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Abstract

Optineurin is a multifunctional polyubiquitin-binding protein implicated in
autophagy and inflammatory signalling, processes that have been described as
pathogenic mechanisms in neurodegenerative diseases. Notably, more than 40
mutations in the OPTN gene, which encodes for optineurin, were linked to amyotrophic
lateral sclerosis (ALS) and frontotemporal dementia (FTD), neurodegenerations marked
with excessive motor neurons loss, loss of neurons from frontal and temporal lobes,
chronic inflammation, and protein aggregation in the central nervous system (CNS).
However, the pathogenic role of optineurin mutations is still largely unclear. The
autopsies of ALS and FTD patients carrying the optineurin mutations show TAR DNA-
binding protein 43 (TDP-43) aggregates, which could elicit its nuclear depletion and loss-
of-function. Since optineurin acts as an adaptor protein in autophagy and inflammatory
signalling, and chronic inflammation could exacerbate TDP-43 aggregation, here we
tested if optineurin ALS-mimicking mutations could lead to impaired TDP-43
proteostasis, excessive inflammation, and/or inefficient immune responses. Moreover,
as ageing is a major risk factor for ALS and FTD, and untreated young mice carrying
optineurin ALS-linked mutations do not develop the disease, here we investigated
whether ageing could trigger neurological, neuropathological, and/or immunological
alterations. To this end, we used (1) Optn*’°T mouse model, that mimics loss-of-function
Q398X truncation found in ALS patients both of which express a lower level of truncated
optineurin (henceforth termed optineurin insufficiency) and (2) optineurin deficient
microglial BV2 cells made using CRISPR/Cas9 technology (BV2 Optn KO). We found
elevated basal TDP-43 protein levels in primary mouse Optn*’°T myeloid cells and
cortical neurons, which were post-translationally regulated. Moreover, we demonstrated
that optineurin deficiency did not sensitize cells to apoptosis upon autophagy inhibition
and that TDP-43 accumulation in Optn*’°T primary microglia was not caused by an
autophagy block. In contrast, we showed that optineurin insufficiency caused an altered
TDP-43 turnover, which was unaffected by experimental block in autophagy in both
bone marrow-derived macrophages (BMDMSs) and primary neurons. To further evaluate
the role of optineurin in inflammation and TDP-43 accumulation, we stimulated BV2 cell
lines and primary microglia with lipopolysaccharide (LPS) to mimic bacterial infection.
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We observed a significant increase in TDP-43 protein levels in WT cells without changes
in optineurin levels. However, LPS failed to increase already elevated TDP-43 levels in
untreated optineurin-deficient and-insufficient myeloid cells, suggesting that they already
reached a plateau at basal conditions. Moreover, we demonstrated no nuclear depletion
or aggregation of TDP-43 in Optn*’®T primary microglia in basal state or with LPS.
Characterization of aged Optn*’°T mice did not show motor or cognitive defects, or
differential TDP-43 insolubility in the whole-brain lysates compared to WT mice. In
addition, we demonstrated enhanced expression of certain cytokines and chemokines in
the CNS during ageing, but with neglectable differences between old WT and Optn*70T
mice. Moreover, spleen immunophenotyping uncovered signs of ageing of the immune
system (inflammageing and immunosenescence) in old Optn*°T mice that were
comparable to WT mice. These included an increase in memory and regulatory T
lymphocytes, a drop in naive T lymphocytes, and an increase in the number of
macrophages and neutrophils. However, we showed that macrophages and
conventional dendritic cells (cDC) exhibited increased expression of activation markers
in old Optn*’°T mice, although we could not link it to any phenotype. Altogether, a
combination of ageing and optineurin insufficiency did not induce ALS and/or FTD-like
immune imbalance and neuropathology in mice. To further evaluate crosstalk between
optineurin insufficiency and TDP-43 we established a new two-hit ALS and/or FTD
model by crossing Optn*’®T mice with the transgenic mice carrying a human TDP-43
patient mutation (G348C) but did not observe an ALS-like phenotype either. In
conclusion, we showed TDP-43 accumulation in optineurin-insufficient neurons and
microglia. In microglia, the accumulation was not caused by an autophagy block, and it
was unresponsive to inflammation, while in neurons it was likely caused by a block in
autophagy. Furthermore, the Optn*’°T mouse model during ageing, even when crossed
to mutant transgenic TDP-43 did not show motor or cognitive defects, TDP-43
aggregation, or immunological alterations typical for ALS and/or FTD. Thus, further
research is necessary to elucidate the mechanistic links between optineurin mutations

and TDP-43-mediated pathology.

Key words: optineurin, amyotrophic lateral sclerosis, frontotemporal dementia, TDP-43,

chronic inflammation, autophagy, inflammageing
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Sazetak

Optineurin je multifunkcionalni ubikvitin-vezujuc¢i protein koji ima ulogu u upalnoj
signalizaciji i autofagiji, procesima koji su opisani kao patoloski mehanizmi u
neurodegenerativnim bolestima. ViSe od 40 mutacija u genu OPTN, koji kodira za
optineurin, je povezano s amiotroficnom lateralnom sklerozom (ALS) i
frontotemporalnom demencijom (FTD), neurodegenerativnim bolestima koje
karakterizira prekomjeran gubitak neurona u motorickom, temporalnom i
frontotemporalnom korteksu, kroniCna upala i agregacija proteina. Medutim, uloga
mutacija optineurina u patogenezi ALS-a joS je uvelike nejasna. Autopsije pacijenata s
ALS-om i FTD-om koji nhose mutacije optineurina pokazale su agregaciju TAR DNA-
vezujuceg proteina 43 (TDP-43) u srediSnjem zivéanom sustavu koja je usko povezana
S njegovom deplecijom u jezgri i gubitkom funkcije. Buduc¢i da optineurin djeluje kao
adaptorski protein u autofagiji i upalnoj signalizaciji, a kroni¢nha upala mozZe pogorsati
agregaciju TDP-43-a, u ovom radu smo testirali dovode li mutacije optineurina u ALS-u
do poremecene proteostaze TDP-43-a, pretjerane upale i/ili neucinkovitog imunosnog
odgovora. Stovise, buduéi da je starenje glavni gimbenik rizika za ALS/FTD spektar
neurodegenerativnih bolesti, te uz ¢injenicu da netretirani mladi miSevi s mutacijama
optineurina povezanih s ALS-om ne razvijaju bolest, ovdje smo istrazivali ukoliko
starenje moze potaknuti neuroloSke, neuropatoloSke i imunsne promjene. U tu svrhu
smo koristili (1) misji Optn*°T model, koji oponasa Q398X mutaciju optineurina
pronadenu u ALS pacijenatima koju nazivamo proteinskom insuficjencijom zbog manjka
mutiranog proteina i (2) mikroglijalnu BV2 stani¢nu liniju s nedostatkom optineurina
dobivenu pomo¢u CRISPR/Cas9 tehnologije (BV2 Optn KO). Utvrdili smo poviSene
bazalne razine TDP-43 proteina u primarnim misjim Optn*’°T mijeloidnim stanicama i
kortikalnim neuronima C¢ije su razine bile posttranslacijski regulirane. Nadalje, pokazali
smo da nedostatak funkcionalnog optineurina nije povecao osjetljivost stanica na
apoptozu nakon inhibicije autofagije te da blokada autofagije ne izaziva nakupljanje
TDP-43 u primarnoj mikrogliji i BV2 stanicnoj liniji. Medutim, pokazali smo da nedostatak
optineurina uzrokuje nakupljanje TDP-43 putem autofagije u primarnim neuronima i
makrofagima. Kako bismo dodatno ispitali ulogu optineurina u upali i nakupljanju TDP-

43, stimulirali smo primarnu mikrogliju i BV2 stani¢nu liniju s lipopolisaharidom (LPS) koji
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oponasSa bakterijsku infekciju i uoCili smo znacCajno povecéanje razine TDP-43 u WT
stanicama. Medutim, LPS nije uspio povecati ve¢ nakupljeni TDP-43 u netretiranim
mijeloidnim stanicama s insuficijencijom optineurina. Stovide, pokazali smo da TDP-43
ne pokazuje depleciju u jezgri niti agregaciju u Optn*’°T mikrogliji. Karakterizacija starih
Optn*’°T miseva nije pokazala motoricke ili kognitivne promjene, niti razliku u topljivosti
TDP-43 u lizatima cijelog mozga u usporedbi s WT miSevima. Osim toga, pokazali smo
pojacanu ekspresiju citokina i kemokina u mozgu i lednoj mozdini bez znacajnih razlika
izmedu dvogodi$njih WT i Optn4"°T mideva. Stovi$e, imunofenotipizacija slezene otkrila
je znakove upale povezane sa starenjem u Optn*’9T koji su bili usporedivi s WT
miSevima, kao $to je povecanje broja memorijskih i regulacijskih T limfocita i pad broja
naivnih, te povecan broj makrofaga i neutrofila. Medutim, pokazali smo da makrofagi i
konvencionalne dendriticke stanice (cDC) pokazuju povecanu ekspresiju aktivacijskih
markera u dvogodi$njim Optn*’°T miSevima. Zakljuéno, kombinacija nefunkcionalnog
optineurina i starenja nije izazvala imunosnu neravnotezu i neuropatologiju sli¢nu
ALS/FTD-u kod miSeva. Kako bismo dodatno istrazili vezu izmedu nefunkcionalnog
optineurina i TDP-43 proteina, uspostavili smo novi model ALS/FTD-a krizanjem
Optn*°T migeva s transgeni¢nim misevima koji nose ljudsku TDP-43 mutaciju (G348C)
pronadenu u pacijentima, ali bez uoCenog ALS fenotipa do dvije godine starosti.
Zaklju¢no, pokazali smo akumulaciju TDP-43 u neuronima i mikrogliji s nedostatkom
funkcinonalnog optineurina. Akumulacija u mikrogliji nije bila uzrokovana blokadom
autofagije niti je TDP-43 reagirao na upalu, dok je u neuronima i makrofagima uzrok
akumulacije vjerojatno blok u autofagiji. Nadalje, misji model Optn*/°T, ¢ak ni nakon
krizanja s mutiranim transgeniénim TDP-43 misjim modelom, nije pokazao motoricke ili
kognitivne promjene, niti imunosne promjene vezane uz ALS/FTD spektar bolesti. Stoga
su daljnja istrazivanja potrebna kako bi se razjasnile mehanistiCke veze izmedu mutacija

optineurina i patologije posredovane TDP-43-om.

Kljuéne rije€i: optineurin, amiotrofi¢na lateralna skleroza, frontotemporalna demencija,

TDP-43, kroni¢na upala, autofagija, upala povezana sa starenjem
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1. Introduction

1.1. Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) or Lou Gehrig's disease is a fatal adult-
onset neurodegenerative disease that affects upper and lower motor neurons in the
central nervous system (CNS), resulting in paralysis and death within one to five
years after onset (Hardiman et al., 2017). Upper motor neurons project from the brain
motor cortex to the brain stem and spinal cord where they transfer information to
lower motor neurons that innervate the muscles. ALS was described by French
neurologist Jean-Martin Charcot in 1869, who linked muscle weakness (amyotrophy)
with the appearance of axonal degeneration, scarring, and gliosis in the corticospinal
and corticobulbar tracts (lateral sclerosis), together with the death of motor neurons
in the ventral horns of the spinal cord. The initial symptoms can vary between
patients depending on which motor neurons are first affected. Upper motor neuron
death causes muscle contractions (spasticity) while lower motor neuron death causes
muscle weakness. ALS patients can be divided into two main subgroups, one with
spinal-onset and weakness of the limbs, and the other with bulbar-onset
characterized by dysarthria (speech alterations) and dysphagia (swallowing
alterations) (Brown and Phil, 2017; Hardiman et al., 2017). Nevertheless, during
disease progression, both subgroups manifest the same clinical features such as
muscle weakness, fasciculations, and atrophy, which in the end leads to paralyses.
Finally, paralysis of the respiratory muscles is usually the cause of death in ALS

patients (Hardiman et al., 2017).

ALS is a rare disease, with a prevalence of 3-6 per 100 000 individuals and an
average onset around 58-60 years (Brown and Phil, 2017; Talbott et al., 2016).
However, it is the most common and most rapid motor neuron disease in adults, thus
presenting an important medical challenge. First heritability studies have shown that
only around 5-10% of ALS patients had a family member affected with ALS, defined
as having familial ALS (fALS) (Andersen and Al-Chalabi, 2011; Byrne et al., 2011,
Mejzini et al., 2019). Nowadays, genetic studies on twins and European case-control
cohorts have found that the heritability of ALS is approximately 40%, from which 40-
55% have known genetic mutation, most frequently inherited in an autosomal
dominant manner (Al-Chalabi et al., 2010; Ryan et al., 2019; Trabjerg et al., 2020;

Zou et al., 2017). The remaining cases are referred to as sporadic (SALS), with no
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recorded family history. Notably, in more than 90% of SALS patients, the cause is
unknown, meaning that more than half of all ALS cases cannot be linked to the
disease cause (Zou et al., 2017). Interestingly, the genes that were found mutated in
fALS, are also linked to sSALS, demonstrating that SALS also has a strong genetic
element. The reasons why uncovering genetic background is so challenging in ALS
are diverse — there is a possibility of de novo mutations, incomplete penetrance,
and/or oligogenic inheritance, previously undetected mutations, late-onset of the
disease, and an overlap in the clinical spectrum with other neurodegenerative
disorders (Andersen and Al-Chalabi, 2011). Notably, sALS and fALS also share
indistinguishable pathological and clinical features, suggesting that they have similar

pathogenic mechanism(s) (Hardiman et al., 2017).

ALS is characterized by high genetic heterogeneity, with mutations found in
more than 50 different genes thus far (Hardiman et al., 2017). The most frequently
affected genes are chromosome 9 open reading frame 72 (C9orf72), superoxide
dismutase 1 (SOD1), transactive response (TAR) DNA binding protein (TARDBP),
and fused in sarcoma (FUS). The mutations in these genes encode proteins or
peptides with an increased tendency for aggregation. Notably, although the TAR
DNA binding protein of 43 kDa (TDP-43) mutations contribute to less than 5% of
fALS, protein aggregates in more than 95% of ALS patients contain WT TDP-43 (Arai
et al., 2006; Neumann et al., 2006). In contrast to the aggregate-prone protein
variants, less frequent mutations in immune- and autophagy-related genes such as
TANK-binding kinase 1 (TBK1), sequestosome 1 (SQSTM1/p62), optineurin (OPTN)
and cylindromatosis (CYLD) were not found in aggregates and, except for CYLD,
seem to act by loss-of-function (Dobson-Stone et al., 2020; Fecto et al., 2011;
Freischmidt et al., 2017; Maruyama et al., 2010). Interestingly, mutations in those
genes also elicit TDP-43 protein aggregation. Genes found mutated in ALS have a
wide range of functions in RNA and protein metabolism, trafficking, and roles in non-
neuronal cells such as immune cells, but the exact molecular mechanism that

triggers ALS is still unclear (Taylor et al., 2016).

No ALS gene has entirely been associated with ALS-only motor alterations
(Hardiman et al.,, 2017). In up to 50% of ALS patients, motor symptoms appear
together with cognitive and/or behavioural impairments, and these patients can

develop frontotemporal dementia (FTD), characterized by neuronal degradation in



the frontal and temporal cortex (McCauley and Baloh, 2019). Notably, TDP-43 protein
aggregates were also found in FTD patients, supporting the idea that ALS and FTD
are two different manifestations of a single disease spectrum referred to as ALS/FTD
spectrum disorders (Arai et al., 2006; Dobson-Stone et al., 2020; Fecto et al., 2011,
Freischmidt et al., 2017; Maruyama et al., 2010; Pottier et al., 2018).

1.1.1. ALS therapy

There is no efficient therapy for ALS, which is at least in part due to high
genetic heterogeneity. Current treatment options are only rarely based on disease-
modifying therapies and largely target the symptoms. A multidisciplinary approach to
care is necessary, involving neurologists, physical therapists, psychologists, and
specialized nurses (Mead et al.,, 2023a). Although more than 50 components with
diverse mechanisms of action were researched in the past 30 years, only a few
drugs, including the two most common Riluzole and Edaravone have come to
market, with Edaravone being approved by the Food and Drug Administration agency
(USA) and several other regulatory agencies, but not European Medical Agency
(Hardiman et al., 2017). Riluzole belongs to a group of benzothiazoles and has a
poorly understood mechanism of action in ALS patients, but it most likely blocks
glutamate release and thereby diminishes excitotoxicity (Mead et al., 2023b).
Although it was initially reported that it extends life-span for only 2-3 months, recent
real-world evidence suggests the patients’ survival is prolonged for approximately 6-
19 months (Andrews et al., 2020). Edaravone is an antioxidant that is efficient in
slowing disease progression only in a limited number of patients (Writing Group and
Edaravone (MCI-186) ALS 19 Study Group, 2017). A new drug Relyvrio (AMX0035),
which is a combination of two components sodium phenylbutyrate and taurursodiol,
has recently been approved in the USA. It slows disease progression by preventing
neuronal cell death by blocking ER and mitochondrial stress, without affecting the
patients’ lifespan (Paganoni et al., 2020). The combination of quinidine sulfate and
dextromethorphan (Nuedexta) is used to control uncontrollable/inappropriate
laughing and/or crying, and to improve bulbar functions such as speaking and
swallowing in ALS patients (Smith et al., 2017). The latest improvement in the
treatment of ALS patients with SOD1 mutations is the first gene-based therapy



named Tofersen. Tofersen is an antisense oligonucleotide designed to decrease
mutated SOD1 protein levels (Miller et al., 2022).

Other approaches tested, such as masitinib, an inhibitor of tyrosine kinase
receptors that lowers neuroinflammation, and different stem cell therapies failed to
show clear-cut efficacy in patients, although the studies are still ongoing. Numerous
drug candidates are also in clinical trials (Chid et al., 2020). To conclude, the search

for efficient drugs for ALS patients is still ongoing.

1.1.2. ALS mechanisms

Molecular mechanisms in ALS are still largely elusive, most likely due to wide
genetic heterogeneity and the interplay between different environmental and genetic
triggers (Hardiman et al., 2017). Several mechanisms were proposed to be disrupted
in ALS including RNA metabolism, proteostasis, endosomal, nucleocytoplasmic and
vesicular trafficking, excitotoxicity, mitochondrial function and oxidative stress, and
neuroinflammation, some of which will be further discussed (Mead et al., 2023a; Van
Damme et al., 2017). Moreover, ALS is a non-cell-autonomous disease in which in
addition to neurons, various cells such as microglia, astrocytes, oligodendrocytes,
and peripheral immune cells contribute to ALS pathogenesis. Notably, regardless of
the genes, cells, and mechanism involved, protein aggregation and chronic

inflammation occur in all ALS cases.
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Figure 1. Mechanisms and genes proposed to contribute to ALS pathogenesis. Most
genes found mutated in ALS are directly linked to impaired proteostasis by increasing protein
aggregation, or diminishing proteasomal and autophagosomal degradation. Moreover,
several genes mutated in ALS (TARDBP and FUS) are RNA/DNA binding proteins that
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directly diminish RNA metabolism. Mutations in other genes (C9orf72, TBK1, OPTN, and
CYLD) are directly linked to impaired inflammatory response but also have a role in
autophagy. Protein aggregation can directly trigger inflammation and vice versa,
inflammation can trigger protein aggregation. Inflammation and impaired proteostasis can
also be triggered by mitochondrial impairment and increased oxidative stress, as well as
excitotoxicity and endosomal, nucleocytoplasmic, and vesicle trafficking. The list of mutated
genes that can contribute to disease pathogenesis is even broader, but we focused on the
ones linked to proteolysis and inflammation that are the focus of this thesis.

