndufs4 KO mice, but also because their
dysfunction resulting from intrinsic mitochondrial impairment could lead
to a detrimental secondary response that aggravates the disease.
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Conclusions






Opverall, our results indicate that neuroinflammation has a detrimental effect
in Ndufs4 KO mice, revealing the pathogenicity of the neuroimmune response
in Ndufs4 KO mice as more than just a consequence of neurodegeneration.
This study serves as a proof-of-concept to investigate and consider
neuroimmune-related processes in other mitochondrial diseases that affect
the brain. Specifically, our work has led to the following conclusions:

o Intraperitoneal injection of PLX3397 depletes microglia in a dose-
dependent manner, similar to the effects previously reported using
chow formulations of the drug.

9 Partial microglial depletion extends survival and delays the motor
decline of Ndufs4 KO mice. Importantly, it does not affect the
phenotype of control mice, which appear healthy at P60.

e PLX3397 treatment is able to prevent IBA-1* cell accumulation in
both non-neurodegenerative and neurodegenerative areas of Ndufs4
KO mice. In contrast, it produced an increase in GFAP levels,
which suggest astrogliosis, in several regions, including the OB, the
hippocampal area CA1, and the cortex.

o The depletion of microglia partially prevents neuronal loss in the
GrOB, as evidenced by NeuN immunostaining. Analysis using
ISH for specific neuronal subpopulations revealed that microglial
depletion prevents the loss of glutamatergic and GABAergic neurons
in the VN of Ndufs4 KO mice. These findings suggest that microglia
play a direct role in mediating general neuronal cell death in Ndufs4
KO mice.

e Ndufs4 KO mice show vascular abnormalities in the VN at a late
stage, however, T-cells do not infiltrate the region. There is also no
infiltration of T-cells in the cerebellum, but substantial infiltration
is observed in the OB, which is unaffected by microglial depletion.

e At the transcriptomic level, the main GO terms enriched in Ndufs4
KO mice are related to the immune system in the VN and the
hippocampus. The administration of PLX3397 predominantly
affects microglial-related genes in both control and Ndufs4 KO mice,
indicating that PLX3397 has its major effects on microglia. However,

subtle changes might have not been accurately detected through
bulk RNAseq.
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IL-6 levels are elevated in the OB and the cerebellum of Ndufs4 KO
mice. Besides, downregulated genes in the VN of PLX3397-treated
Ndufs4 KO mice compared to vehicle-treated mice are associated
with IL-6 production. Despite this increased production of IL-
6, systemic IL-6 deficiency in Ndufs4 KO mice does not modify
their survival nor ameliorates disease progression and barely
impacts gliosis. These findings indicate that IL-6 has a modest
role in the development and progression of the Ndufs4 KO mice
encephalopathy.

In contrast, IL-6 deficiency modulates breathing in both control
and Ndufs4 KO mice, strongly suggesting, for the first time, a role
of IL-6 in breathing modulation.

Chronic neuroinflammation induced by transgenic overexpression
of IL-6 in astrocytes reduces the survival of female Ndufs4 KO mice,
but not males, indicating that female Ndufs4 KO mice may have an
increased susceptibility to chronic neuroinflammation. Contrarily,
GFAP-IL6/Ndufs4 KO mice of both sexes show a similar motor
decline as Ndufs4 KO mice. However, female GFAP-IL6/Ndufs4 KO
mice have a slight advance in clasping onset.

Despite we found few sex-specific differences along this thesis,
the differences in the responses to IL-6 overexpression between
male and female GFAP-IL6/Ndufs4 KO mice compared to Ndufs4
KO mice of the same sex highlight the importance of considering
possible sex-specific effects in this type of studies.

NDUFS4 deficiency compromises cerebellar IL-6 production
in GFAP-IL6 mice, but not TNF-a and IL-10. This effect is not
observed in the OB.

Microgliosis, measured by the number of IBA-1* cells and/or the
IBA-1 mean fluorescence intensity, is consistently decreased in
GFAP-IL6/Ndufs4 KO mice compared to GFAP-IL6 mice at both
mid and late stages and does not correlate with GFAP levels in the
majority of brain areas. This effect could be explained either by
the defective production of IL-6 by NDUFS4-deficient astrocytes
or by abnormal responses of NDUFS4-deficient microglia to IL-6
stimulation.
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Supplementary table 1.
Genes associated with the first ten significantly enriched terms of the GO analysis for both
upregulated and downregulated genes in the VN and the hippocampus for the different pairwise
comparisons. In orange for upregulated genes and blue for downregulated genes.