Most ALS-linked mutations disrupt proteostasis by increasing protein
aggregation or by altering proteasomal or autophagosomal degradation (Fig. 1.).
Since its discovery in 1993, mutations in SOD1 become the longest and most
extensively studied mutations implicated in ALS (Gurney et al., 1994). Since SOD1 is
a scavenger for toxic superoxide free radicals, it was first thought that ALS-linked
mutations act by loss-of-function, causing mitochondrial dysfunction and oxidative
stress, which are toxic to motor neurons (Gurney et al., 1994). However, evidence
from transgenic SOD1%%A mice, the first ALS mouse model, demonstrated that
mutated SOD1 forms neurotoxic protein aggregates (Bruijn et al., 1998; Urushitani et
al., 2002). Consequently, gain-of-function SOD1 mutations could later on lead to the
effect of loss-of-function. Since then, other common ALS-linked mutations in
TARDBP (encoding for TDP-43), FUS, and C9orf72 were described as gain-of-
function mutations with an increased propensity for aggregation (Arai et al., 2006;
DeJesus-Hernandez et al., 2011; Kwiatkowski et al., 2009; Neumann et al., 2006;
Renton et al.,, 2011). In addition to TARDBP mutations, ubiquitinated and
hyperphosphorylated aggregates of WT TDP-43 are present in the majority of ALS
cases, except in patients that harbour SOD1 and FUS mutations, and in ~50% of
FTD patients, demonstrating that mutations are not necessary for TDP-43
aggregation (Arai et al., 2006; Bruijn et al., 1998; Kwiatkowski et al., 2009; Neumann
et al., 2006). Notably, some mutations can disrupt several different functions, such as
hexanucleotide repeats in a non-coding region of C9orf72 that form abnormal RNA
species, affect RNA splicing and transcription, cause DNA damage and protein
aggregation, but can also disturb autophagy initiation and lysosomal function
(Balendra and Isaacs, 2018; Hardiman et al., 2017; Webster et al., 2016). Moreover,
both TDP-43 and FUS, as RNA/DNA binding proteins, are implicated in various roles

in RNA metabolism, and when aggregated cannot further process their target RNAS,
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leading to altered RNA metabolism (Fig. 1.) (Prasad et al., 2019). Numerous other
ALS-linked mutations in genes, such as SQSTM1, OPTN, TBK1, CYLD, and ubiqulin-
2 (UBQLN2), encode for proteins that were reported to disrupt proteostasis and
increase TDP-43 protein aggregation at the level of autophagy or proteasomal
degradation (Fecto, 2011; Freischmidt et al., 2017; Hjerpe et al., 2016; Maruyama et
al., 2010).

Although chronic neuroinflammation is a key contributing factor to ALS, most
ALS-linked mutations are not directly related to the immune system. However, protein
aggregation and excessive neuronal damage can trigger an inflammatory response
in the CNS and promote the infiltration of peripheral immune cells (Brown and Phil,
2017). Moreover, inflammation can also trigger protein aggregation, so the crosstalk
between these processes is bidirectional. Other mechanisms disrupted in ALS,
including mitochondrial impairment, oxidative stress, and excitotoxicity also trigger
inflammation (Fig. 1.). However, several characterized ALS-linked mutations are
proposed to directly modulate the immune response, which will further be discussed
below (Béland et al., 2020a; Masrori et al., 2022). In conclusion, ALS is likely the
result of crosstalk of several altered mechanisms that amplify the damage and lead to

motor neuron death.

1.2. Ageing and inflammageing

During ageing individuals increase their susceptibility to intrinsic genetic and
epigenetic factors as well as external factors such as environment, nutrition,
radiation, temperature, and stress, which leads to changes in the tissues and organs,
a decline in function, and increased vulnerability of the organism to death (Jayanthi et
al.,, 2010). Ageing is referred to “unsolved problem in biology” (Martin, 1999).
Evolutionary theories of ageing propose that ageing is the result of a decline in
reproductive fithess in an individual and the force of evolutional selection.
Furthermore, systemic theories suggest the ageing is linked to organ system decline,
while molecular and cellular theories propose that ageing is the result of a decline at
cellular and subcellular levels (Jayanthi et al., 2010). A lot of research is ongoing and
knowledge about ageing is expanding rapidly.

Ageing is considered the most prominent risk factor for numerous chronic

diseases such as heart disease, cancer, autoimmune disorders, osteoporosis, and
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neurodegenerative diseases (Zuo et al., 2019). Chronic, low-grade inflammation
termed ‘inflammageing” was linked to age-related diseases in early 2000 by
Franceschi et al. Inflammageing describes an increase in the levels of pro-
inflammatory markers in blood and tissues that in turn lead to inefficient and/or
hyperinflammatory immune response and tissue damage (Franceschi et al., 2000). It
is proposed that inflammageing is provoked by a continuous antigenic load and
stress that leads to alterations in both innate and adaptive immunity and generates a
toxic pro-inflammatory environment. In addition to an increased pro-inflammatory
environment, the immune system undergoes gradual remodelling termed
immunosenescence, which involves diminished responses to pathogens and
enhanced susceptibility to infection and cancer, as well as decreased vaccination

efficacy (Franceschi et al., 2018).

The immune system remodelling in aged individuals occurs because of
functional changes in both innate and adaptive immune systems in which the number
of naive T and B lymphocytes is getting reduced. Notably, the thymus, the primary
lymphoid organ responsible for the production of immunocompetent T lymphocytes
atrophies and functionally declines during ageing (Ventevogel and Sempowski,
2013). The result of the atrophied thymus is a decreased number of naive T
lymphocytes so antigen-specific memory T lymphocytes become the predominant
population (Fig. 2.). However, aged memory T lymphocytes are also functionally
impaired — they lose their ability to proliferate, have decreased expression of
costimulatory molecules CD27 and CD28, and consequently reduce the ability to help
B lymphocytes to produce antigen-specific antibodies (Mittelorunn and Kroemer,
2021; Murasko et al., 1987). Regulatory T lymphocytes (Tregs) that act as main
suppressors of the immune response by maintaining tolerance to self-antigens and
downregulating proliferation of effector T lymphocytes in response to foreign antigens
are also markedly changed during ageing (Vignali et al., 2008) (Fig. 2.). Tregs
accumulation occurs most likely because they try to compete with the overall pro-
inflammatory environment and senescence of effector memory T lymphocytes in an
attempt to control exaggerated immune reactions (Fessler et al., 2013). Because of

this, Tregs are shown to be protective during ageing.
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Figure 2. Immune cell alterations in ageing. During ageing adaptive (T and B
lymphocytes) and innate immune cells (macrophages, neutrophils, NK and DC cells)
undergo changes in number and functions that cause immune system immunosenescence
and/or excessive activation, that in the end lead to chronic inflammation. #=number; Tn=
naive; Treg= T regulatory lymphocytes; Tem=effector memory T lymphocytes.

Ageing also directly affects innate immune cells (Fig. 2.). An increased number
of hyperactivated macrophages was observed in aged organisms, but with a decline
in phagocytic function and increased inflammatory cytokine production (De Maeyer
and Chambers, 2021; Peradinovic et al., 2023). Moreover, an increased number of
neutrophils, innate immune cells that form the first line of defence against various
external and internal insults, were also found in aged individuals. However, they
exhibit diminished phagocytosis and superoxide production (Butcher et al., 2000). In
contrast to macrophages and neutrophils, the number of mature circulating NK cells
drops, and their proliferation ability and response to cytokines decline during ageing
(Beli et al., 2014; Gounder et al., 2018). Dendritic cell (DC) numbers were not
reported to change, but like other innate immune cells, they display reduced cytokine
production (Agrawal and Gupta, 2011). On the molecular level, an increase in pro-

inflammatory cytokines and mediators such as C-reactive protein (CRP), interleukin
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(IL)-6, and tumor necrosis factor (TNF)-a were found in the blood of ageing
individuals (Alvarez-Rodriguez et al., 2012). To sum up, during ageing both adaptive
and innate immune functions decline, and because of this, certain cells get more
activated and induce a pro-inflammatory environment. Thus, inflammageing is a
combination of both decline in function and low-grade chronic activation of the

immune system.

1.3. Immunity in ALS

The CNS also undergoes immune alterations linked to ageing and all
neurodegenerative diseases are marked with chronic inflammation (Ransohoff, 2016;
Zuo et al., 2019). Microglia, as the only immune cell in the brain parenchyma, are the
principal modulators of immunity in the CNS, and several studies in the late 20%
century demonstrated activated microglia in post mortem tissue of ALS patients
(McGeer et al., 1988; McGeer and McGeer, 2011). Moreover, the finding that
peripheral immune cells can survey and even infiltrate CNS in both health and
disease strengthens the idea that crosstalk exists between those systems (Baruch et
al., 2014; Ransohoff, 2016). However, outstanding questions remain whether
neuroinflammation 1) triggers neurodegeneration, 2) is protective, or 3) acts as a

secondary hit in the pathogenesis of neurodegeneration.

1.3.1. Microglia in physiological conditions

Under physiological conditions, microglia, with its ramified processes
constantly scan the CNS environment and secrete various neurotrophic factors (Prinz
and Priller, 2014). Moreover, the vicinal neurons inhibit activation of microglia by
chemokine fractalkine (CX3CL1l) and co-stimulatory molecule CD200, while
astrocytes secrete anti-inflammatory cytokine transforming growth factor B (TGF-B)
(Hellwig et al., 2013; Kettenmann et al., 2013). Microglial activation is triggered in
response to neuronal damage (bacterial or viral infections, protein aggregation, or
other insults) via several damage receptors such as Toll-like receptors (TLR),
complement or scavenger receptors, and cytosolic DNA/RNA sensors. The previous
notion that microglia exist in only distinct conditions such as ‘“resting versus
activated” and when activated in “M1 versus M2” is now considered outdated. This

nomenclature does not address multidimensional states and microglia subsets that
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can exist depending on numerous factors such as the local microglial environment,
the extent of damage, or the nature of an insult (Paolicelli et al., 2022). For example,
upon activation, microglia change to ameboid form, increase body area, proliferate,
secrete pro- and anti- inflammatory cytokines and chemokines, and enhance their
phagocytic properties (Kettenmann et al., 2013). On the molecular level, activation of
TLR receptors and other receptors for pathogen-associated/ damage-associated
molecular patterns (PAMP/DAMP) trigger diverse signalling pathways such as
nuclear factor kappa-light-chain-enhancer of activated B lymphocytes (NF-kB),
interferon regulatory factor 3 (IRF3), and mammalian target of rapamycin (mMTOR).
Upon sensing different microbial stimuli microglia secret pro-inflammatory cytokines
such as TNF-q, IL-1B, and IL-6 and produce reactive oxygen species (ROS) and
nitric oxide. On the other hand, alternatively activated microglia secret anti-
inflammatory cytokines such as IL-4, IL-10, and IL-13 that suppress inflammation and
promote tissue regeneration (Gravel et al., 2016; Kocur et al., 2015; Lobo-Silva et al.,
2017; Tang and Le, 2016; X. Zhao et al., 2015). Acute and limited activation of pro-
inflammatory microglia is crucial for neuronal protection and CNS homeostasis.
However, when microglia exhibit prolonged chronic secretion of neurotoxic factors, it
could generate an excitotoxic environment and neuronal death. The exact triggers for

such neurotoxic microglia in neurodegeneration are still unclear.

1.3.2. Microglia and astrocytes in ALS pathogenesis

There is a lot of evidence that supports the theory that ALS is a non-cell-
autonomous disease and that glial cells contribute to ALS pathogenesis. Most
evidence came from transgenic ALS mouse models that carry human mutations in
SOD1 (hSOD1) (Gurney et al.,, 1994). In these mouse models, overexpressed
mutated hSOD1 leads to rapidly progressive disease and death within five to six
months. Interestingly, neuron-specific expression of hSOD1 in mice was not sufficient
for the development of ALS-like symptoms, meaning that both neuronal and non-
neuronal cells need to be affected for disease manifestation (Lino et al., 2002;
Pramatarova et al., 2001). In line with this, neuron-specific deletion of mutant
hSOD1%3R delays the disease onset but does not protect mice from disease
manifestation and death (Boillee et al., 2006). The major finding that microglia are

crucial in ALS pathogenesis came from the discovery that in transgenic mice
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microglia-specific hSOD1%3R deletion significantly slows down the disease
progression (Boillee et al., 2006). Moreover, it was seen that during disease microglia
shift from early neuroprotective anti-inflammatory to a neurotoxic pro-inflammatory
phenotype. Studies from hSOD1%%4 showed that at the onset of the disease,
microglia express IL-4, IL-10, arginase 1, CD163, and brain- and glial cell-derived
neurotrophic factors (BDNF and GDNF). Moreover, during the late phase of the
disease, microglia express pro-inflammatory NOX2, TNF, IL-6, and IL-13, and further
exaggerate neuronal death, meaning that microglia had diverse functions in distinct
disease phases (Beers et al., 2006; Gravel et al., 2016; Liao et al., 2012; Zhao et al.,
2013). Notably, the microglia from the affected spinal cord regions were shown to be
less responsive to inflammatory stimuli demonstrating desensitization and/or
exhaustion (Nikodemova et al., 2014). The expression of mutant hSOD1 in
astrocytes caused astrocytosis but did not trigger motor neuron degradation and
disease (Gong et al., 2000). On the other hand, hSOD1%3'R deletion in astrocytes did
not affect onset but slowed disease progression and postponed microglial activation
(Yamanaka et al., 2008). Moreover, studies in astrocytes derived from patient-
induced pluripotent stem cells demonstrated that astrocytes from patients carrying
mutations in SOD1 and C9orf72 trigger the death of motor neurons by soluble toxic
factors and oxidative stress (Birger et al., 2019; Re et al., 2014). This indicates that in
combination with microglia, astrocytes, although they are not immune cells per se,
could also orchestrate inflammation and ALS pathology. In summary, glial cells have
crucial roles in ALS pathogenesis and can also influence a network of peripheral

immune cells, and their infiltration in the CNS.

1.3.3. Peripheral immune responses during ALS pathogenesis

A growing body of evidence suggests that, in addition to glial cells, several
innate and adaptive immune cells such as DC, NK cells, macrophages, neutrophils,
and T Ilymphocytes, are implicated in ALS pathogenesis (Fig 3.). Although
accumulation of IgG antibodies was found in motor neurons in ALS patient autopsies,
currently there is no evidence that B lymphocytes contribute to ALS progression
(Engelhardt and Appel, 1990; Naor et al., 2009).

Several lines of evidence from both patients and the hSOD1 mouse models

suggest an important role of T lymphocytes in ALS pathogenesis. Infiltration of both
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helper (CD4*) and cytotoxic (CD8") T lymphocytes was found in the ventral horn and
corticospinal tracts during autopsies in ALS patients in the late 20™ century, but it was
not immediately clear if their presence was damaging or beneficial in disease
progression (Engelhardt et al., 1993; Troost et al., 1989). Interestingly, the total
number of lymphocytes was also found increased in ALS patients' blood compared to
healthy individuals (Murdock et al., 2017). Depletion of all T lymphocytes in hSOD1
mice demonstrated faster disease progression, whereas specific CD8* T lymphocyte
depletion reduced inflammation and increased the number of surviving motor
neurons (Beers et al., 2008; Chiu et al., 2008; Coque et al., 2019). In addition, in vitro
data suggested that in co-cultures, SOD1-expressing CD8" T lymphocytes were
selectively killing motor neurons via granzymes, Fas ligand, and secretion of IFN-y.
Moreover, CD8* T-lymphocyte infiltration was reported in the CNS in the late stage of
the disease in both hSOD1 mice and ALS patients (Fig. 3.) (Coque et al., 2019;
Holmgy, 2008). Several subsets of CD4* T lymphocytes such as effector memory
Th1l and Th17 were also linked to pro-inflammatory phenotype at the late stage of the
disease suggesting they further exaggerate neurotoxicity (Beers et al., 2011b; Henkel
et al., 2013; Saresella et al., 2013). On the contrary, the neuroprotective function was
reported for the effector memory Th2 subset of CD4* T lymphocytes and Tregs. The
expansion of endogenous Tregs in hSOD1 mice significantly prolonged survival and
was associated with preserved motor neurons, suppression of microglia by inducing
secretion of IL-4 and IL-10 and inducing its anti-inflammatory phenotype (Mantovani
et al., 2009; Sheean et al., 2018). Notably, the decreased number and function of
Tregs were found in ALS patients, where their drop correlates with a faster rate of
disease progression (Fig. 3.). The same as in hSDO1l mice, in ALS patients
autologous expansion or infusion of Tregs in combination with IL-2, a cytokine that
drives Treg proliferation, increases Tregs numbers and their suppressive function
and therefore slow disease progression during early and later stages (Thonhoff et al.,
2022, 2018). In summary, it was seen that individual subsets of T lymphocytes have
both neurotoxic and neuroprotective functions during ALS progression (Schwartz and
Cahalon, 2022).

Changes in the expression and/or activation of innate immune cells have also
been found in the post mortem tissues of ALS patients as well as in ALS mouse

models (Fig. 3.). Infiltrated NK cells were observed in both the motor cortex and
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spinal cords of ALS patients and hSOD1 mice. Moreover, an increased number of NK
cells correlates with disease progression in ALS patients, while their depletion delays
the onset of paralysis and increases survival in hSOD1 mice (Garofalo et al., 2020;
Murdock et al., 2017). When NK cells secret IFN-y, they polarize macrophages and
microglia to pro-inflammatory phenotype, suppress Tregs, and directly kill motor
neurons. DC, neutrophils, and macrophages/monocytes have limited access to CNS,
and their infiltration in ALS is still under debate (Geissmann et al., 2008; Mrdjen et al.,
2018). Notably, the total number of neutrophils and monocytes was found increased,
while DCs were decreased and dysfunctional in the blood of ALS patients (Murdock
et al., 2017; Rusconi et al., 2017). Furthermore, a high neutrophil-to-lymphocyte ratio
correlated with faster ALS progression (Yildiz et al., 2023). Overall, numerous pieces
of evidence suggest that adaptive and innate immunity have a role in different stages
of ALS, but further research is needed to precisely understand how altered immunity

contributes to ALS pathogenesis.
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Figure 3. The timeline of immune system alterations found in ALS animal models and
patients. The immune responses in animal ALS models (top) and ALS patients (bottom)
change throughout the disease. Horizontal arrows mark the conversion of immune
biomarkers when applicable, while vertical arrows mark non-immune milestones of disease.
Monocyte infiltration is still controversial (*). Abbreviations: blood-brain barrier (BBB),
cerebrospinal fluid (CSF), central nervous system (CNS), motor neurons (MN), natural killer
(NK), peripheral blood mononuclear cell (PBMC), positron emission tomography (PET),
regulatory T cell (Tregs). This figure was taken from our review paper (De Marchi et al.,
2021).
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1.4. TAR DNA-binding protein 43 (TDP-43)

TDP-43 is 414 amino acids (aa) long DNA- and RNA-binding protein, identified
in 1995 as a transcription repressor protein associated with human immunodeficiency
virus 1 (HIV-1) (Ou et al., 1995). It is a highly conserved and ubiquitously expressed
protein encoded by the TARDBP gene, located at chromosome 1, and belongs to the
large heterogeneous nuclear ribonucleoprotein (hnRNP) protein family. Normally
located in the nucleus, TDP-43 is involved in multiple steps of RNA metabolism
including mMRNA processing and trafficking, mRNA stability, stress granule formation,
and microRNA biogenesis (Prasad et al., 2019). Furthermore, TDP-43 has been
shown to regulate mRNAs involved in the development of embryonic neurons and
neuronal dendrites where it plays an important role in RNA transport (Sephton et al.,
2010). TDP-43 is also a self-regulatory protein that tightly regulates its transcription
via a negative feedback loop and promotes the degradation of TARDBP mRNA
(Ayala et al., 2011). Furthermore, by interfering with lysosomal function TDP-43 has
also been shown to control its degradation via lysosomal pathways and autophagy
(Leibiger et al., 2018).

Structurally, TDP-43 consists of two highly conserved RNA recognition motifs
(RRM1 and RRM2) at the N’-terminus, which enable binding to sequence-specific
RNAs (Fig. 4.). Moreover, it contains a nuclear localization signal (NLS), for active
transport to the nucleus, and a non-functional nuclear export signal (NES). Recent
findings have suggested that TDP-43 can passively diffuse through the nuclear
membrane to regulate various aspects of RNA metabolism such as splicing,
trafficking, and mRNA stabilisation (Pinarbasi et al., 2018). The C’-terminal region of
TDP-43 is a glycine- and glutamine/asparagine-rich highly disordered domain also
called prion-like because of its aggregation propensity. It is important for protein-
protein interactions, but can also undergo liquid-liquid phase separation and form
lipid droplets critical for stress granule formation (Conicella et al., 2016; Prasad et al.,
2019). The C’-terminal region of TDP-43 is relevant to the pathological behaviours of
TDP-43 and will be further discussed below.

14



e = e [QN|

NLS NES Glycin-rich domain

414

Figure 4. Schematic representation of TDP-43 structural domains. TDP-43 is a 414 aa
protein comprised of a nuclear localisation signal (NLS; 82-98 aa) and a non-functional
nuclear export signal (NES; 239-250). It contains two highly conserved RNA recognition
motifs (RRM1 and RRM2, at 192-262 aa and 239-250 aa, respectively) for binding to RNA.
Glycine-rich (274-414 aa) and glutamine/asparagine-rich (Q/N; 345-366 aa) at the C'-
terminus is a highly disordered aggregation-prone domain responsible for TDP-43 protein
aggregations and also harbours most of TARDBP ALS-linked mutations and phosphorylation
sites.

1.4.1. TDP-43in ALS

Since it was first discovered in 2006 as a key component of protein
aggregates in the brains of ALS and FTD patients, TDP-43 has become a hot topic in
the field of neurodegeneration (Arai et al., 2006; Neumann et al., 2006). Strikingly,
more than 95% of ALS and ~50% of FTD cases contain TDP-43 protein aggregates.
In a small fraction of ALS patients, TDP-43 mutations have been found in the low-
complexity C’-terminal domain (Fig. 4.). The most common TARDBP mutations are
A382T, and M337V, while the most studied are A315T, Q331K, M337V, D169G,
G294A/V, and Q343R. Interestingly, mutations, such as G294V, G348C, A328T, and
S393L were found in both the fALS and SALS patients (Prasad et al.,, 2019).
Interestingly, mutations enhance TDP-43 aggregation propensity and increase
protein half-life. Moreover, the discovery that the TDP-43 C’-terminal region is similar
to prion-like domains of yeast proteins suggests that disease propagation can be
mediated in a prion-like manner (Furukawa et al., 2011; Hock and Polymenidou,
2016).

In the disease, TDP-43 is depleted from the nucleus and mislocalized to the
cytoplasm where it can form insoluble protein aggregates (Fig. 5.). During disease
pathogenesis TDP-43 undergoes various posttranslational modifications such as
hyperphosphorylation, ubiquitination, and acetylation, all of which can modify its
structure and function (Buratti, 2018; Correia et al., 2015). Moreover, in the disease-
affected neurons and glia, TDP-43 undergoes proteolytic cleavage into TDP-35 and
TDP-25 C’-terminal toxic fragments, which lack functional N’-terminal NLS and further

increase mislocalization, aggregation, and toxicity (Buratti, 2015; lgaz et al., 2009)
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(Fig. 5.). The reason why TDP-43 undergoes pathological changes in ALS and FTD
pathology is mostly unknown and it is debatable as to whether they are secondary or
causative during disease pathogenesis. However, a growing body of evidence exists
that supports the important role of impaired proteostasis and neuroinflammation in
TDP-43 aggregation in the ALS/FTD disease spectrum.

Healthy cell Diseased cell

- )\ - )

S Cytoplasmic
Nuclear localisation mislocalisation

Ubiqutinated and
phosphorylated
TDP-43 aggregates

mRNA
autoregulation

Toxic C-terminal

RNA metabolism truncation (25-35
kDa)

N / \_ /

Figure 5. Physiological functions and localization of TDP-43 in healthy cells and
diseased cells. In healthy cells, TDP-43 is predominantly located in the nucleus where it
regulates its mMRNA levels. It is also implicated in various steps of RNA metabolism such as
transcription, RNA transport and stability, translation and microRNA, and long non-coding
RNA processing. In diseased cells, TDP-43 is depleted from the nucleus, and mislocalized to
the cytoplasm where it forms ubiquitinated and hyperphosphorylated aggregates, and can
also be fragmented in toxic C’-terminal truncations that lose N’-terminal NLS, and further
exaggerate TDP-43 mislocalization and aggregation.
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1.4.1.1. Dysregulation of TDP-43 proteostasis in ALS

The TDP-43 turnover is regulated by the ubiquitin-proteasomal system (UPS)
and/or autophagy. Several types of polyubiquitin-linked chains direct proteolysis by
the addition of ubiquitin on one of the seven lysine residues (K6, K11, K27, K29, K33,
K48, and K63) or the first methionine (M1) in the ubiquitin bound to a target protein
(Kirisako et al., 2006; Komander and Rape, 2012). If the target protein is tagged with
the K48 polyubiquitin chain, the protein preferentially undergoes proteasomal
degradation, whereas K63- and M1-tagged proteins are degraded through autophagy
(Aman et al., 2021; Leidal et al., 2018). Given that there is a growing body of
evidence that suggests that autophagic activity and lysosomal proteolytic function
decline with ageing, failure in both autophagy and UPS pathways has been
investigated as a potential mechanism of TDP-43 mislocalization and aggregation.
Moreover, altered TDP-43 protein turnover has been identified in ALS patients
(Dantuma and Bott, 2014; Ramesh and Pandey, 2017).

Early studies have suggested that the full-length soluble TDP-43 and insoluble
TDP-43 aggregates are cleared by UPS and/or autophagy (Urushitani et al., 2010;
Wang et al., 2010). More recent data has suggested that soluble TDP-43 is primarily
degraded by UPS, while aggregated TDP-43 is degraded through autophagy (Scotter
et al., 2014). ALS-linked mutation in UBQLN2 causes a decrease in autophagy,
leading to an increase in TDP-43 levels, and its aggregation in neurons (Osaka et al.,
2016). Furthermore, autophagy adaptor and effector proteins, such as optineurin,
p62, and LC3 have been identified in protein aggregates found in ALS and FTD
patients’ spinal cords. They were also found to colocalize with TDP-43 aggregates in
cells expressing aggregate-prone TDP-43, suggesting the involvement of autophagy
in the disease (Budini et al., 2017; Goétzl et al., 2016; King et al., 2011; Wang et al.,
2010). TDP-43 has also been reported to regulate several genes associated with
autophagy such as the transcription of autophagy-related gene 7 (Atg7) and
localization of transcription factor EB (TFEB), which regulates the expression of
autophagy genes in neurons (Prasad et al., 2019). However, some of the TDP-43
mutations were associated with diminished binding to Atg7 and decreased autophagy
whereas other mutations such as G288S and A382T showed more rapid turnover
compared to WT TDP-43 (Araki et al., 2014; Bose et al., 2011). Despite the complex

interplay between these two proteolytic processes, aberrant UPS was detected in
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neurons of ALS patients, while there are still conflicting data showing that autophagy
can either enhance or decrease disease progression (Barmada et al., 2014; Prasad
et al., 2019).

1.4.1.2. Neuroinflammation and TDP-43 in ALS

In addition to diminished protein homeostasis, inflammation is another
proposed triggering factor for TDP-43 aggregation. There are several lines of
evidence supporting this based on ALS-linked mutations in genes implicated in
immunity and inflammatory signalling pathways. One of the most researched
inflammatory pathways linked to TDP-43 is the NF-kB signalling pathway, which
regulates a large number of inflammatory genes in both neurons and microglia and is
a key contributor to inflammageing (Salminen et al., 2008; Swarup et al., 2011b; W.
Zhao et al., 2015). TDP-43 has been reported to regulate NF-kB signalling, and vice
versa, NF-kB affects TDP-43. Overexpression of TDP-43 in breast cancer MCF-7
cells inhibits nuclear translocation p65, the most abundant NF-kB subunit, by
competing for the same nuclear transportation mechanism (Zhu et al., 2015). In line
with this, TDP-43 silencing in the same cells increased p65 and TNF-a production. In
contrast to this, overexpression of WT or mutant TDP-43 enhanced NF-kB activation
and pro-inflammatory cytokine production in glial cells and increased neuronal
vulnerability (Swarup et al., 2011b). Moreover, Swarup et al. demonstrated TDP-43
and p65 colocalization in ALS patients’ tissues, and that by binding RRM1 on TDP-
43, p65 interferes with TDP-43 protein function, resulting in TDP-43 mislocalization
and aggregation (Swarup et al., 2011b, 2012). In the follow-up study, it was
demonstrated that the addition of lipopolysaccharide (LPS), an endotoxin from the
outer membrane of gram-negative bacteria that activates NF-kB, triggers TDP-43
mislocalization and aggregation in both astrocytes and microglia. Moreover, LPS
further increased TDP-43 protein aggregates in the glial cells and cytoplasm of the
spinal motor neurons of transgenic TDP-43315T mice (Correia et al., 2015). In
addition to enhancing NF-kB activation, transgenic TDP-43, and toxic TDP-43
fragments upregulated pro-inflammatory microglial response, suggesting that TDP-43
neurotoxicity is mediated via microglia (Swarup et al., 2011b; Zhao et al., 2015).

The most common ALS-linked mutation, the hexanucleotide repeat expansion

in C9orf72, also elicits TDP-43 pathology and increases the expression of IL-6 and
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IL-1B pro-inflammatory cytokines in microglia in ALS and FTD mouse models and
patients (Cook et al.,, 2020; Lall and Baloh, 2017). Similarly, loss-of-function,
missense, and in-frame deletions in the gene encoding for TBK1 protein, the main
regulator of interferon regulatory factor 3 (IRF3) innate immune signalling pathway,
were liked to ALS and FTD (Cirulli et al., 2015; Freischmidt et al., 2017). TBK1
mutations, also lead to the accumulation of TDP-43 in the temporal lobe of diseased
patients (van der Zee et al., 2017). Notably, TBK1 could also influence the pathology
by regulating autophagy, whereby it acts by phosphorylating p62 and optineurin and
enhancing their binding to ubiquitinated proteins. In line with this, mutations in the
genes encoding for autophagy adaptor proteins optineurin and p62 were also linked
to ALS and FTD. Therefore, inflammation may be a mediator of TDP-43
proteinopathy, a pathological hallmark of ALS and FTD.
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1.5. Optineurin

Optineurin is a 577 aa long multifunctional polyubiquitin-binding protein,
encoded by the OPTN gene located on the human chromosome 10. It is ubiquitously
expressed in the cytoplasm of various cells, with higher levels observed in several
tissues including the brain, spinal cord, skeletal muscles, spleen, and heart (Ito et al.,
2011). Moreover, it is well conserved between species: human OPTN has 80%
homology with the murine Optn gene (Rezaie et al., 2005). It was initially
characterized in 1998 in a two-yeast-hybrid screen, as an adenoviral E3-14.7K
interacting protein 2, hence termed FIP-2 (Li et al., 1998). Since then, it has been
renamed several times, linked to discoveries of its involvement in multiple cellular
processes. Because of its high homology with NF-kB essential modulator (NEMO), it
was termed NEMO-related protein (NPR), and TFIIIA-intP because of its function as
transcription factor IllA interacting protein (Moreland et al., 2000; Schwamborn et al.,
2000). Finally, when optineurin mutations were linked to primary open-angle
glaucoma (POAG), the name optineurin was adopted and standing for optic
neuropathy-inducing protein (Rezaie, et al., 2002). Since then optineurin has been
described in an unusually wide number of cellular functions including inflammatory
signalling, autophagy, vesicle trafficking, maintenance of the Golgi apparatus, and
cell death (Markovinovic et al., 2017a; Prtenjaca, 2020). This is due to a wide range
of protein-protein interactions that occur via its ubiquitin-binding domain, microtubule-
associate protein 1A/1B-light chain 3 (LC3)-interacting region (LIR), TBK1-interacting
domains, and others. In 2010 three pathogenic optineurin mutations were found in
ALS patients, and since then more than 40 different ALS-linked mutations have been
identified (Maruyama et al., 2010; reviewed in Markovinovic et al., 2017a). The
pathogenicity of many of them is still unclear. Moreover, optineurin mutations were
found in the ALS/FTD spectrum but were also identified in FTD patients only (Ito et
al., 2011; Kamada et al., 2014; Pottier et al., 2018). In addition, optineurin
polymorphisms were also identified in Crohn’s disease and Paget’s disease of the
bone (Albagha et al., 2010; Smith et al., 2015). Interestingly, optineurin mutations
and polymorphisms linked to these diseases were proposed to have different
functional outcomes. Specifically, optineurin mutations linked to ALS and FTD act by
loss-of-function and haploinsufficiency. On the other hand, dominant-negative effect

or gain-of-function mutations were linked to POAG suggesting that regulation of
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cellular processes by optineurin is complex, and most likely differs in various cell
types, and during the pathogenesis of different diseases. The precise role of
optineurin in human disease pathology is thus still largely elusive and differs in

distinct experimental settings (Prtenjaca, 2020).

1.5.1. Optineurin domains and protein interactions

Optineurin is a non-enzymatic protein with several structurally different
functional domains and it is considered to be an adaptor protein (Fig. 6.). Optineurin
has two coiled-coil (CC) domains, N’-terminal CC1 (38-170 aa) and C’-terminal CC2
(239-508 aa), which cover around 70% of protein and mediate its self-oligomerization
and oligomerization with other proteins with CC domains (Li et al., 2016, 2016) (Fig.
6.). In the N’-terminus optineurin harbours the LIR domain (176-181 aa), which is
important for binding to LC3 on the autophagosomal membranes (P. Wild et al.,
2011). On the C’-terminus optineurin has two distinct ubiquitin-binding domains:
ubiquitin-binding region of A20 binding inhibitor of NF-xB (ABIN) proteins and NF-kB
essential modulator (NEMO) termed UBAN (445-502 aa) and zinc finger (ZF; 547-
577 aa), further referred jointly as ubiquitin-binding region (Li et al., 2016;
Markovinovic et al., 2017a) (Fig. 6.). The main proposed optineurin-binding partners
and their functions are listed in Table 1., and further explained in the subsequent

sections.

Table 1. Optineurin binding partners and their functions

Binding B_|nd|ng Function References
partner site (aa)
autophagy | Meena et al., 2016: Morton et al.,
TBK1 1-127 aa, and 2008; Munitic et al., 2013;
CC1 inflammation | Pourcelot et al., 2016; Richter et
al., 2016; Wild et al., 2011
121-230 aa, .
caspase 8 ccl apoptosis Nakazawa et al., 2016
141-209 aa, vesicular .
Rab8 CCL LIR trafficking Hattula and Peranen, 2000
p62 193 aa* autophagy Liu et al., 2014
160-469 aa L
TFIIA cC2 transcription Moreland et al., 2000
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178-181 aa, .
LC3 LIR autophagy Wild et al., 2011
411-456 aa, :
HACE1 CC2. UBAN autophagy Liu etal., 2014
411-461 aa, vesicular .
htt cc2 trafficking Hattula and Peranen, 2000
424-509 aa, | . .
CYLD CC2. UBAN inflammation Nagabhushana et al., 2011
mvosin Vi 412-520 aa, ex0CViosis Sahlender et al., 2005;
y UBAN y Tumbarello et al., 2012
461-493 aa, | infl tion/
RIPK1 ad | INammation/ -\ ot al., 2016; zhu et al., 2007
UBAN necroptosis

*Needs to be ubiquitinated; modified from: (Toth and Atkin, 2018).

1.5.1.1. Ubiquitin-binding region

It has been proposed that optineurin arose by gene duplication from NEMO,
as they share high homology within their ubiquitin-binding regions (Laplantine et al.,
2009; Tumbarello et al., 2015). Through this region optineurin binds with high affinity

to K63- and M1-linked linear poly-ubiquitin chains, facilitating:

() inflammatory signalling by recruitment of regulatory proteins for signal
transduction. It has been proposed that optineurin negatively regulates NF-kB
activation by binding to polyubiquitinated receptor-interacting protein 1 (RIPK1), thus
NEMO,
deubiquitinase cylindromatosis (CYLD), which deubiquitinates RIPK1 (lto et al.,

outcompeting positive NF-kB regulator and by direct binding to
2016a; Nagabhushana et al., 2011a). In addition to activation of the IRF3 signalling
pathway, optineurin binds to ubiquitinated TBK1 and facilitates its proper activation

(Meena et al., 2016b; Pourcelot et al., 2016b).

(2) autophagy and protein degradation, acting on several autophagy steps,
as further detailed below; in brief, optineurin controls autophagy by binding to
ubiquitinated protein aggregates, intracellular bacteria, damaged mitochondria, and
motor protein myosin VI (Korac et al., 2012; Lazarou et al., 2015; Tumbarello et al.,
2012; P. Wild et al., 2011).

(3) vesicle trafficking, by linking myosin VI to the Golgi complex and

facilitating Golgi formation and exocytosis (Sahlender et al., 2005b).

22



1.5.1.2. LC3-interacting region

Upon binding the ubiquitinated damaged mitochondria, intracellular bacteria,
and protein aggregates (henceforth referred to as cargo) with its ubiquitin-binding
region, optineurin bridges it to LC3 on autophagosomal membranes through its LIR
domain (Wild et al., 2011). This is a key event in the autophagy elongation step and
results in the formation of autophagosomes. Notably, posttranslational modifications
are necessary to enhance optineurin binding to both LC3 and the ubiquitinated cargo.
To this end, optineurin is phosphorylated in its LIR domain on serine 177 (Serl77)
and ubiquitin-binding region on serine 473 (Ser473) by TBK1 (Cirulli et al., 2015;
Richter et al., 2016b), that will be further discussed below. Furthermore, by
interacting with HECT Domain and Ankyrin Repeat Containing E3 Ubiquitin Protein
Ligase 1 (HACEL), optineurin promotes its ubiquitination on Lys193, thus facilitating
interaction with p62 and autophagic flux (Liu et al., 2014a).

1.5.1.3. TBK1 interaction

The interaction between optineurin and TBK1, a serine-threonine kinase is
induced upon cell activation by PAMPs and DAMPs. It is important in autophagy and
the IRF3 signalling pathway. Two proteins initially bind via the CC1 region on
optineurin and C’-terminal CC2 on TBK1 (Li et al., 2016; Morton et al., 2008b). This
interaction stabilizes TBK1, and allows its K63-linked polyubiquitination and
subsequent binding by the ubiquitin-binding region of optineurin (Pourcelot et al.,
2016b). Upon binding, TBK1 gets activated by autophosphorylation and
phosphorylates IRF3, which enables its nuclear translocation and stimulates
interferon-p (IFN-B) production (Meena et al., 2016b; Morton et al., 2008b; Munitic et
al., 2013; Pourcelot et al., 2016b). Furthermore, upon stabilization, TBK1
phosphorylates optineurin on Serl77, and Ser473, enhancing optineurin binding to
ubiquitinated cargo and LC3 and promoting autophagy-mediated degradation of
protein aggregates, damaged mitochondria and cytosolic bacteria Salmonella
enterica (Korac et al., 2012; Lazarou et al., 2015; Richter et al., 2016b; P. Wild et al.,
2011).
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Figure 6. Schematic representation of optineurin domains, posttranslational
modifications, and interacting partners. The N’-terminus of optineurin contains the CC1
domain that interacts with TBK1 and LIR that contains Serl77, which is phosphorylated by
TBK1 to enhance binding between optineurin and LC3. Optineurin ubiquitination on position
Lys193 is mediated by a ubiquitin ligase HACE1 and is required for p62 binding to optineurin.
The CC2 domain is crucial for the self-oligomerization of optineurin and for binding to linear
ubiquitin. The C’-terminus of optineurin has a ubiquitin-binding domain (UBAN) and a ZF
domain (referred to as ubiquitin-binding region) for binding polyubiquitinated signalling
proteins and cargo destined for autophagosomal degradation. The ubiquitin-binding region is
also important for binding RIPK1, a regulator of the NF-kB pathway, and myosin VI, a motor
protein important in vesicle trafficking and autophagy. Phosphorylation on Ser473 enhances
optineurin binding to the ubiquitinated cargo. Rab8 and caspase 8 bind to the N’-terminus,
TFIIA to the intermediate region, and deubiquitinase CYLD and htt to the C’-terminus of
optineurin.
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1.5.2. Optineurin in ALS

Around 40 different optineurin mutations were found in SALS and fALS
patients, although it is still unclear which ones are pathogenic. Most mutations with
confirmed pathogenicity are situated in the ubiquitin-binding region and CC domains,
suggesting that oligomerization and ubiquitin-binding are crucial for disease
pathogenesis. Due to its oligomerization capacity, optineurin has the predisposition to
aggregate, but mutated forms of optineurin were not found in protein aggregates in
autopsy materials of ALS patients (Ito et al., 2011; Maruyama et al., 2010). This
suggests that optineurin ALS- and FTD-linked mutations are most likely loss-of-
function mutations (Markovinovic et al., 2017b; Prtenjaca, 2020). One of the first
optineurin mutations found in fALS was homozygous frameshift deletion of exon 5
(Aex5), supporting the idea that null mutation in both alleles and complete loss of
protein is necessary for disease manifestation (Maruyama et al., 2010; Ying et al.,
2010). However, the majority of ALS-linked mutations are point mutations, including
both missense and nonsense mutations. Homozygous nonsense mutations Q398X
and S174X cause a premature stop codon and also suggest that loss of ubiquitin-
binding and mutations in both alleles are required for the occurrence of the disease
(Gotkine et al., 2021; Kamada et al., 2014; Maruyama et al., 2010). However, several
heterozygous mutations like most studied missense mutations E478G and A481V
which directly affect the ubiquitin-binding region, and nonsense Q165X mutations
suggest that haploinsufficiency is sufficient to cause ALS (Belzil et al.,, 2011,
Maruyama et al., 2010; Tumer et al., 2012). These heterozygous mutations could
also exert a dominant-negative effect, where truncated optineurin could interfere with
full-length protein and disrupt its normal function, suggesting a potential distinct
mechanism of individual mutations. Further studies for a complete understanding of

the pathogenicity of optineurin mutations are required.