Vestibular nuclei

Ndufs4 KO-Veh vs. Ctrl-Veh

GO term

Genes

Positive regulation
of phagocytosis

Ada, Angptl, Ankrd13a, Anxa3, Arpclb, Clgc, Cd68, Cd84, Clec7a,
Ctsl, Ctss,Cyba, Fas, Fcgrl, Fcgr2b, Fcgr3, Fnl, Gata2, H2-D1, Icaml,
Ifi204, Jak2, Laptmb5, Lgals3, Msn, Plekhal, Prosl, Ptprc, Pycard,
Ramp2, Rhoj, Tfrc, Thbs3, Trem2, Tscl, Tyrobp.

Negative regulation
of immune system
process

Ace2, Ada, Adgrf5, Ambral, Angptl, Clqc, Ccl25, Cd68, Cd84,
Cdknla, Cst7, Ctsl, Eng, Fas, Fcgr2b, Gata2, Ifi204, Ifit3, Itgal, Jak2,
Laptm5, Lgals3, Nfl1, Ptprc, Trem2, Tscl, Tyrobp, Zfasl.

Regulation of MAPK
cascade

Ace2, Adipor2, Angptl, Ccll7, Ccl25, Ccl6, Cen2, Cd84, Cdk5rap3,
Cxcl10, Ednl, Eng, Fas, Fcgrl, Fcgr2b, Fcgr3, Fnl, Gipr, Icaml, Idl,
Ifi204, Itgal, Jak2, Laptm5, Lgals3, Msn, Nfl, Plcel, Ptprc, Pycard,
Ramp2, Sema3c, Tnip2, Trem2, Tscl, Vim.

Regulation of
leukocyte activation

Ada, Adgrf5, Ambral, Angptl, Ccl25, Ccn2, Cd84, Cdknla, Clec7a,
Cst7, Ctla2a, Fas, Fcgr2b, Fnl, Gata2, Icaml, Jak2, Laptm5, Lgals3,
Ptprc, Pycard, Tfrc, Tnip2, Trem2, Tscl, Tyrobp.

Cell activation

Ada, Anxa3, Cd84, Ctsl, Fas, Fcgr3, Fnl, Icaml, Cxcll0, Jak2, Msn,
Plat, Ptprc, Timpl, Tyrobp, Vwf, Tscl, Pycard, Trem2, Itgad.

Inflammatory
response

Ada, Ambral, Angptl, Anxa3, Arpclb, Clqc, Ccll7, Ccl25, Ccl6,Cd68,
Cd84, Clec7a, Col5a3, Cst7, Ctla2a, Ctss, Cxcll0, Cyba, Ednl, Fas,
Fegrl, Fcgr2b, Fcgr3, Fnl, Gata2, Icaml, Ifi204, Jak2, Laptm5, Lcn2,
Ly86, Msn, Plat, Ptprc, Pycard, Tfrc, Timpl, Thip2, Trem2, Tscl,
Tyrobp.

Blood vessel
morphogenesis

Adgrf5, Adipor2,Angptl, Ccn2, Cdknla, Ednl, Eng, Epasl, Fnl,
Gata2, Gjcl, Id1, Nfl, Ramp2, Rhoj, Sema3c, Sgpll1, Sin3b, Sox18, Tscl.

Positive regulation
of cell migration

Ace2, Adipor2,Angptl, Anxa3, Cd84, Clec7a, Ctss, Cxcll0, Cyba,
Ednl, Fnl, Gata2, Icaml, Jak2, Lcn2, Lgals3, Ptprc, Pycard, Rhoj,
Sema3c, Sgkl, Trem2.

Negative regulation
of endothelial cell
apoptotic process

Angptl, Anxa3, Gata2, Icaml, Jak2, Lcn2, NfI, Ramp2, Rhoj, Thip2.

Response to
wounding

Ada, Adipor2, Angptl, Clqc, Cd84,Cdknla, Cyba, Ednl, Eng, Fnl,
Gata2, Itpkl, Jak2, Kiflc, Lgals3bp, Nfl, Plat, Prosl, Timpl, Trem2,
Tyrobp, Vwf.

Protein folding

Calr, Chordcl, Cryab, Hsphl, Manf, Mkks, Ppid, Sdf21.

Methylation

As3mt, Eeflakmtl, Gamt, Mettl16.
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Ndufs4 KO-PLX3397 vs. Ndufs4 KO-Veh

GO term

Genes

Synapse pruning

Apbblip,Clqa, Clqb, Clgc, Cd74, Csflr, Ctss, Cx3crl, Fcerlg, Fcgr3,
Fyb, Itgam, Ptprc, Selplg, Trem2, Tyrobp.

Inflammatory
response

Aifl, Alox5ap, Clqa, Ccl6, Ccl9, Cd74, Csflr, Cx3crl, Fcerlg, Fcgr3,
Itgam, Ly86, Mrcl, P2ry12, P2ryl3, Pdgfra, Pld4, Selplg, Trem2,
Tyrobp.