The autopsies of patients carrying homozygous Q398X and heterozygous
E478G optineurin mutations have shown TDP-43 mislocalization and aggregation in
the spinal cord and brainstem motor neurons (Ito et al., 2011; Kamada et al., 2014).
In addition, optineurin deficient (Optn”) mice showed TDP-43 cytoplasmic protein
aggregates and multivesicular body protein 2B (CHMP2B) positive vacuoles in the
motor neurons in the spinal cord (Kurashige et al.,, 2021). There are only a few

studies that have investigated the interaction of TDP-43 and/or SOD1 and optineurin
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in ALS, and the majority of results were done on immortalized cell lines rather than in
the relevant CNS cells. Upon overexpression of aggregate-prone hSOD1%%€ in HelLa
cells, phosphorylated optineurin was found in the SOD1 aggregates (Korac et al.,
2012). Moreover, in microglia optineurin was reported as an autophagy receptor for
protein aggregates of amyloid beta, typical for Alzheimer’'s disease, and was found
enriched in the brain regions affected by Parkinson’s disease (Cho et al., 2014; Korac
et al., 2012; Wise et al., 2018). Similarly, optineurin was found recruited to TDP-43 in
TDP-43 overexpressing cells, but the mechanistic link between these proteins is still
largely elusive (Shen et al., 2015; Wang, 2016.). When mutated, optineurin is not
found in protein aggregates and since it is directly involved in inflammatory signalling
and autophagy (further explained in detail in sections 1.5.3. and 1.5.4.), it is an
interesting molecule in the field of neurodegeneration and ALS pathogenesis. It still
has to be clarified by which precise mechanism its mutations lead to ALS, or if the
breakdown in multiple mechanisms that optineurin regulates is necessary for the

appearance of the disease.

1.5.3. Optineurin mouse models

Several optineurin mouse models were designed to study the role of optineurin
in neurodegeneration. Unlike the most studied transgenic aggregate-prone
hSOD1%%A mouse model in which hSOD1 mutation is expressed at the artificially
high level, these models were designed to more closely mimic the conditions found in
patients (Table 2.) (Gurney et al., 1994; Markovinovic et al., 2017a). The first
reported mouse model was a knock-in D477N point mutation (OptnP4’"N), similar to
the human E478G mutation that is not able to bind ubiquitin (Gleason et al., 2011).
Optn*’°T mouse lacks the distal part of CC2 and the whole ubiquitin-binding region
and thus mimics the C’-terminal human Q398X mutation (Munitic et al., 2013) (Table
2.). Both OptnP4’"N and Optn*’°T models disrupt ubiquitin-binding and show altered
inflammatory signalling in primary cells (further discussed in 1.5.4.4.) but
demonstrated no neurodegeneration and/or ALS pathology (tested up to one year of
age) (Gleason et al.,, 2011; Markovinovic et al., 2018; Munitic et al., 2013).
Furthermore, to study the relevance of the TBK1-optineurin axis, a mouse model that
harbours deletion in the N’-terminal TBK1 binding region (Optn?1%7) was generated

(Meena et al., 2016b). Optn?15” mouse is not related to human mutations but
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research on this model established optineurin as a positive regulator of TBKL1.
Several groups also designed optineurin deficiency mouse models (Optn”-) which
mimic homozygous null mutations in patients (Chew et al., 2015; Dermentzaki et al.,
2019; Ito et al., 2016a; Kurashige et al., 2021; Moharir and Swarup, 2021; Slowicka
et al.,, 2016). Similar to ubiquitin-binding deficient mouse models, Optn” did not
exhibit overt ALS pathology. One group reported a slight motor deficit in vertical
rearing activity and axonal dysmyelination in the spinal cord in three-month-old Optn-
"~ 'mice, with no progression of the dysmyelination for up to two years (Ito et al.,
2016b). Furthermore, Ito et al. reported a mild increase in pro-inflammatory cytokines
in the spinal cords of unmanipulated mice. In the follow-up study, the dysmyelination
phenotype was not confirmed (Dermentzaki et al., 2019). In two other Optn’- models
alterations in motor deficits were not detected (Kurashige et al., 2021; Moharir and
Swarup, 2021), although one of them found TDP-43 cytoplasmic aggregates and a
diminished number of spinal cord motor neurons. Notably, no ALS pathology was
observed up until one year in neuron-specific Optn”- mice, suggesting that optineurin
deficiency is not enough to cause ALS-like phenotype in young and middle-aged
mice. Several immune phenotypes were reported unrelated to the CNS: Moharir and
Swarup et al. demonstrated that the Optn”- mice exhibit patchy hair loss possibly by T
cell-mediated damage of hair follicles, whereas Slowicka et al. showed that optineurin
deficiency makes mice more susceptible to infection with Salmonella enterica
(Moharir and Swarup, 2021; Slowicka et al., 2016). A summary of optineurin mouse
models and their functional readouts in primary cells and in vivo are shown in Table
2.
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Table 2.

Optineurin mouse models and functional readouts

Related Functional readouts
m%lése? Domain/mutation human in primary cells or
mutation in vivo
- Lo - impaired TBK1 activation, IRF3
ﬁb?;l:?tﬁr:n tﬂ;aéli(r)\g n phosphorylation and IFN- production
ion = lacks th - reduced phosphorylation of mutated
Optnd477N riglof_‘_ bacd's € E478G | optineurin by TBK1
u ;.ql.Jt't'n' inding - no differences in NF-kB activation
activity (Gleason et al., 2011)
Truncation of the - impaired TBK1 activation, IRF3
ubiquitin-binding phosphorylation and IFN-B production
region and the distal - disbalance in gene expression of pro- and
Optn470T | part of CC2 3ggy | Anti-inflammatory factors
- lacks the ubiquitin- Q - no differences in NF-kB activation
b|nd|ng act|v|ty, lower (MarkOVinOViC et a|., 2018; Munitic et al.,
expression level 2013; Pourcelot et al., 2016b)
N-terminal deletion - impaired TBK1 activation, IRF3
157 phosphorylation and IFN-3 production
REE = lacks TBK1- / - reduced phosphorylation of OptnA257 by
binding activity TBK1 (Meena et al., 2016b)
- impaired TBK1 activation, IRF3
phosphorylation and IFN- production
- no differences in NF-kB activation
(Slowicka et al., 2016)
Optn- Total protein deletion Null
- complete loss-of- | Mutations
function

* This table was modified from our review paper (Prtenjaca, 2020). In vivo functional

redouts are marked in orange.
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1.5.4. Optineurin: proposed cellular functions
1.5.4.1. Autophagy mechanism

Autophagy (from the Greek words auto, meaning ‘self’, and phagein ‘to eat’) is
a highly conserved cellular process by which ubiquitinated molecules and subcellular
elements are getting degraded via lysosome-mediated removal (Aman et al., 2021).
In times of starvation, decreased levels of glucose, amino acids, or adenosine
triphosphate  (ATP) initiate non-selective autophagy via 5 adenosine
monophosphate-activated protein kinase (AMPK) and mTOR, allowing the cells to
survive. The autophagy process can also be selective, and this represents a
mechanism for disposing of ubiquitinated cargo such as aggregated proteins,
damaged organelles, and intracellular pathogens (Stolz et al.,, 2014). Both non-
selective and selective autophagy pathways depend on a set of autophagy-related
genes (Atg) and can be divided into four major phases: nucleation, elongation,
maturation, and degradation (Fig. 7). Moreover, both pathways lead to the activation
of unc-51 like autophagy activating kinase 1 (ULK1) by phosphorylation, which
subsequently forms a complex with focal adhesion kinase family interacting protein of
200 kD (FIP200), Atg13, and Atg101. This complex activates the phosphatidylinositol
3-kinase (VPS34) complex that generates phosphatidylinositol 3-phosphate (PI3P)
required for the nucleation by forming a double membrane for cargo enclosure called
phagophore (Aman et al., 2021; Kirkin, 2020; Stolz et al., 2014). After nucleation, the
phagophore elongation process requires the recruitment of the Atgl2-Atg5-Atgl16L1
complex via WD repeat domain phosphoinositide-interacting protein 2 (Wipi2). The
Atg12-Atg5-Atgl6L1l complex facilitates the conjugation of phosphatidyl
ethanolamine (PE) to LC3 (LC3-I shifts to LC3-ll), allowing its incorporation into
autophagosomal membranes. Simultaneously, autophagic adaptor proteins trap
ubiquitinated cargo via their ubiquitin-binding domains and deliver them to the LC3-I
on autophagosome by their LIR domains (Aman et al.,, 2021; Stolz et al., 2014).
Autophagosome maturation requires the incorporation of additional endosomal
membranes, which allows their fusion with lysosomes and the degradation of cargo

by lysosomal hydrolases (Fig. 7).
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Figure 7. Key steps of autophagy mechanism and proposed roles of optineurin during
autophagy. The four major phases of autophagy are nucleation, elongation, maturation, and
degradation. In times of starvation, cells undergo non-selective autophagy via AMPK and
MTOR. The process of autophagy can also be selective for disposing of damaged organelles
(such as mitochondria), aggregated proteins, and intracellular pathogens. Both these
autophagy pathways lead to the activation of ULK1 by phosphorylation, forming several
complexes and a double membrane called a phagophore. After nucleation, the phagophore
elongation requires LC3-1l incorporation into autophagosomal membranes, and bridging
ubiquitinated cargo by autophagic adaptor proteins. Autophagosome maturation requires
binding to endosomes and fusion with lysosomes where degradation of cargo occurs.
Optineurin has been proposed to act in four distinct steps of autophagy: (1 and 3) in the
selective binding of damaged mitochondria, protein aggregates, and cytosolic bacteria and
delivery of cargo to autophagosomes by bridging polyubiquitinated cargo to LC3-Il, (2) in the
recruitment of the Atgl2-Atg5-Atgl6L1 complex to the autophagosomal membrane which
allows the formation of LC3-Il and (4) in bridging Tom1 on endosome with protein myosin VI
allowing proper lysosome and autophagosome fusion.

1.5.4.2. Optineurin in autophagy

Optineurin has been proposed to act in four distinct autophagy steps: as a
receptor protein in selective autophagy, the protein that recruits ULK1 and Atgl2-
Atg5-Atgl6L1, and for the fusion of lysosome and autophagosome (Fig. 7). Firstly,
optineurin was initially described as an autophagy receptor in the nucleation step for
selective clearance of cytosolic bacteria S. Typhimurium in HelLa cells (Wild et al.,
2011). This has been corroborated in multiple studies for different types of cargo. It
was also proposed as a receptor for aggregated proteins and damaged mitochondria.
In the latter upon PTEN-induced kinase 1 (PINK1)-mediated phosphorylation and
activation of ubiquitin ligase Parkin, optineurin binds to ubiquitinated mitochondria
(Heo et al., 2015; Korac et al., 2012; Lazarou et al., 2015; Moore and Holzbaur,
2016; Shen et al., 2015; Wong and Holzbaur, 2014.). Notably, ALS-linked optineurin
mutations Q398X and E478G or complete depletion of optineurin are unable to
recruit damaged mitochondria to phagophore membrane (Lazarou et al., 2015;
Moore and Holzbaur, 2016; Wong and Holzbaur, 2014.). Interestingly,
pharmacological blockade, silencing, or ALS-linked E696K TBK1 mutation resulted in
an inability of optineurin to bind to autophagosomal membranes, suggesting that
coordinated crosstalk of TBK1 and optineurin is crucial in optineurin-mediated
autophagy (Moore and Holzbaur, 2016; Richter et al., 2016b). Secondly, in addition
to its role as an autophagy receptor in the nucleation step, optineurin also recruits

ULK1 and initiates phagophore formation in HelLa cells (Lazarou et al., 2015; Moore
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and Holzbaur, 2016). Thirdly, optineurin was proposed to interact with Atg5 and
recruits it to Atgl2-Atg5-Atgl6L1 and potentiate LC3-Il production in the elongation
autophagy step. In optineurin deficient and cells harbouring E478G mutation, the
number of Atgl2-Atg5-Atgl6L1-positive puncta and recruitment of the Atgl2-Atg5-
Atgl6L1 complex to Wipi2 is reduced. In addition, fibroblasts from Optn’ mice
showed diminished LC3-1l formation and a lower number of autophagosomes during
both basal and starvation-induced autophagy (Bansal et al., 2018). Finally, optineurin
is also implicated in autophagosome maturation by binding actin-based motor protein
myosin VI in complex with Tom1 on endosomes and allows the fusion of the vesicles
(Tumbarello et al., 2015). Overexpressed optineurin E478G mutant was unable to
bind to myosin VI, consequently inhibiting protein trafficking and inducing ER stress
and Golgi fragmentation in the NSC-34 motor neuron-like cell line (Sundaramoorthy
et al., 2015).

Of note, the vast majority of autophagy results were obtained from in vitro
overexpression models, which can lead to experimental artifacts and could be of
limited relevance (Prtenjaca, 2020). Unfortunately, there are only a few reports
analysing optineurin in autophagy in primary cells. A recent investigation in primary
neurons showed that optineurin colocalises with damaged mitochondria and a-
synuclein aggregates in dopaminergic neurons but it is still not clear how optineurin
mutations affect autophagy and if this is relevant to disease pathogenesis (Evans
and Holzbaur, 2020; Wise et al., 2018)

1.5.4.3. The overview of inflammatory signalling

Innate immunity receptors such as cytoplasmic DNA/RNA sensors and TLRs
detect various PAMPs and DAMPs and simultaneously activate NF-kB and TBK1
signalling pathways, which lead to the secretion of pro-inflammatory cytokines and
type | IFN, respectively (Akira et al., 2006). Both pathways are highly regulated by a
series of ubiquitination and phosphorylation events that create feedback loops to
either amplify or block signalling, thus orchestrating appropriate immune responses
for diverse stressors (Chen, 2012; Tu et al.,, 2013). Upon ligand binding, TLRs
undergo conformational changes, which results in the recruitment of several adaptor
proteins and ubiquitin ligases like tumor necrosis factor receptor-associated factors

(TRAFs) and cellular inhibitors of apoptosis proteins (clAPs), which generate K63-
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linked polyubiquitin chains. Moreover, the recruited linear ubiquitin chain assembly
complex (LUBAC) generates M1 linear polyubiquitin chains (Markovinovic et al.,
2017b; Tokunaga, 2013). Upon polyubiquitination of receptor-interacting
serine/threonine-protein kinase 1 (RIPK1) and activation of transforming growth
factor-B-activated kinase 1 (TAK1), IKK complex, comprised of ubiquitin-binding
adaptor protein NEMO and two kinases - inhibitor of kappa B kinase (IKK)a and
IKKP, is docked to ubiquitinated RIPK1, and phosphorylated and activated by TAK1
(Chen, 2012). IKKa and IKKB phosphorylate inhibitor of kB (IkB), which keeps the
transcription factor NF-kB from entering the nucleus. Phosphorylated IkB then gets
K48-polyubiquitinated, which directs it to degradation. NF-kB gets translocated to the
nucleus, where it binds to promotors for various proinflammatory factors, including
cytokines TNF-a, IL-1B, and IL-6, and prosurvival genes. To prevent hyperactivation,
NF-kB signalling acts in the autoregulatory feedback loop, where NF-kB also binds to
the promotor for IkB, promotes its expression, and NF-kB inhibition. NF-kB can also
be neutralized by deubiquitinase CYLD, which degrades polyubiquitin chains and
stops the downstream signalling cascade (Wertz et al., 2004). Polyubiquitination of
TBK1 kinase, homologous to IKKa and IKK, is also mediated by TRAFs and clAPs,
upon which TBK1 recruits optineurin, providing its own proper activation and
phosphorylation of IRF3. Upon phosphorylation, IRF3 dimerizes and translocates to
the nucleus where it triggers type | IFN production (Akira et al., 2006; Fitzgerald et
al., 2003).

1.5.4.4. Optineurin in inflammatory signalling

Optineurin has been proposed to act as an adaptor in both NF-kB and TBK1
inflammatory signalling pathways (Markovinovic et al.,, 2017b). Due to its high
homology with NEMO and its ability to inhibit the NF-kB pathway by binding to K63-
polyubiquitinated RIPK1, optineurin was proposed to be a competitive inhibitor of
NEMO (Schwamborn et al., 2000). In line with this, in vitro studies in HEK293 cells
showed that overexpression of WT optineurin inhibits, while optineurin silencing led
to an enhanced TNF-mediated NF-kB activation (Nakazawa, 2016.; Zhu et al., 2007).
Conversely, overexpression of WT but not ubiquitin-deficient E478G and Q398X
optineurin inhibited NF-kB upon TNF-a stimulation in neuronal cell line NSC-34,

opening a possibility that NF-kB hyperactivation caused by optineurin mutations
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could trigger neurodegeneration (Akizuki et al.,, 2013; Maruyama et al., 2010).
Notably, optineurin was also proposed to recruit the deubiquitinase CYLD to
polyubiquitinated RIPK1 thus facilitating deubiquitination and inhibition of the NF-kB
signalling pathway (Nagabhushana et al., 2011b). However, in contrast to results
from different cell lines, research in various primary cells from several models of
optineurin deficiency and insufficiency (Optn”, OptnP4”’N, Optn*7°T and OptnA'57)
demonstrated that optineurin is dispensable for NF-kB activation and TNF-a
secretion (Gleason et al., 2011; Markovinovic et al., 2018; Meena et al., 2016b;
Munitic et al., 2013; Pourcelot et al., 2016b; Slowicka et al., 2016). Since optineurin
expression is under the NF-kB promotor, it was also tested if optineurin regulates late
phases of inflammation but the results were negative as well (Markovinovic et al.,
2018; Munitic et al., 2013). Therefore, because of the discrepancies in cell lines and
primary cells, most likely due to overexpression or silencing artefacts, which are
common for ubiquitin-binding proteins, the role of optineurin in the NF-kB signalling

pathway is still debatable.

As a protein that binds poly-ubiquitinated TBK1, optineurin was proposed to
impact IRF3 signalling and type | IFN production and elimination of viruses and
bacteria (Fitzgerald et al., 2003; Pourcelot et al., 2016b). It was first reported that
optineurin acts as a negative regulator of the IRF3 pathway induced by the Sendai
virus and RNA in HEK293 cells (Mankouri et al., 2010). Again, in contrast to the data
from the cell lines, various studies in primary cells from optineurin deficiency and
insufficiency models have shown that optineurin and/or its ubiquitin-binding region
are necessary for adequate TBK1 activation and IFN- production, suggesting that it
is a positive regulator for TBK1 (Gleason et al., 2011; Markovinovic et al., 2018;
Meena et al., 2016b; Munitic et al., 2013; Pourcelot et al., 2016b; Slowicka et al.,
2016). In line with this, truncated optineurin in primary microglia led to a diminished
expression of several pro- and anti-inflammatory factors downstream of IFN-3
including IL-10, IRF7, CXCL1, and CXCL10 (Markovinovic et al., 2018). Overall, the
results in primary cells reveal the relevance of optineurin in the activation of the
TBK1-type | IFN axis. This is particularly important since mutations in TBK1 have
also been reported in ALS patients, and opens a possibility that insufficient immune
responses could participate in ALS and FTD onset and pathogenesis (Cirulli et al.,
2015; Freischmidt et al., 2017; Pottier et al., 2015).
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2. Thesis Aims and Hypothesis

Since optineurin was proposed to be an adaptor protein in autophagy and
inflammatory signalling, and both of these mechanisms are thought to contribute to
neurodegeneration, here we aimed to test if optineurin insufficiency and deficiency
would impair proteostasis, trigger inflammation, and/or lead to inefficient immune
responses. Several groups established optineurin mouse models carrying different
optineurin mutations that mimic those found in ALS patients, but they did not replicate
the patients’ disease phenotype(s). As ageing is one of the major risk factors for ALS,
here we also tested whether alterations during ageing could contribute to the neuro-

or immunopathology in the mice carrying the ALS-mimicking mutation Optn*79T,

To pinpoint the molecular mechanism(s) by which optineurin mutations could
stimulate TDP-43 accumulation, and test if ageing provides a sufficient second hit
that triggers an ALS- or FTD-like phenotype, we used Optn*’°T mice, primary cells
from Optn*’°T mice and BV2 Optn KO microglial cell lines as research models. The

goals and hypotheses were the following:

(1) Testing if optineurin deficiency and insufficiency cause TDP-43 protein
accumulation, which is present in the CNS of patients carrying the ALS-linked
OPTN mutations. For this purpose, we established BV2 Optn KO microglial
cell lines, and isolated primary myeloid cells (microglia and macrophages) and
cortical neurons from the Optn*’°T mouse model in which we tested TARDBP
transcription and TDP-43 protein levels. We hypothesised that loss of

functional optineurin would cause an accumulation of TDP-43.

(2) Since optineurin is a ubiquitin-binding adaptor protein with proposed roles in
autophagy and inflammatory signalling, we tested if Optn*’°T mutation could
cause TDP-43 accumulation by affecting protein homeostasis and/or
inflammation. We tested TDP-43 levels and cellular localization upon different
stimuli that block protein degradation and/or cause inflammation in the in vitro
experiments on primary myeloid cells and cortical neurons from the Optn#7°T
mouse model and BV2 Optn KO microglia. We hypothesised that optineurin
insufficiency would cause a block in autophagy and increased inflammatory

responses that trigger TDP-43 accumulation.
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(3) As most of the research was thus far done on young Optn*’°T mice, and ALS
is an adult-onset disease, here we analysed if a combination of two hits,
optineurin mutation, and ageing, would accelerate immunosenescence and/or
inflammageing to wuncover ALS and/or FTD-like neuropathology. We
hypothesised that ageing will precipitate ALS/FTD pathology in Optn*’°T mice.
Therefore, we analysed motor and cognitive neurological symptoms, TDP-43
aggregation, and innate and adaptive immune systems in WT and Optn470T

mice up to two years of age.

(4) Since we anticipated the possibility that Optn*/°T mice will not by itself exhibit
an ALS-like phenotype, as was the case for many loss-of-function ALS-like
mouse models, including the recently reported TBK1 models (Brenner et al.,
2019), we established a new two-hit ALS mouse model. To this end, we
crossed optineurin-insufficient Optn*’°T mice with mice that carry a human
mutation in TDP-43 (TDP-43%348C), the ALS/FTD model that develops
cytoplasmic inclusions of TDP-43 protein and neuroinflammation around ten
months of age (Swarup et al.,, 2011a). We hypothesised that optineurin
insufficiency will aggravate ALS/FTD pathology and lead to faster disease

onset.
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3. Materials and Methods

3.1. Materials

3.1.1. Chemicals, reagents, buffers, and experimental kits

Table 3. List of chemicals and reagents

Chemical Catalog number Manufacturer
Acrylamide (Rotiphorese gel 40) 3030.1 Carl Roth
Agarose Universal peqGOLD 35-1020 Peg(l)a:ﬁpz?}/;/\/lR
Ammonium peroxodisulfat (APS) 9592.2 Carl Roth
Aqua-Poly/Mount 18606-20 Polyscience, Inc.
B-mercaptoethanol M3148 Sigma Aldrich
Bovine serum albumin (BSA) 3854.3 Carl Roth
Bromophenol blue T116.1 Carl Roth
CH3COOH (Acetic acid) 64-19-7 Alkaloid
Dithiothreitol (DTT) R0862 Thermo Scientific
DNAse | 10104159001 Roche
Ethylenediamine tetraacetic acid (EDTA) 205-358-3 AppliChem
EDTA-free Protease Inhibit 11873580001 Roche
Ethanol 96% 133124 Kefo
Ethylene glycol 107-21-1 T.T.T. doo
Glycerol P121003 Gram Mol
Glycine 3908.3 Carl Roth
HCI 30721 Sigma Aldrich
Horse serum P30-0702 Pan Biotech
Isopropanol 20842.323 VMR
KCI 7447-40-7 T.T.T. doo
Ketamidor QNO1AX03 Richter pharma
KH2POa4 3904.2 Carl Roth
Liberase TM 5401020001 Roche
Methanol 20897.295 VMR
NaCl 31434 Honeywell Fluka
NazHPO4 P143790 Gram Mol
Nuclease-free H20 AM9937 Ambion
Paraformaldehyde (PFA) 0335.3 Carl Roth
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EZ%?Qgéiie inhibitor (PhosSTOP 04906837001 Roche
Proteinase K 70663-4 Sigma Aldrich
Rompun (Xylazine) KPO9XON Bayer
Sarkosyl (N-Lauroylsarcosine Sodium Salt) L5125-50G Sigma Aldrich
Sodium azide K305.1 Carl Roth
Sodium deoxycholate D6750 Sigma Aldrich
Sodium dodecyl sulfate (SDS) 0183.2 Carl Roth
Saccharose D(+) 4621.1 Carl Roth
(I\'IFETAE’E])) N’-Tetramethylenthylenediamine 2367.3 Carl Roth
Thiourea T8656 Sigma Aldrich
Tris 4855.3 Carl Roth
Triton X-100 9002-93-1 Fisher Scientific
TrueBlack 23007 Biotium
Tween-20 9055-64-5 J.T. Baker
Urea U5128 Sigma Aldrich
4’ 6-diamidino-2-phenylidole (DAPI) D9542 Sigma Aldrich
3-((3-cholamidopropyl)

dimethylammonium)-1-propane sulfonate C3023 Sigma Aldrich

(CHAPS)

3.1.1.1. Buffers and reagents for DNA isolation and genotypization

Table 4. Buffer composition for DNA isolation and genotypization

Buffer name

Composition

DNA lysing buffer

10 mM Tris-HCI pH 8.0
10 mM EDTA pH 8.0
150 mM NaCl

0.2% SDS (w/v)

0.4 mg/mL proteinase K (added freshly before use)

50x TAE
(stock solution)

2 M Tris-HCI pH 8.0
50 mM EDTA pH 8.0
1 M CHsCOOH

1x TAE
(diluted in 1:50 in dH20)

40 mM Tris-HCI pH 8.0
1 mM EDTA pH 8.0
20 mM CH3COOH
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Other reagents for DNA isolation and genotyping were: 2% agarose gel ((w/v)
in 1x TAE buffer), GelStar gel dye (50535, Lonza), DNA ladder 100 bp (N3231S, New
England BioLabs), EmeraldAmpGT PCR Master Mix (RR310A, Takara).

3.1.1.2. Buffers and reagents for protein isolation, SDS-polyacrylamide gel
electrophoresis (PAGE), and western blot (WB)

Table 5. Buffer composition for protein isolation, biochemical fractionation, SDS-
PAGE, and western blot

Buffer name Composition

1.37 M NaCl

10x PBS 27 mM KCI

(stock solution) 100 mM Naz2HPO4

18 mM KH2PO4
137 mM NacCl

1x PB

X PBS 2.7 MM KCl

(diluted in 1:10 in dH20) 10 mM NazHPO4

1.8 mM KH2PO4

50 mM Tris
150 mM NacCl
RIPA lysis buffer 0.5% sodium deoxycholate (w/v)
pH 8.0 1% Triton X-100 (v/v)

phosphatase inhibitor (added freshly before use)
protease inhibitor (added freshly before use)

50 mM Tris-HCI, pH 6.8
10% glycerol (v/v)

2% SDS (w/v)

10 mg bromophenol blue

2% B-mercaptoethanol (v/v) (added freshly before
use)

4x Laemmli buffer

375 mM Tris-HCI

12% SDS

6x SDS loading buffer 60% glycerol

10 mg bromophenol blue
600 mM DTT

10 mM Tris-HCI pH 7.5
Low salt (LS) buffer 5 mM EDTA pH 8.0
10% saccharose (w/v)
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1 mM DTT (added freshly before use)
protease inhibitor (added freshly before use)

Triton-X-100 buffer

10 mM Tris-HCI pH 7.5

5 mM EDTA pH 8.0

10% saccharose (w/v)

1% Triton-X-100 (v/v)

0.5 M NacCl

1 mM DTT (added freshly before use)
protease inhibitor (added freshly before use)

Sarkosy! buffer

10 mM Tris-HCI pH 7.5

5 mM EDTA pH 8.0

10% saccharose (w/v)

1% sarkosyl (w/v)

0.5 M NacCl

1 mM DTT (added freshly before use)
protease inhibitor (added freshly before use)

Urea buffer

7 M Urea

2 M Thiourea

30 mM Tris-HCI pH 8.5
4% CHAPS (w/v)

10x SDS running buffer
(stock solution)

30 mM Tris
150 mM glycine
1% SDS (w/v)

1x SDS running buffer
(diluted in 1:10 in dH20)

30 mM Tris
150 mM glycine
1% SDS (w/v)

1x Transfer buffer

25 mM Tris
192 mM glycine
20% methanol (v/v)

10 x TBS pH 7.4 500 mMTris
(stock solution) 1.5 M NaCl
20 mM KCI
50 mM Tris
0.1% TBS-Tween pH 7.4 150 mM NacCl
(diluted in 1:10 in dH20) 2 mM KCI

0.1% Tween-20 (v/v)

Blocking buffer

3% BSA in 1x TBS-Tween (w/v)

Primary antibody probing
solution

3% BSA in TBS-Tween (w/v)
0.5% sodium azide (v/v)
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Secondary antibody probing 3% BSA in 1x TBS-Tween (w/v)
solution

Table 6. Gels for SDS-PAGE

Gels Composition

250 mM Tris-HCI pH 6.8
6% acrylamide (v/v)
Stacking gel 0.1% SDS (w/v)

0.1% APS (w/v)

0.01% TEMED (v/v)

375 mM Tris-HCI pH 8.8
12% acrylamide (v/v)
Resolving gel (12%) 0.1% SDS (w/v)

0.1% APS (w/v)

0.01% TEMED (v/v)

375 mM Tris-HCI pH 8.8
15% acrylamide (v/v)
Resolving gel (15%) 0.1% SDS (w/v)

0.1% APS (w/v)

0.01% TEMED (v/v)

Other reagents for protein isolation, SDS-PAGE, and western blot were:
ROTI®Mark TRICOLOR (8271.1, Carl Roth), Nitrocellulose membrane pore size:
0.45 pm (10600001, Cytiva), Immobilon®-P polyvinylidene fluoride (PVDF)
membrane pore size: 0.45 ym (IPVH00005, Merck Millipore), Trans-Blot Turbo RTA
Transfer kit (1704270), Lumi-Light western blotting substrate (12015200001, Roche).

3.1.1.3. Reagents and kits for RNA extraction, cDNA synthesis, and RT-

gPCR
Table 7. List of kits for RNA extraction and gene expression analyses

Experimental kit Catalog number Manufacturer
RNeasyMini Kit 74106 Qiagen
HighCapacity cDNA ReverseTranscription 4368814 Applied Biosystems
Kit
LightCycler® 480 SYBR Green | Master 04887352001 Roche
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3.1.1.4. Buffers and reagents for immunocytochemistry

Table 8. Buffer compaosition for cell immunofluorescence

Buffer Composition
4% PFA (w/v)
137 mM NacCl
Fixation buffer pH 7.4 2.7 mM KCI

10 mM Naz2HPOa4
1.8 mM KH2PO4

Permeabilization buffer 0.1% Triton X-100 in 1x PBS (v/v)

Blocking buffer 0.5% BSA in 1x PBS (w/v)

3.1.1.5. Reagents for immunofluorescence on tissue

Table 9. Buffer compaosition for tissue immunofluorescence

Buffer Composition

4% PFA (w/v)
137 mM NaCl
Fixation buffer pH 7.4 2.7 mM KClI

10 mM Naz2HPO4
1.8 mM KH2POq4

Tissue storage solution 30% sucrose in 1x PBS (w/v)

30% ethylene glycol (v/v)
Antifreeze solution pH 7.4 | 30% glycerol (v/v)
24.4 mM NaH2POa4 buffer

Permeabilization/blocking | 10% horse serum (v/v)

buffer 0.25% Triton X-100 (v/v) in 1x PBS

Primary antibody probing | 1% horse serum (v/v)
solution 0.25% Triton X-100 (v/v) in 1x PBS
Washing buffer 0.25% Triton X-100 (v/v) in 1x PBS

TrueBlack staining solution | 20% TrueBlack in 70% ethanol (v/v)

Other reagents for tissue immunofluorescence were: Tissue-Tek optimal
cutting temperature (O.C.T.) Compound (4583, Sakura), PAP pen (Z377821-1EA,
Sigma Aldrich), Vectashield (H-1200, Vector Laboratories).
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3.1.1.6. Reagents for cytokine array

Table 10. List of kits for cytokine analyses

Experimental kit

Catalog number

Manufacturer

Pierce BCA Protein Assay Kit

23227

Thermo Scientific

RayBio® C-Series Mouse Inflammation

Antibody Array C1 126AAM-INF-1-8 Raybiotech
3.1.1.7. Reagents and kits for flow cytometry
Table 11. Composition of buffers for flow cytometry
Buffer Composition
2% FBS (v/v)
FACS flow buffer . : :
0.05% sodium azide (w/v) in 1x PBS
Fc block buffer 10 ug/mL anti-mouse CD16/CD32 diluted in FACS flow buffer

Stock isotonic Percoll
(SIP)

9:1=Percoll: 10x HBSS

70% SIP (per brain) | 3.1 mL SIP and 0.9 mL 1x HBSS

37% SIP (per brain) | 1.65 mL SIP and 2.35 mL 1x HBSS

30% SIP (per brain) | 1.3 mL SIP and 2.7 mL 1x HBSS

Other reagents for flow cytometry were: Ammonium-Chloride-Potassium
(ACK) lysing buffer (A10492-01, Gibco), UltraComp eBeads™ Compensation Beads
(01-2222-42, Invitrogen), Foxp3/Transcription Factor Staining Buffer Set (00-5523-
00, eBioscience), Percoll (GE17-0891-02, GE Healthcare).
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3.1.2. Antibodies
3.1.2.1. Antibodies for Western blot and immunofluorescence analyses
3.1.2.1.1. Primary antibodies

Table 12. List of primary antibodies for Western blot and immunofluorescence
analyses

Antigen Host | Catalog number Manufacturer Dilution
. : . WB 1:10000

B-tubulin mouse T8328 Sigma Aldrich IF 11000
Caspase 3 rabbit 9662 Cell Signaling WB 1:1000
C'ea"edscas'oase rabbit 9661 Cell Signaling WB 1:1000
LC3 rabbit PMO036 MBL WB 1:1000
Optineurin rabbit 100000 Cayman WB 1:1000

Chemical

TDP-43 (C’) rabbit 12892-1-AP Proteintech WB 1:1000
, : . WB 1:1000

TDP-43 (N’) rabbit 10782-2-AP Proteintech IF 1:500

3.1.2.1.2. Secondary antibodies

Table 13. List of secondary antibodies for Western blot and immunofluorescence
analyses

Antibody Conjugate Catalog Manufacturer Dilution
number
ant- | Alexa Fluor 488 A11029 Invitrogen IF 1:1000
mouse
anti-rabbit | Alexa Fluor 546 A11035 Invitrogen IF1:1000
anti- HRP 115-035-174 Jackson WB 1:2500
mouse ImmunoResearch
anti-rabbit HRP 111-035-144 Jackson WB 1:2500
ImmunoResearch
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3.1.2.2.

Antibodies for flow cytometry

Table 14. List of antibodies for flow cytometry

Dilution | Dilution
Antibody Conjugate gﬁ:ﬁ:aoe% Manufacturer for for
cells beads
B220 A'exf‘og'uor 103231 BioLegend | 1:1000 | 1:1000
cD4 APC-H7 560181 BD 1:1000 | 1:500
Pharmingen
CD8a BV605 100744 BioLegend 1:1000 | 1:1500
CD11b APC 553312 Phar?n[i)ngen 1:400 | 1:400
CD11c PE 12-0114-82 eBioscience 1:200 1:100
CD25 APC 101910 BioLegend 1:100 1:1500
CD25 PE-Cy7 25-0251-82 eBioscience 1:1000 1:1000
CD38 PE 102707 BioLegend 1:10000 | 1:2000
CD44 PE/Dazzle 103055 BioLegend 1:1500 1:500
CD45 FITC 11-0451-82 eBioscience 1:2000 1:2000
CD62L PerCP-Cy5.5 104431 BioLegend 1:1000 1:100
CD69 APC 104514 BioLegend 1:800 1:800
CD86 PE-Cy7 25-0862-80 eBioscience 1:200 1:1000
CD90.2 BV786 105331 BioLegend 1:2000 | 1:2000
FOXP3 PE 126404 BioLegend 1:200 1:1000
F4/80 PerCP-Cy5.5 45-4801-82 eBioscience 1:200 1:50
KLRG1 FITC 11-5893-82 eBioscience 1:1500 1:1000
Ly6C APC-eFluor780 | 47-5932-82 eBioscience 1:100 1:100
Ly6G FITC 127606 BioLegend 1:1000 1:400
MHC-II PE/Dazzle 107648 BioLegend 1:8000 1:200
NK1.1 BV605 108739 BioLegend 1:100 1:1000
CD16/CD32 8D
(clone / 553142 Pharmingen 1:1000 /
2.4G2)
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3.1.3. DNA oligonucleotides

DNA synthetic oligonucleotides (primers) for mouse genotyping and specific

gene expression used in the polymerase chain reaction (PCR) and real-time

polymerase chain reaction (RT-gPCR), respectively were purchased from Metabion.

Primers were received as a stock solution of 100 uM, and working stocks were

diluted to a concentration of 10 uM in dH20.