Microglial cell
activation

Aifl, Apbblip, Clqa, Clqc, Cd53, Cd74, Csflr, Cx3crl, Fcerlg, Fcgr3,
Fyb, Hpgds, Itgam, Laptm5, Mrcl, P2ry12, Pdgfra, Pld4, Ptprc,
Selplg, Siglech, Trem2, Tyrobp.

Positive regulation
of response to
external stimulus

Aifl, Alox5ap, Cd74, Csflr, Ctss, Cx3crl, Fcerlg, Fcgr3, Itgam, Ly86,
Mrcl, P2ry12, Trem2, Tyrobp.

Complement-
mediated synapse
pruning

Apbblib,Clqa, Csflr, Fyb, Hexb, Itgam, P2ryl2, Pdgfra, Trem2.

Leukocyte cell-cell
adhesion

Cx3crl, Itgam, P2ryl12, Pdgfra, Ptprc, Selplg, Slc39a8.

Positive regulation
of microglial cell
migration

CsfIr,Cx3crl, Gpr34, Itgam, P2ryl2, P2ryl3, Pdgfra, Ptprc, Trem2,
Tyrobp.

Positive regulation
of ERK1 and ERK2
cascade

Aifl, Ccl6, Ccl9, Cd74,Csflr, Cx3crl, Laptmb5, P2ryl2, Pdgfra, Pld4,
Ptprc, Tmem119, Trem2.

Regulation of
interleukin-6
production

Aifl, Apbblip, Cd74, Csflr, Cx3crl, Feerlg, Itgam, Laptm5, Ly86,
P2ryl12, Pdgfra, Ptprc, Trem2, Tyrobp.

Icosanoid
biosynthetic process

Alox5ap, Cd74, Hpgds.

Hippocampus

Ndufs4 KO-Veh vs. Ctrl-Veh

GO term

Genes

Inflammatory
response

C3arl, Ccl12, Ccll7, Cd68, Celal, Cxcl10, Grn, Laccl, Ly86, Ncf1,
Ndstl, Nuprl, Serpina3n, Stat3, Timpl.

Regulation of
epithelial cell
proliferation

C3arl, Ccl12,Cdhi3, Cpebl, Cxcl10, Deafl, Drdl, Fgfbpl, Grn, Hrh3,
Nrldl, Nuprl, Ptprn, Stat3, Stx3, Wnt10b, Zfasl.

Luteinization

Cryl, Id3, Nrldl, Plekhal ,Ptprn,Ptx3, Sgpll.
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Astrocyte
differentiation

Ccl12,Drdl1, Fam53a, Gfap, Grn, Hrh3, Ipo9, Npy, Nrldl, Nup93,
Stat3, Ube2i, Vim.

Regulation of type
B pancreatic cell
proliferation

Ctla2a, Fcgr2b, Grn, Igtp, Laccl, Mtmr3, Ncfl, Npy, Nrldl,
Nuprl,Ptprn, Rab34.

Response to yeast

Ccl12,Ncfl, Npy, Prkn, Ptx3.

Negative regulation
of cellular
carbohydrate
metabolic process

Cryl, Stat3, Prkn, Nuprl, Laccl, Fcgr2b, Grn, Mt1, Ccl12, Npy, Wdr5.

Regulation of
dopamine metabolic
process

Deafl, Drdl, Farpl, Gfap, Hrh3, Npy, Pias3, Prkn, Sgkl, Stat3, Stx3,
Stxbp2.

Negative regulation
of immune system
process

C4b, Ccl12,Cd68, Fbxo38, Fcgr2b, Grn, Hmgb3, Laccl, Ncf1, Npy,
Nrldl, Olfm4, Parp3, Pias3, Shb, Stxbp2.

Positive regulation
of response to
external stimulus

C3arl, Cdhl13, Cxcl10, Fbxo38, Grn, Igtp, Ipo9, Ly86, Npy, Nuprl,
Prkn, Rab34, Stx3, Trak2, Wnt10b.

Protein folding

Calr, Chordcl, Fkbp2, Hspa4l, Mkks, P4hal, Pdia3, Pdia4, Ppid,
Sdf2l1.

Cellular lipid
catabolic process

Abhd3, Acaa2, Acsbgl, Adhfel, Aldh9al, Alkbh7, Cyp26bl,
Echdcl,Ecil, Ephxl, Ephx2, Gamt, Hadhb, Phyh, Pla2g7, Plcxd2,
Scly, Smpdi3a.

Ether metabolic
process

Ephxl, Ephx2, Pla2g7.

Positive regulation
of CD4-positive,
alpha-beta T cell
activation

Cd55, Cd83, Prkcgq.
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