Table 15. List of primers

Gene Primer Sequences (5’ 2> 3’) Final
concentration
Obti - Forward | GCTACCATGCTCAGCCAGAGTTTC 0.2 uM
ineurin
P Reverse | GGCTTCAGGGATGCATGAATC 0.2 uM
Obti ot Forward | GCAACACAGACCTGAACAGACG 0.2 uM
ineurin

P Reverse | ACTCCACCCATAAGTCATCAAAGC 0.2 uM

TDpG34EC Forward | TTATTACCCGATGGGCA 1 uM
Reverse | CTCTTTGTGGAGAGGAC 0.5 uM
TARDBP Forward | CGAGTCCAGAAAACATCTGACC 0.4 uM
Reverse | ACACCSTCGCCCATCTATCAT 0.4 uM
Gandh Forward | GTGCTGAGTATGTCGTGGA 0.4 uM

a
P Reverse | GTGGTTCACACCCATCACAA 0.4 uM
G3bol Forward | GCAGAAGGAAATCCACAGGA 0.4 uM
P Reverse | TCATTCAGAGTTGCGTGAGC 0.4 uM
Poldin3 Forward | ATGGGCAACCTATGAAGTGC 0.4 uM
oldi

P Reverse | TTTTTCACTGAGGGGCTGTC 0.4 uM

46




3.1.4. Reagents and treatments used in cell culture

Table 16. List of reagents and treatments used in cell culture

Reagents Catalog Manufacturer
number

AlbuMAXTM | 11020-013 Gibco
Antibiotic/Antimycotic Solution (100x) AAS-B Capricorn Scientific GmbH
Bafilomycin Al (Baf Al) B1793 Sigma Aldrich
ggégﬁéglr;g)dlum tetraborate 27797 931 VMR
Boric acid 5935.1 Carl Roth
B27 50X supplement 17504-044 Gibco
rI:])qciacori;)érliikglonuclease | (DNase I) for DN25 Sigma Aldrich
rII])g,\lj)r);):]riSbonuclease | (DNase I) for D5025 Sigma Aldrich
Dimethyl sulfoxide (DMSO) 445103 CARLO ERBA reagents
(D[;J'\I/tlaéli:/lc;o’s Modified Eagle Medium P04-04510 Pan Biotech
(1Ii|(BHSaSn)lf,3vi?t? 'gg‘jﬁ dMSgazE g‘;};tion HBSS-1A Capricorn Scientific GmbH
(1Iz|<BHSag)If’svza(l?gzci’e('iwzglt(_S/_c;lution HBSS-2A Capricorn Scientific GmbH
Fetal bovine serum (FBS) P30-3306 Pan Biotech
HEPES HEP-B Capricorn Scientific GmbH
L-glutamine GLN-B Capricorn Scientific GmbH
Glutamine (stabile) for neurons STA-B Capricorn Scientific GmbH
gi’ii’f’éﬁsi‘fgg{;‘”de from E. col L4391 Sigma Aldrich
MG132 133407-82-6 Calbiochem
Neurobasal medium 21103-049 Gibco
1x Dulbecco’s PBS, w/o Ca?*, Mg?* PBS-1A Capricorn Scientific GmbH
Poly-D-lysine P6403 Sigma Aldrich
Poly-L-lysine P1274 Sigma Aldrich
Puromycin 0240.2 Carl Roth
RPMI 1640 RPMI-A Capricorn Scientific GmbH
Trehalose T9531 Sigma Aldrich
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Trypan blue 17-924E Lonza

Trypsin inhibitor T9003 Sigma Aldrich

2.5% (10x) Trypsin solution 15090-46 Invitrogen

Trypsin-EDTA (0.5%) in DPBS (10x) TRY-1B10 Capricorn Scientific GmbH

3.1.4.1. Reagents for isolation and cultivation of primary microglia

Poly-L-lysine was dissolved in a concentration of 10 mg/mL in sterilized dH20,
and DNAse | was dissolved in sterile 0.9% NaCl (w/v) at a final concentration of 5
mg/mL. Both solutions were filtered sterile and frozen in 1 mL aliquots until use.

Primary microglia isolated from PO-3 old pups were cultured in Dulbecco’s Modified
Eagle Medium supplemented with 10% FBS (v/v), 2 mM L-glutamine, and
antibiotic/antimycotic solution (10 000 U/mL Penicillin, 10 mg/mL Streptomycin, 25
Mg/mL Amphotericin B), referred to as complete DMEM.

3.1.4.2. Reagents for cortical neuron isolation, cultivation, and treatment

Poly-D-lysine solution was prepared in 0.1 M borate buffer (0.1 M boric acid,
0.025 M borax pH 8.5) at a concentration of 4 mg/mL, and the final concentration of
0.02 mg/ml, and DNase | in HBSS with Ca?* Mg?* at a concentration of 10 mg/mL,
and the final concentration of 10 ug/mL, filtered sterile and frozen in aliquots until
use. The triturating solution was prepared in Ca?*, Mg?%- free HBSS with 1%
AlbuMAXTM I, 0.05% trypsin inhibitor (v/v) from soybean, and 10 yg/mL DNase I.

Primary cortical neurons isolated from E15.5 old embryos were cultured in
Neurobasal medium supplemented with 2% B27 50X supplement (v/v), stable
glutamine, and antibiotic/antimycotic solution (10 000 U/mL Penicillin, 10 mg/mL
Streptomycin, 25 pg/mL Amphotericin B).
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3.2. Cell lines generation, maintenance, and treatment

WT BV2 cells were a kind gift from Dr. Jasna Kriz. Optineurin knockout (KO)
microglial BV2 cell line was generated by the CRISPR/Cas9 technology as previously
described (Prtenjaca et al., 2022). In brief, WT BV2 cell lines were transfected with
optineurin-directed gRNA-guided Cas9 endonuclease that was targeting the third
exon with translational initiation codon, and puromycin N-acetyl-transferase, and
selected based on puromycin resistance. BV2 Optn KO cells were maintained in a
complete DMEM (see below) medium with 2 pg/mL puromycin, until seeding for the
experiment. The L929 cell line was a kind gift from Dr. Jonathan D. Ashwell and was
cultured in complete DMEM (see below), and their supernatant was used as a source
of macrophage colony-stimulating factor (M-CSF) in bone marrow-derived

macrophages (BMDM) differentiation.

WT BV2, KO BV2, and L929 cell lines were cultured in DMEM supplemented
with 10% FBS (v/v), 2 mM L-glutamine, and antibiotic/antimycotic solution (10 000
U/mL Penicillin, 10 mg/mL Streptomycin, 25 ug/mL Amphotericin B), referred to as
complete DMEM.

TDP-43 mechanism of degradation was analysed by blocking the ubiquitin-
proteasomal system with 1uM MG132 for 4 h and 8 h, and autophagy with 50 nM Baf
Al for 4 h or with their combination. To determine TDP-43 levels and localization
upon inflammatory stimuli BV2 WT and KO cells were treated with 0.3 ug/mL or 2
Mg/mL LPS for 24 h.
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3.3. Mice

Mice were maintained at 24°C under a 12 h/12 h light/dark cycle and had ad
libitum access to food and water. C57BL/6 mice, hereafter referred to as wild-type
(WT) mice were purchased from Jackson and have been expanded in the animal
facility at the Medical School of the University of Rijeka. Generation of the optineurin
truncated Optn*’°T mice has been previously described; these mice are considered
optineurin insufficient because of two reasons: the presence of loss-of-function C’-
terminal truncation and ~7-fold lower protein level (Munitic et al., 2013). In brief,
whole-body homozygous optineurin truncation was achieved by crossing the mice
carrying flanked exon 12 with loxP-neoR-loxP cassette with B-actin-cre mice that
express Cre recombinase under the control of endogenous mouse B-actin promoter.
In that way, the last 114 amino acids were removed from the C’-terminus, including
the ubiquitin-binding region. Optn*’°T mice used in this study were backcrossed to
C57BL/6 genetic background 11 times. For a generation of primary BMDMs, the
three-month-old WT and Optn*’°T males were used. In all other experiments young
adult (three-month-old), middle-aged (one-year-old), and old (two-year-old) male and
female mice were used, as noted. To establish a new two-hit ALS model, Optn470T
mice were crossed with the mice carrying the human transgenic TDP-43 (TDP-
436348C) (see section 4.3.). Aged-matched WT, Optn*"°T, and TDP-43C348C were used
as control mice at the indicated time points used in experiments. All experimental
procedures were performed according to the European Communities Council
Directive of 24 November 1986 (86/609/EEC) and approved by the Ministry of
Agriculture of the Republic of Croatia, Ethics Committees of the Department of

Biotechnology, and Medical School of the University of Rijeka.
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3.4. Methods
3.4.1. Mice euthanasia, for perfusion and tissue isolation

Mice were euthanized by cervical dislocation or deep anaesthesia following
blood perfusion, depending on the tissues isolated and the purpose of the
experiments. For multi-colour flow cytometry analyses, mice were euthanized by
cervical dislocation, placed on the back, the skin and peritoneum were opened, and
the spleen was removed. After isolation, spleens were immediately processed for
immune cell isolation and characterization. To collect brain and spinal cord for
biochemical fractionation, cytokine array, flow cytometry, and immunofluorescence
analyses mice were subjected to blood perfusion with ice-cold 1x PBS to avoid
contamination with blood cells. First, mice were deeply anesthetized with
intraperitoneal injection with a combination of ketamine and xylazine in the final
concentrations of 0.1 mg/g and 0.02 mg/g, respectively. When mice reached a
surgical plane of anaesthesia, they were placed on the back, and a lateral incision
beneath the rib cage through the skin and abdominal wall was made to reach the
sternum and diaphragm. To expose the heart, parallel cuts on both sides of the rib
cage and diaphragm were performed, followed by lifting of the sternum. A small
incision to the right atrium of the heart using iris scissors was made to allow blood
and 1x PBS to run out from circulation. Immediately after, a 25G butterfly needle
connected to a 50 mL syringe filled with ice-cold 1x PBS was placed in the apex of
the left ventricle and ice-cold 1x PBS was slowly injected into the circulation. Mice
were perfused with a total of 60 mL of ice-cold 1x PBS. Indication of successful
perfusion was a loss of blood and pale colour of the liver. After perfusion, mice were
placed on the abdomen and decapitated. To reach the cranium, the skin between the
ears was removed. Parallel cuts on both sides of the cranium from interparietal to
parietal bone, and one through sagittal suture were carefully done to expose, but not
damage the brain. The cranium was lifted from the cut through the sagittal suture to
parallel cuts on the side, and the brain was carefully removed with the rounded
spatula. To extract the spinal cord, the skin from the back was removed, and small
parallel cuts were done on both sides of the cervical part of the vertebrae. To uncover
the whole spinal cord up to the sacral part, the cervical part of the vertebrae was held
with tweezers, and vertebrae were cut on both sides with iris scissors. Nerves exiting

the spinal cord were carefully separated from the spinal cord, making the spinal cord
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accessible for extraction from vertebrae. For the isolation of immune cells from the
brain, brain tissue was immediately proceeded for enzymatic digestion (See section
3.4.5.2.). To perform biochemical fractionation and cytokine array analyses, after
extraction of the brain and spinal cords, tissues were snap-frozen in liquid nitrogen,

and stored at —80°C until use.

3.4.2. Isolation, cultivation, and treatments of bone marrow-derived

macrophages (BMDMs)

To generate bone marrow-derived macrophages (BMDMs), bone marrow from
the femurs and tibias of three-month-old WT and Optn*’°T male mice was used. Mice
were sacrificed by cervical dislocation, placed on the back, and the skin was removed
from the abdomen to the hindlimbs. Hindlimbs were cut in the hip, and adherent
muscles and connective tissue were removed from the bones with the scalpel. After
cutting the upper and lower bone epiphyses, bone marrow was flushed using a 25G
needle in RPMI 1640 medium supplemented with 10% FBS (v/v), 2 mM L-glutamine,
antibiotic/antimycotic solution (10 000 U/mL penicillin, 10 mg/mL streptomycin, 25
Mg/mL amphotericin B), and 10 mM HEPES, referred to as complete RMPI 1640,
filtered through a 70 um cell strainer, and centrifuged for 5 minutes (min) at 1500
rpm. At this point, bone marrow was cryopreserved at -80°C in a freezing medium
(10% DMSO (v/v) and 90% FBS(v/v)), or left in the culture. To differentiate BMDMSs,
the pellet was resuspended in a complete RPMI 1640 medium in the presence of
30% L929 cell line supernatant as a source of macrophage colony-stimulating factor
(M-CSF) in a standard humidified incubator at 37°C with 5% CO:2 for 5 days. After
differentiation, BMDMs were detached with 10 mM EDTA 1x PBS for 15 min and
seeded onto a 24-well plate at a density of 2 x 10° cells/mL. Number and cell viability
were determined on the Neubauer haemocytometer using Trypan blue, a dye that
penetrates only the dead cells. To determine TDP-43 levels upon inflammatory
stimuli and autophagy inhibition 24 h upon seeding, BMDMs were left untreated or
stimulated with 0.3 pyg/mL or 2 ug/mL LPS for 24 h, and autophagy was blocked with
50 nM Baf A1l for the last 4 h of the experiment.
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3.4.3. Isolation, cultivation, and treatments of primary microglia

Primary microglia were isolated from the brains of WT and Optn*/°T neonatal
pups (0-3 days postnatally). To obtain neonatal pups, scheduled timed pregnancies
of WT and Optn*’°T mice were set up (the gestation period lasted for typically 19-21
days). Neonatal pups were decapitated, the skin between ears was removed, and the
brains were extracted after the removal of the cranium. To avoid contamination with
peripheral myeloid cells and meningeal fibroblasts, the meninges were carefully
separated from the brains in 1x HBSS (-/-) under a dissecting microscope, together
with removing the olfactory bulbs and cerebella. The remaining brain tissue was
transferred to fresh 1x HBSS (-/-), chopped into small pieces, and trypsinized in
0.125% trypsin in a standard humidified incubator at 37°C with 5% CO2 for 15 min.
To stop trypsinization, brain tissue was transferred to a 15 mL Eppendorf tube
containing 6 mL complete DMEM. When the tissue settled down, the supernatant
was aspirated and 6 mL of fresh complete DMEM was added with 625 pug/mL of
DNase I. Brain tissue was triturated by pipetting up and down up to 20 times, filtered
through the 70 um cell strainers, and centrifuged at 500 rpm for 5 min. Cell pellets
from three brains were resuspended in 10 mL of complete DMEM and plated onto a
0.1 mg/mL poly-L-lysine coated T75 flask. The medium was changed the following
day and subsequently, every 2" day, until cell cultures reached complete confluence,
usually after 7-10 days. To detach microglia from the astrocyte layer, 1M HEPES was
added to maintain physiological pH, parafiim was put on the flask cap, and the T75
flask was shaken for 16 h at 120 rpm at 37°C. The following day, T75 flasks were
additionally shaken for 4 h at 300 rpm, and the supernatant containing microglia was
collected and centrifuged for 5 min at 1000 rpm. Number and cell viability were
determined using Trypan blue, and microglia were seeded onto a PLL-coated 24-well
plate at a density of 2 x 10° cells/mL for protein and RNA isolation, and 10° cells/mL
on 13 mm coverslips for immunofluorescent analyses. 48 h after seeding, microglia
were used for functional analyses. TDP-43 degradation mechanism was analysed by
blocking the ubiquitin-proteasomal system with 1 yM MG132 and autophagy with 50
nM Baf Al for 4 h, or with their combination. To determine TDP-43 levels and
localization upon inflammatory stimuli microglia were treated with 0.3 ug/mL or 2
pg/mL LPS for 24 h.
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3.4.4. Isolation, cultivation, and treatments of primary neurons

Primary cortical neurons were obtained from WT and Optn*’°T mice embryos.
To obtain mouse embryos, scheduled time pregnancy of WT and Optn*’°T mice were
set up, and pregnant females were taken on E15.5 days of the gestation period when
extensive neurogenesis occurs. Females were euthanized by cervical dislocation and
cut through skin and peritoneum to expose internal organs and the uterus. The two
horns of the uterus with amniotic sacs were removed by cutting connective tissue and
transferred to the sterile Petri dish. Embryos were dissected from amniotic sacs,
decapitated, and brains were extracted from the cranium in 1x HBSS (-/-). Under the
dissecting microscope, meninges were removed from the brain and cortices were
transferred to fresh 1x HBSS (-/-). The cortices were washed once with 1x HBSS (-/-
), and treated with 0.125% trypsin in a standard humidified incubator at 37°C with 5%
COz2 for 20 min followed by the addition of 10 ug/mL of DNase | solution and mixing
by inversion. When the tissue settled down, the supernatant was aspired. The
remaining tissue was dissociated in 1 mL trituration solution followed by the addition
of Neurobasal medium (1 mL per embryo) and passed through a 70 um cell strainer.
The cell suspension was centrifuged at 1000 rpm for 5 min, and the number and cell
viability were determined using Trypan blue on a Neubauer haemocytometer. Cells
were seeded on the poly-D-lysine coated 12-well plate at a density of 1.8 x 10°
cells/mL for protein and RNA isolation. Five days after seeding, neurons were used
for functional analyses. To determine TDP-43 levels and the mechanism of TDP-43
degradation neurons were treated with 1 yM MG132 and 50 nM Baf Al for 4 h and 8
h, or with their combination. Induction of autophagy was done using 100 mM

trehalose for 24 h.
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3.4.5. Functional and biochemical assays
3.4.5.1. Immunoblotting and protein analyses
3.4.5.1.1. Cell lysis and protein isolation

For isolation of proteins for western blotting, cells were washed three times
with ice-cold 1x PBS and lysed in 110 uL RIPA lysis buffer containing protease and
phosphatase inhibitors. Lysates were transferred to a 1.5 mL Eppendorf tube and
kept on ice for 30 min. After 30 min of incubation, lysates were centrifuged at 14 000
rpm for 10 min at 4°C, and 90 pL of supernatant was carefully transferred to a new
1.5 mL Eppendorf tube. Supernatants were mixed with 4X Laemmli buffer and frozen
at -20°C, or left at 4°C (for LC3 protein) until sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) analysis.

3.4.5.1.2. Biochemical fractionation

For distinguishing soluble and insoluble proteins from brains upon extraction
and storage at —80°C, biochemical fractionation was performed. One hemisphere of
the brain was taken, weighed, and homogenized in 5 mL/g of low-salt (LS) buffer on
ice. Brain lysates were centrifuged at 14 000 rpm for 30 min at 4°C and the
supernatants were saved as LS fraction. The remaining pellet was washed once
more in LS fraction and centrifuged at 14 000 rpm for 30 min at 4°C. The supernatant
was discarded and the pellet was resuspended in 5 mL/g of Triton-X (TX) buffer and
ultracentrifuged at 180 000 g for 30 min at 4°C. Supernatants were saved as TX
fractions. To wash the remaining pellet, the pellet was resuspended again in TX
buffer and ultracentrifuged at 180 000 g for 30 min at 4°C. After ultracentrifugation,
the supernatant was discarded and the pellet was homogenized in 1 mL/g sarkosyl
(SARK) buffer and shaken at 800 rpm for 1 h at RT. Next, the lysate was
ultracentrifuged at 180 000 g for 30 min at RT, and the supernatant was saved as a
sarkosyl fraction. The remaining pellet was resuspended in 0.5 ml/g urea buffer and
centrifuged at 14 000 rpm for 30 min at 4°C. Supernatants were saved as urea
fractions. Samples were mixed with 6x SDS loading buffer and frozen at -20°C until
SDS-PAGE analysis.
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3.4.5.1.3. SDS-polyacrylamide gel electrophoresis (PAGE) and western blot

analyses

Isolated proteins were separated using SDS-PAGE in Mini-PROTEAN Tetra
Vertical Electrophoresis Cell (Bio-Rad). Samples were heated for 10 min at 95 -C
(except urea fraction from biochemical fractionation) before loading on the 12% or
15% polyacrylamide gels (the latter were used only for CC3 and LC3), For
identification of protein size, a protein ladder marker (Roti-Mark TRICOLOR) was
loaded onto the gel. The gels were first run at 100 V in 1x SDS running buffer until
samples did not compress to separating gel, and then the currency was increased to
130 V until the loading dye from 1x Laemmli buffer did not reach the end of the gel.
All gels were then transferred to nitrocellulose membranes, except for those that
were later blotted for CC3 and LC3 which were transferred to PVDF membranes.
Transfer sandwich consisting of a sponge, blotting paper, gel, and membrane was
locked into a gel holder cassette and placed into a Mini Trans-Blot Electrophoretic
Transfer Cell (Bio-Rad) in 1x transfer buffer and run at 100 V for 60-80 min
depending on the protein size. For proteins isolated by biochemical fractionation,
semi-dry transfer was done using Trans-Blot® Turbo™ Transfer RTA kit and System
(Bio-Rad). Proteins were transferred to the membrane at 1.3 A for 10 min. After
transferring proteins from the gel to the membrane, membranes were blocked with
blocking buffer to reduce unspecific antibody binding for 1 h at RT and incubated with
primary antibodies in antibody probing solution O/N at 4°C. The next day,
membranes were washed three times for 10 min with 0.1% TBS-Tween and probed
with secondary anti-rabbit or anti-mouse antibodies conjugated with HRP in antibody
probing solution for 1 h at RT. Membranes were then washed three times for 10 min
with 0.1% TBS-Tween and visualized with Chemiluminescence Blotting Substrate

using ChemiDocTM imaging system (Bio-Rad).

3.4.5.1.4. Western blot densitometric analyses and protein quantification

Densitometric analyses were done using Fiji ImageJ software (National
Institutes of Health). Obtained protein levels were normalized to loading control (j3-
tubulin). Protein quantification from biochemical fractionation is shown as a fold-

change difference from a WT sample.
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3.4.5.2. Methods for protein gene expression analyses
3.4.5.2.1. RNA isolation

The first step of gene expression and RNA sequencing analyses was the
isolation of total RNA using the Total RNA RNeasy Mini Kit according to the
manufacturer’s instructions. Briefly, cells were washed with 1x PBS and lysed with
350 pyL RLT buffer, following the addition of the same volume of 70% ethanol
prepared in nuclease-free water to precipitate RNA. Samples were then transferred
to the RNeasy Mini spin column placed in a 2 mL collection tube and centrifuged for 1
min at 8000 x g to selectively bind RNA to the membrane. Flow-through was
discarded, and 700 pL of RW1 buffer was added to the spin column and centrifuged
for 1 min at 8000 x g to remove possible DNA contamination. The washing step was
repeated two times with RPE to remove traces of salts, from buffers used earlier in
the protocol, and RNA was eluted from the column with 30 pL nuclease-free water in
the new collection tube. RNA concertation and purity were measured using UV/VIS
spectrophotometer BioDrop Duo at 260 nm wavelength, and 280/260, and 280/230
ratio was determined for protein concentration and phenol contamination,
respectively. If both 280/260 and 280/230 ratios were ~ 2, RNA was pure enough to

continue with the reverse transcription or be sent for RNA sequencing.

3.4.5.2.2. Reverse transcription and complementary DNA (cDNA) synthesis

After isolation, total RNA was transcribed to complementary DNA (cDNA) with
the High-Capacity cDNA Reverse Transcription Kit following the manufacturer's
instructions. 2x Master mix for reverse transcription was prepared with the reagents
provided in the kit, containing: RT buffer, 100 mM dNTPs, random primers, 50 U/uL
reverse transcriptase, 20 U/uL RNase inhibitor, and nuclease-free water. Isolated
RNA was mixed with 2x Master Mix in the final volume of 20 uL, and put in the
thermocycler for cDNA synthesis using the protocol listed in Table 17. Upon the end
of transcription, synthesised cDNA was diluted 1:10 in dH20 and stored at -20°C.
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Table 17. Protocol for cDNA synthesis

Step Temperature Time
Primer annealing 25°C 10 minutes
Reverse transcription 37°C 120 minutes
Enzyme inactivation 85°C 5 minutes
Cooling 4°C 0

3.4.5.2.3. Quantitative Real-Time polymerase chain reaction (RT-gPCR)

Gene expression was analysed by RT-gPCR using SYBR green | Master Mix,
following the manufacturer’s instructions. Primers for the selected genes (listed in
Table. 15) were added to Master Mix and finally mixed with 1:5 diluted cDNA in dH20
in a ratio of 4:1 in the final volume of 20 uL. Duplicates were made for each gene.
RT-gPCR was performed on LightCycler® 96 System (Roche) using the protocol
listed in Table 18.

Table 18. Protocol for RT-gPCR

Step Temperature Time Number of
cycles

Preincubation 95°C 600 sec 1x
95°C 10 sec

3 Step Amplification 55°C 10 sec 45x
72°C 30 sec
95°C 10 sec

Melting 65°C 60 sec 1x
97°C 1 sec

Cooling 37°C 30 sec 1x

3.4.5.2.4. Gene expression analyses

Gene expression analyses were done with the LightCycler 480 Software. The
presence of more than one peak in the melting curves was checked for each gene (to
rule out non-specific amplification) and in the case of multiple peaks for certain gene,
this gene was excluded from the analyses. The mean value of cycle threshold (Ct)
per each gene was calculated from duplicates and was subtracted from the mean Ct

value of the housekeeping gene, glyceraldehyde 3-phosphate dehydrogenase
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(GAPDH), and expressed as a difference in threshold cycles (ACt). Each ACt from
different samples was subtracted from ACt of untreated WT control and expressed as
AACt value. Relative fold gene expression (2722¢Y) of TARDBP, Poldip3, and G3bpl

genes was shown as a difference compared to untreated WT control.

3.4.5.3. Microscopy
3.4.5.3.1. Immunofluorescence

For the immunofluorescence analyses primary microglia were plated onto
PLL-coated chamber slides (#177402; LabTek). Cells were washed once in 1x PBS
and fixed in 4% PFA for 15 min. After fixations, cells were washed three times in 1x
PBS and subsequently permeabilized with permeabilization buffer (0.1% Triton X-100
in 1x PBS) for 15 min. After permeabilization, cells were blocked with blocking buffer
(0.5% BSA in 1x PBS) for 1 h at RT and incubated with primary antibodies diluted in
blocking buffer in a humid chamber O/N at 4°C. The cells were washed three times in
1x PBS and incubated with secondary antibodies diluted in a blocking buffer for 1 h
at RT in the dark. Finally, after washing three times with 1x PBS, nuclei were stained
with 0.5 ng/mL DAPI in 1x PBS for 5 min in the dark, washed ones, and cells were
mounted on glass slides with the Aqua-Poly/Mount mounting medium. Cells were

imaged using a 60X objective on an Olympus IX83 microscope (Tokyo, Japan).

3.4.5.3.2. Image analyses

The nuclear/cytoplasmic TDP-43 ratio and percentage of TDP-43 in the
cytoplasm in primary microglia were measured using Fiji (Image J) software. The
cytoplasmic area was marked based on B-tubulin and the nuclear by DAPI staining.
Briefly, TDP-43 integrated density (sum of the area and mean fluorescence intensity
(MFI)) was measured in the whole cell and only in the nucleus. To get integrated
density from the cytoplasm, nuclear-integrated density was subtracted from the whole
cell integrated density. To get cytoplasmic TDP-43 MFI, calculated cytoplasmic
integrated density was divided by the area of the cytoplasm. The nuclear/cytoplasmic

TDP-43 ratio was obtained by dividing cytoplasmic and nuclear TDP-43 MFI values.
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3.4.5.4. Cytokine array

To assess the inflammatory profile in the brains and spinal cords of three-
month and two-year-old WT and Optn#°T male mice, simultaneous detection of 40
different cytokines and chemokines was analysed with a RayBio® C-Series Mouse
Inflammation Antibody Array C1 kit according to the manufacturer’s instructions. All
reagents were provided in the kit. One hemisphere of the brain and the whole spinal
cord were lysed in 0.5 mL of the lysing buffer, and protein concentrations were
determined using Pierce BCA Protein Assay Kit, according to the manufacturers’
instructions. In brief, 10 pyL of diluted brain or spinal cord lysates (1:50 in lysing
buffer) were pipetted to 96 well plates with a flat bottom and incubated for 30 min at
37°C with 25 yL A+B mixed solution from the kit. As a protein standard, 1 mg/mL to
0.0625 mg/mL concentration of BSA provided in the kit was used diluted in lysing
buffer from Array kit and also incubated with A+B solution for 30 min at 37°C. Upon
the end of incubation, absorbance at 562 nm was measured on a spectrophotometer,
and protein concentrations were determined based on a standard curve calculated
from known BSA concentrations and absorbance measured. At this step, two distinct
sets of three-month and two-year-old WT and Optn*’°T mice were pooled together
and diluted in 1x blocking buffer to obtain the final concentration of 300 ug/mL. In the
meantime, array membranes were blocked with 1x blocking buffer for 1 h at RT. Each
set of diluted brain lysates was incubated on the separate array membrane O/N at
+4°C. The following day, membranes were washed three times with wash buffer |
and two times with wash buffer Il for 5 min and incubated with a cocktail of
biotinylated detection antibodies diluted in 1x blocking buffer O/N at +4°C. On the
final day, membranes were washed again (as previously described), incubated with
streptavidin labelled antibody diluted in 1x blocking buffer (1:1000) for 1 h at RT,
washed, and incubated with a Detection Buffer C+D mixture (1:2) for 2 min. Array
membranes were developed using the ChemiDocTM MP Imaging System (Bio-Rad).

3.4.5.4.1. Cytokine array analyses

After developing array membranes, densitometric analyses were done using
Fiji (ImageJ) software (National Institutes of Health) by measuring the mean grey
values of duplicates for each cytokine. The average of the duplicates for each

cytokine was normalized to the average of positive controls on each membrane and
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shown in the tables as means from two sets + SD for three-months-old and three sets

+ SEM for two-year-old male mice.

3.4.6. Multi-colour flow cytometry
3.4.6.1. Isolation of the immune cells from the spleen

Upon spleen removal, cells were released from the tissue by gentle grinding, filtered
through the 70 um cell strainers, and rinsed with FACS flow buffer. After
centrifugation at 1500 rpm for 3 min, spleen cell suspensions were incubated with 1
mL of ACK lysing buffer for 5 min at RT to lyse red blood cells, rinsed again with 10
mL FACS flow buffer to dilute ACK lysing buffer, and centrifuged again. Cell pellets
were resuspended in 5 mL of FACS flow buffer and filtered through the 70 ym cell
strainers to get rid of the debris. Numbers and cell viability were determined using
Trypan blue on a Neubauer haemocytometer and 108 cells were transferred to a 96-
well round bottom plate for staining (described below).

3.4.6.2. Isolation of the immune cells from the brain

After perfusion, the brain was dissected and placed in 2 mL of ice-cold 1x PBS
in a 15 mL Falcon tube and kept on ice. Brains were cut into smaller pieces and
digested with 13 U/mL Liberase TM and 350 kU/mL DNAse | for 45 min at 37°C and
mixed by vortexing every 10 min. After incubation, tissue was triturated, filtered
through the 70 pm cell strainers, and centrifuged at 1500 rpm for 8 min. Supernatants
were resuspended in 4 mL 37% Stock isotonic Percoll (SIP) and carefully pipetted on
4 mL 70% SIP previously added in a 15 mL Falcon tube. On the top 4 mL of 30%,
SIP was carefully added, and brain homogenates in the Percoll gradient were
separated by centrifugation for 40 min at 500 g and 18°C without brake to avoid
mixing of the interphases. Immune cells were collected from the 37%/70% Percoll
interphase, washed once with 1x HBSS, and counted using Trypan blue on a
Neubauer haemocytometer, and 10° cells were transferred to the 96-well round
bottom plate. Immune cells from the brain were analysed unstained or stained as
described in section 3.4.5.3. Unstained samples were also seeded on coverslips,
fixed, stained with 300 nM DAPI, and analysed on Olympus I1X83 fluorescent

microscope for autofluorescence (Tokyo, Japan).
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3.4.6.3. Immune cell staining for multi-colour flow cytometry

96-well round bottom plate with isolated cells was centrifuged at 1500 rpm for
3 min and then incubated with 50 uL of Fc blocking antibody (anti-CD16/CD32, clone
2.4G2) for 5 min at RT to avoid any nonspecific binding of antibodies to Fc receptor
on the immune cell surface. Cells were then stained with 50 uL of the 2x mixture of
primary antibodies in FACS flow buffer for 30 min at +4°C in the dark. For each
antibody, concentration was previously determined with antibody titration as listed in
Table 14. Simultaneously, UltraComp eBeads™ compensation beads were stained
with each antibody from the mix separately (single colour staining) with
concentrations listed in Table 14., to perform compensation on flow cytometry. For
the staining of nuclear FOXP3 Foxp3/Transcription Factor Staining Buffer Set was
used according to the manufacturer’s instructions. Briefly, after staining cell surface
markers as described above, cells were incubated for 30 min at RT with 1x
fixation/permeabilization concentrate diluted in fixation/permeabilization diluent,
washed, and then permeabilized with 1x permeabilization buffer diluted in distilled
water for 15 min at +4°C. After permeabilization, cells were incubated with Fc
blocking antibody prior to staining with 50 L of diluted FOXP3 primary antibody in
FACS flow buffer for 30 min at +4°C. After staining, cells were washed three times by
resuspending in FACS flow buffer and centrifugation, and incubated with 300 nM
DAPI for 5 min in the dark, except for cells that were fixed and stained for FOXP3,
respectively. Cells were washed once more, resuspended in 400 uL FACS flow
buffer, passed through a 70 um cell strainer, and kept in FACS tubes on ice until
analysis. UltraComp eBeads™ Compensation Beads were centrifuged, washed
once, resuspended in 200 yL FACS flow buffer, and kept in FACS tubes on ice until

analysis.

3.4.6.4. Multi-colour flow cytometry

Analysis of surface marker and FOXP3 intracellular staining was done using

BD FACSAria lll flow cytometer and BD FACSDiva software (BD Biosciences).

Compensation was performed to prevent fluorescent spillover and overlap of different

fluorophores since each fluorophore emits a distinct wavelength range that can be

detected with more than one detector. Unstained cells and single-colour stained-

UltraComp eBeads™ Compensation Beads were then recorded and BD FACSDiva
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software calculated compensation. Approximately 3-5*10° cells were collected per

sample.

3.4.6.5. Multi-colour flow cytometry analyses

Gating and cell frequency analysis was done using FlowJo software as shown
in Figure 8. for adaptive immunity and in Figure 9. for innate immunity. Cell debris
was excluded based on forward (FSC) and side scatter (SSC) area parameters.
Dead cells and doublets were eliminated based on positivity for DAPI and FSC
area/height gating, respectively. After the elimination of cell debris, dead cells, and
doublets, live cells were gated on T and B lymphocytes based on the positivity for
specific markers for T lymphocyte Thyl.2 (CD90.2) and B lymphocyte B220
(CD45R). Cells negative for Thyl.2 and B220 were gated as innate immune non-
T/non-B cells. The T cell population was further divided into CD4* and CD8" T
lymphocytes based on positivity for CD4* and CD8*, respectively. CD4* and CD8*
were further analysed as naive (CD44"°CD62L*), central memory (Tcwm;
CD44"CD62L"), effector memory (Tem; CD44"CD62L") and activated T lymphocyte
subsets (CD44MNCD38*, CD44"CD69*, and CD44hiKLRG1"). Regulatory T
lymphocytes (Treg) were gated as functional (CD4*CD25*FOXP3*), and non-
functional (CD4*CD25*FOXP3") CD4* T lymphocytes, as reported in (Nishioka et al.,
2006). Non-T non-B (T/B") cells were separated based on positivity for several
surface markers as follows: conventional dendritic cells (cDC; CD11c*MHC-II*),
neutrophils (Ly6C*Ly6G™*), macrophages/monocytes (Ly6C*Ly6G CD11b*F4.80%),
and natural NK cells (NK1.1*). Activation of macrophages and cDC were analysed by
MFI of CD86, CD11lc, and MHC Class Il. Absolute cell numbers of indicated
populations were calculated from the number of live cells determined using Trypan
blue on a Neubauer haemocytometer multiplied by the frequency of that population
obtained in FlowJo software.
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Figure 8. Representative gating strategy for peripheral immune cell characterization in
young adult and old mouse spleens. Splenocytes were isolated from spleens of WT and
Optn*"°T male mice and gated as shown in (A) three-month-old and (B) two-year-old male
mice. In brief, upon discarding doublets and dead cells, live cells were gated for T and B
lymphocytes. T lymphocytes were gated on helper (CD4*) and cytotoxic (CD8*) subsets and
further separated onto naive (CD44"°CD62L*), memory (central: CD44"CD62L"*, effector:
CD44"CD62L"), and activated subsets (CD44* CD38*, CD44* CD69", and CD44* KLRG1%).
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Figure 9. Representative gating strategy for myeloid and NK cells in young adult and
old mouse spleens. Splenocytes were isolated from spleens of WT and Optn*’°" male mice
and gated as shown in (A) three-month-old and (B) two-year-old male mice. In brief, upon
discarding doublets and dead cells, live cells were gated for cells negative for T and B cell
markers (T'BY), and further separated on neutrophils (Ly6C*Ly6G*), macrophages/monocytes
(Ly6C*Ly6GCD11b*F4.80%), conventional dendritic cells (cDC; CD11c*MHC-II*) and NK cells

(NK1.1%).
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3.4.7. Mice genotypization
3.4.7.1. DNA isolation and quantification

Mice genotypization was done using DNA isolated from individual mouse tails.
Briefly, mouse tails were shaken at 900 rpm at 55°C O/N in 400 uL DNA lysing buffer
in the presence of 0.4 mg/mL proteinase K. The next day, tail lysates were
centrifuged at 12 000 rpm for 1 min at 4°C to get rid of residual hair. After the
centrifugation, supernatants containing DNA were transferred to a new 1.5 mL
Eppendorf tube, and an equal volume of isopropanol (400 pyL) was added to the
supernatants. The 1.5 mL Eppendorf tubes were strongly vortexed and centrifuged at
12 000 rpm for 10 min at 4°C. Supernatants were discarded and the DNA pellets
were resuspended in 1 mL 70% ethanol and centrifuged again at 12 000 rpm for 10
min at 4°C. Supernatants were discarded again, and the DNA pellet was left to dry
for 10 min at RT. DNA pellets were then resuspended in 100-200 pL dH20
(depending on the size of the pellet), and shaken at 900 rpm at 55°C for 1 h until
DNA was fully dissolved. DNA purity and concertation were measured using UV/VIS
spectrophotometer BioDrop Duo (BioDrop) at 260 nm wavelength, and the samples

were stored at 4°C until further analyses.

3.4.7.2. Polymerase chain reaction (PCR)

The OptnWTWT x TDP-436348C gand Optn*70T/470T x TDP-43C348C transgenic mice
were identified by PCR amplification of the human transgenic TARDBP, and WT and
truncated optineurin gene using the primer pairs at the concentrations indicated in
Table 15. The three separate PCR reactions for WT optineurin, truncated optineurin,
and transgenic TDP-43¢348C were performed. PCR reactions contained 1x
EmeraldAmpGT PCR Master Mix buffer with dNTPs and DNA polymerase, forward
and reverse primers, ~200 ng DNA isolated from mice tails, and DNase-free water to
a final volume of 20 yL. The DNA was amplified in a thermocycler as shown in Table
19. in different programs for optineurin WT and truncated form, and transgenic

TARDBP gene, because of different primer annealing temperatures.
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Table 19. PCR program steps

Step Temperature Time Number of
cycles

Initial denaturation 95°C 30 sec 1x

Denaturation 95°C 30 sec
55°C (WT and
Primer annealing Optn*70T) 30 sec 35x
59°C (TDP-436348C)

Elongation 72°C 60 sec

Final elongation 72°C 600 sec 1x

Cooling 4°C 0 /

3.4.7.3. Agarose gel electrophoresis

For DNA electrophoresis, agarose was dissolved in 1x TAE buffer to a final
concentration of 2%. For DNA visualization, Gel Star dye (dilution 1:10000) was
added to the agarose gel before polymerization, and DNA ladder 100 bp was the
molecular weight standard. The agarose gel was run in 1x TAE buffer at 110 V till the
dye reached the end of the gel. The DNA was visualized on Bio-Rad ChemiDocTM
MP Imaging System (Bio-Rad). Optineurin WT band was visualized at 363 bp,
truncated optineurin at 288 bp, and transgenic TARDBP at 365 bp, respectively.

3.4.8. Motor and behavioral tests on mice
3.4.8.1. RotaRod

To test motor coordination in mice, the RotaRod test was performed and
measured as the latency time before falling off a rotating rod using the RotaRod
apparatus (#47600, Ugo Basile S.R.L). The experiment is performed over two days.
On the first (training) day, mice were familiarized with the RotaRod apparatus. Each
mouse was given two trials at a fixed speed of 5 rpm for 4 min and the third trial at a
fixed speed of 8 rpm for 3 min. Trials were 1 h apart from each other. On the second
day, mice were tested three times at an accelerated mode from 5 rpm to 50 rpm for
300 s, with a 1 h pause in between each trial. Results are shown as an average time

of three trials per mouse at indicated time points.
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3.4.8.2. Passive avoidance

To test learning and fear-motivated memory, a passive avoidance test was
performed and measured as the time needed for a mouse to enter the dark
compartment (latency). Mice, as nocturnal animals, are primarily active during the
night and physiologically choose dark areas (Steinlechner, 2012). In this experiment,
however, mice tend to avoid entering the dark because they should associate
discomfort due to electrical shock with darkness. In more detail, the experiment is
performed over three days. On the first day, mice were left to explore the passive
avoidance apparatus that consists of light and dark sections connected by an open
door for 5 min. On the second day, mice were placed in the bright section, and the
door was opened after 30 s. Upon entering the dark section, a mouse received a mild
foot shock of 0.3 mA. The mouse was left to calm down and then returned to its cage.
On the final day of the experiment, the mouse was placed in the bright section and
the latency before entering the dark section was measured. Mice who remembered
the previous exposure to shock tended to avoid entering the dark compartment
during the 300 s of the test. Results are shown as one trial per mouse at the

indicated time points.

3.4.9. Statistics

Statistical analysis was done using GraphPad Prism Software 8.0.1. Since all
data met the criteria for normal distribution, statistical analyses were performed by
Student’s t-test and ordinary one-way and two-way ANOVA. A p-value of < 0.05 was

considered statistically significant.
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4. Results

4.1. Crosstalk of optineurin and TDP-43 in protein homeostasis and

inflammation

4.1.1. Optineurin insufficiency led to increased TDP-43 protein levels in mouse

myeloid cells

Due to the finding that patients carrying the OPTN mutations and optineurin
deficient (Optn”) mice have shown TDP-43 aggregation and TDP-43 nuclear
depletion, we aimed to test the effects of homozygous C’-terminal truncation of
optineurin on TDP-43 protein levels and TARDBP gene expression in optineurin
insufficient (Optn#7°T) mice. Previous findings from our group showed that optineurin
deficiency (generated by CRISPR/Cas9 technology) in the BV2 microglial cell line led
to an accumulation of TDP-43 (results from Matea’s Rob Master thesis:
https://urn.nsk.hr/urn:nbn:hr:193:162533) (Prtenjaca et al., 2022). To corroborate
these findings in primary myeloid cells, neonatal microglia and bone marrow-derived
macrophages (BMDMs) were isolated and differentiated from WT and Optn*/°T mice.
Approximately two-fold higher TDP-43 protein levels were observed in Optn4/°T
microglia (Fig. 10 A-B), and BMDMs (Fig. 10 D-E) compared to WT cells. Since TDP-
43 binds and autoregulates its own mRNA expression (Polymenidou et al., 2011),
RT-qPCR was performed to test if TDP-43 protein accumulation in Optn*’°T myeloid
cells is due to the change in TARDBP gene expression. Interestingly, TARDBP
mRNA expression was similar in primary WT and Optn*’°T microglia (Fig. 10 C) and
BMDMs (Fig. 10 F), indicating that the elevated TDP-43 protein levels in Optn47°T
microglia and macrophages were due to post-translational modifications. Given that
TDP-43 can be subjected to phosphorylation, ubiquitination, acetylation, and other
post-translational modifications it remains to be seen which are altered in Optn*7°T
primary myeloid cells (Prasad et al., 2019). In conclusion, optineurin insufficiency led
to an increased level of TDP-43 protein in primary myeloid cells, and this effect was

post-translationally regulated.
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Figure 10. The basal level of TDP-43 is elevated in Optn4’°" mouse primary microglia
and BMDMs without changes in TARDBP mRNA levels. (A) Western blotting for TDP-43
and optineurin in WT and Optn*’°T primary microglia. (B) Bar charts show the densitometric
analysis of TDP-43 protein levels normalized to B-tubulin (B-TUB) in primary microglia. (C)
mRNA for TARDBP in WT and Optn*"°T microglia was assessed by RT-qPCR. (D) Western
blotting for TDP-43 and optineurin in WT and Optn*’°T BMDMSs. (E) Bar charts show the
densitometric analysis of TDP-43 protein levels normalized to B-tubulin (B-TUB) in BMDMs.
(F) mRNA for TARDBP in WT and Optn*’°T BMDMs was assessed by RT-gPCR. An average
+ SEM from 5 (F), 7 (B), 9 (C), and 10 (E) independent experiments are shown; replicates
are depicted as individual data points. Statistical analysis was performed by Student’s t-test:
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4.1.2. Ubiquitin-proteasomal system inhibition causes apoptosis in WT and KO

BV2 microglia cells

To assess the routes of TDP-43 degradation in the myeloid cells, two main
mechanisms of protein degradation were investigated: UPS and autophagy. We first
determined if inhibition of UPS and/or autophagy causes apoptosis that can affect
TDP-43 protein levels. Since optineurin has several proposed roles in autophagy, we
hypothesised that optineurin-deficient cells would be more sensitive to autophagy
inhibition. We analysed BV2 Optn KO microglial cell lines and confirmed that
optineurin was successfully knocked out with an efficiency of ~90% (Fig. 11 A and B).
Caspases are crucial mediators of apoptosis, and among them, caspase-3, and its
autoproteolytic cleavage fragment cleaved caspase 3 (CC3), catalyses the cleavage
of many cellular proteins. Caspase 3 and CC3 can thus be monitored by Western
blotting to assess the early steps of apoptosis initiation (Porter and Janicke, 1999).
We treated BV2 WT and Optn KO cells with UPS inhibitor MG132 for 4 h and 8 h,
with or without the addition of an autophagy inhibitor Baf Al for the last 4 h of the
experiment, and tested caspase 3 and CC3 levels. Caspase 3 did not show a
significant change upon UPS and/or Baf Al treatment in WT or Optn KO cells (Fig.
11 A and C). Upon 4 h of UPS inhibition CC3 was present at low levels, not
significantly different from untreated cells in both WT and Optn KO cells. On the
contrary, 8 h of UPS inhibition led to significantly increased CC3 in WT cells,
indicating activation of apoptosis (Fig. 11 A and D). However, there was no obvious
difference in CC3 levels between WT and Optn KO cells. Interestingly, additional
blockade of autophagy did not further exaggerate apoptosis activation upon UPS
inhibition, as CC3 was not increased in the presence of Baf A1 (Fig. 11 A and D).
Overall, 8 h of UPS inhibition activated apoptosis in both BV2 WT and Optn KO cells
and affected TDP-43 protein levels (see section below). In addition, we did not

observe increased sensitivity in optineurin-deficient cells upon autophagy blockade.
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Figure 11. UPS inhibition activates apoptosis similarly in BV2 WT and Optn KO cells.
(A) Western blotting was done for caspase 3, cleaved caspase 3 (CC3), and optineurin in
BV2 WT and Optn KO microglial cell lines treated with UPS inhibitor MG132 (1 pM) for 4 h
and 8 h, and/or autophagy inhibitor Baf A1 (50 nM) for 4 h. Bar charts show the densitometric
analysis for (B) optineurin, (C) caspase 3 and (D) CC3 protein levels normalized to B-tubulin
in microglial cell lines. An average + SEM from 4 independent experiments is shown.
Statistical analysis was performed by two-way ANOVA,; * p<0.05, ** p<0.01, *** p<0.001, ****
p<0.0001.
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4.1.3. Block in autophagy did not trigger TDP-43 accumulation in BV2 Optn KO

microglia cell line

To analyse if optineurin-deficient microglial cells have increased TDP-43 due
to impaired turnover by UPS or autophagy, we blocked UPS with MG132 inhibitor for
4 h, with or without the addition of autophagy inhibitor Baf A1 in BV2 WT and Optn
KO cells, and assessed the TDP-43 protein levels by Western blotting. No major
optineurin degradation happened upon 4 h by UPS inhibition in BV2 WT cells,
whereas the degradation by autophagy showed a non-significant trend (Fig. 12 A-B).
Of note, we could not analyse the level of truncated optineurin due to the inability of
commercial antibodies to detect this fragment since most antibodies target the C’-
terminus. Inhibition of UPS or autophagy for 4 h showed a small but significant
accumulation of TDP-43 in WT cells, demonstrating that around ~20% of TDP-43
was separately degraded through both UPS and autophagy (Fig. 12 A and C). Optn
KO cells again showed significantly more TDP-43 in the basal state. Moreover, a
trend in the accumulation of TDP-43 was also observed in Optn KO cells upon
autophagy inhibition meaning that an accumulation of TDP-43 was not due to the
block in autophagy in optineurin-deficient cells (Fig. 12 A and C). Interestingly,
simultaneous inhibition of both UPS and autophagy did not further increase TDP-43
protein levels in WT cells. Surprisingly, it decreased the levels of TDP-43 in both BV2
WT and Optn KO cells suggesting that the blockade of both degradation mechanisms
could exert some toxic effects. In Optn KO cells, the simultaneous inhibition of both
degradation mechanisms decreased TDP-43 levels, suggesting the potential higher
toxicity in optineurin-deficient cells, but we could not directly confirm this as we did
not see increased apoptosis in Optn KO microglial cells. To conclude, block in either
autophagy or UPS is not a cause for the observed accumulation of TDP-43 protein in

optineurin-deficient microglial cells.
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Figure 12. TDP-43 protein accumulation in BV2 Optn KO cells is not caused by a block
in autophagy or UPS. (A) Western blotting for TDP-43 and optineurin in BV2 WT and Optn
KO microglial cell lines treated with UPS inhibitor MG132 (1 uM) and autophagy inhibitor Baf
Al (50 nM) for 4 h. Bar charts show the densitometric analysis of (B) optineurin and (C) TDP-
43 protein levels normalized to B-tubulin (3-TUB) in BV2 microglial cells. An average + SEM
from 9 (without MG132) and 4 (with MG132) independent experiments is shown. Statistical
analysis was performed by two-way ANOVA: * p<0.05, ** p<0.01.
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4.1.4. Block in autophagy did not trigger TDP-43 accumulation in Optn470T

mouse primary microglia

Observed results in BV2 Optn KO microglia could be due to some unknown
genetic mutation(s) linked to immortalized cell lines, so we next performed an
analysis of TDP-43 degradation in WT and Optn*’°T primary microglia. No optineurin
degradation in WT primary microglia happened upon 4 h of UPS and/or autophagy
inhibition (Fig. 13 A-B). Moreover, TDP-43 turnover by each degradation mechanism
showed a small, but non-significant trend in WT cells (Fig. 13 A and C). This means
that TDP-43 protein degradation was slower in primary microglia cells than in BV2
microglial cell lines. Although higher levels of TDP-43 were present in the basal state
in Optn*’°T compared to WT microglia, we detected the same trend in TDP-43
turnover by UPS. Notably, the inhibition of autophagy did not change the TDP-43
protein levels in Optn*’°T microglia (Fig. 13 A and C). Simultaneous inhibition of UPS
and autophagy led to a small but non-significant accumulation of TDP-43 in WT
microglia. Moreover, similar to findings in BV2 Optn KO cells, we observed an
unexpected drop in TDP-43 in Optn*’°T primary microglia in these conditions.
Notably, we did not detect CC3 in neither WT nor Optn*°T microglia upon
simultaneous UPS and autophagy inhibition. Because there was no apoptosis
initiation, we cannot explain the drop of TDP-43 in Optn*’°T microglia at this moment
nor we can conclude that the accumulation of TDP-43 in these cells is related to a

block in autophagy.

Since we did not observe that optineurin affects TDP-43 degradation through
autophagy, we further characterized if optineurin insufficiency causes autophagy
block in general. We analysed autophagy flux by monitoring LC3-I to LCS3-I
conversion by Western blot (Fig. 13 A and D). Inhibition of UPS did not affect LC3-I to
LC3-1l conversion or LC3-Il protein level in both WT or Optn*’°T primary microglia.
Moreover, autophagy inhibition in WT microglia led to the accumulation of LC3-II
demonstrating an active autophagy flux. Interestingly, inhibition of basal autophagy in
Optn*’°T microglia showed the same accumulation of LC3-1I, demonstrating that a
loss of functional optineurin did not cause a block in autophagy flux. Moreover,
simultaneous inhibition of UPS and autophagy did not exaggerate the levels of LC3-II
in both WT and Optn*’°T microglia cells, meaning that UPS inhibition did not further

increase autophagy. To sum up, the elevated levels of TDP-43 in optineurin-
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insufficient primary microglia, same as in optineurin-deficient BV2 cell lines, could not

be explained by a block in neither autophagy nor UPS.
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Figure 13. TDP-43 protein accumulation in Optn*’°T mouse primary microglia was not
caused by a block in autophagy or UPS. (A) Western blotting for TDP-43, optineurin, and

LC3-I and LC3-Il in WT and Optn470T primary microglia treated with MG132 (1 uM) and Baf
Al (50 nM) for 4 h. Bar charts show the densitometric analysis of (B) optineurin, (C) TDP-43,
(D) LC3-I, and LC3-Il protein levels normalized to B-tubulin (3-TUB) in primary microglia
cells. An average + SEM from 9 (without MG132) and 3-4 (with MG132) independent
experiments are shown. Statistical analysis was performed by two-way ANOVA: * p<0.05, **
p<0.01, *** p<0.001.
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4.1.5. TDP-43 turnover in WT BMDMs requires autophagy but autophagy
inhibition did not trigger TDP-43 accumulation in Optn4°T mouse BMDMs

Given the unexpected lack of autophagy block in optineurin-deficient or -
insufficient microglia, which contrasted recent literature (Kurashige et al., 2021), we
also analysed an autophagy flux in primary BMDMs. To this end, we treated WT and
Optn*’°T mouse BMDMs with an autophagy inhibitor Baf Al for 4 h and assessed the
TDP-43, LC3-l, and LC3-Il protein levels by Western blotting (Fig. 14 A). We
observed elevated TDP-43 protein levels upon autophagy inhibition in WT BMDMs,
demonstrating that TDP-43 turnover requires autophagy (Fig. 14 A-B). Upon
autophagy inhibition, TDP-43 stayed at an already elevated state as in the basal
conditions in Optn*’T BMDMSs suggesting a block in TDP-43 degradation via
autophagy. Interestingly, we observed similar LC3-1l levels upon autophagy inhibition
in Optn*’°T BMDM, thus showing that the basal autophagy flux was comparable to
WT BMDMs (Fig. 14 A and C). In conclusion, by blocking the final step of autophagy
(fusion of autophagosome and lysosome) by Baf A1 we observed the accumulation
of TDP-43 in WT BMDMSs, demonstrating that TDP-43 turnover requires autophagy.
However, TDP-43 accumulation in Optn*°T BMDMs could not be explained by
general block in LC3-mediated autophagy as we observed a similar LC3-I to LC3-II
conversion as in WT BMDMs.
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Figure 14. TDP-43 protein accumulation in Optn*’°" mouse BMDMs was not caused by
a block in autophagy. (A) Western blotting for optineurin, TDP-43, and LC3-l and LC3-Il in

WT and Optn470T BMDMs upon treatment with Baf A1 (200 nM) for 4 h. Bar charts show the
densitometric analysis of (B) TDP-43, and (C) LC3-II protein levels normalized to B-tubulin
(B-TUB). An average + SEM from 6 (B) and 7 (C) independent experiments is shown.
Statistical analysis was performed by Student’s t-test: ** p<0.01, **** p<0.0001.
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4.1.6. Optineurin insufficiency caused diminished degradation of TDP-43

protein in mouse primary cortical neurons

In contrast to myeloid cells, previous findings from our group did not show
TDP-43 accumulation in optineurin-deficient neuronal Neuro2A and NSC-34 cell lines
(results from Matea’s Rob Master thesis: https://urn.nsk.hr/urn:nbn:hr:193:162533)

(Prtenjaca et al., 2022). To confirm this, we isolated primary cortical neurons from
E15.5 days-old WT and Optn*’°T mouse embryos. This is the period of strongest
neurogenesis which occurs in the absence of gliogenesis i.e. generation of glial cells
(happening as sequential and largely non-overlapping processes) to ensure only
neuronal cell presence (Miller and Gauthier, 2007). After five days of cultivation, we
analysed UPS and autophagy in WT and Optn#’°T mouse primary cortical neurons by
blocking UPS with MG132 inhibitor for 4 h and 8 h, with or without the addition of
autophagy inhibitor Baf Al, and assessed the TDP-43 protein levels. The levels of
optineurin demonstrated negligible changes upon blocking of UPS and/or autophagy
(Fig. 15 A). TDP-43 was degraded through both autophagy and UPS in WT primary
neurons, seen as an accumulation of TDP-43 upon UPS or autophagy inhibition
already after 4 h (Fig 15 A-B). Notably, more TDP-43 was degraded through UPS
than autophagy. Simultaneous inhibition of UPS and autophagy did not further
increase TDP-43 in WT primary neurons. Notably, these findings confirm our results
from microglia that TDP-43 is getting degraded independently through both UPS and
autophagy and that inhibition of UPS is not increasing autophagy. Surprisingly, in
comparison to our finding in the neuronal N2A and NSC-34 cell lines, Optn*’°T
primary neurons had significantly elevated TDP-43 protein levels in the basal state.
Similar to microglia, TDP-43 accumulation in Optn*’°T primary neurons was also
post-transcriptionally regulated, as we did not observe the difference in TARDBP
expression (Fig. 15 E). Furthermore, in Optn*’°T primary neurons, TDP-43 was not
accumulating upon inhibition of UPS or autophagy suggesting that optineurin-
insufficiency caused the block in TDP-43 degradation. Simultaneous inhibition of
UPS and autophagy caused a drop in TDP-43 in Optn*’°T primary neurons, similar to
results obtained in primary microglia. Again, as we did not detect apoptosis initiation
(presence of CC3) in Optn*’T cortical neurons, we cannot explain the potential
toxicity of TDP-43 drop at this moment.
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As autophagy is particularly important in neurons, and we observed a block in
TDP-43 turnover via autophagy in optineurin-insufficient neurons to further test this,
we treated WT and Optn*’®T primary cortical neurons with trehalose, an mTOR-
independent inducer of autophagy that most likely acts by inducing lysosomal
enlargement and membrane permeabilization (Benito-Cuesta et al., 2021; Rusmini et
al.,, 2018; Sarkar et al., 2007). In WT primary neurons there was a significant
accumulation of TDP-43 upon trehalose, demonstrating that in contrast to our
hypothesis, TDP-43 was not getting more degraded through trehalose-induced
autophagy (Fig. 15 C-D). Compared to WT neurons, trehalose did not cause an
accumulation of an already elevated TDP-43 in Optn*°T primary neurons.
Interestingly, we again observed a decrease in TDP-43 upon simultaneous treatment
with trehalose and Baf Al in Optn*’°T primary neurons. In conclusion, optineurin-
insufficiency leads to the accumulation of TDP-43 in the basal state in primary
cortical neurons, similar to our results in primary myeloid cells from Optn*’°T mice.
Moreover, TDP-43 in WT primary neurons is degraded by both autophagy and UPS.
However, we demonstrated that Optn*’®T primary cortical neurons had a block in
TDP-43 turnover via autophagy that should be further tested.
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Figure 15. TDP-43 protein accumulation in Optn*’°" mouse primary neurons is caused
by a block in TDP-43 degradation by autophagy. (A) Western blotting for TDP-43 and

optineurin in WT and Optn470T primary neurons treated with MG132 (1 uM) for 4 and 8 h and
Baf A1 (50 nM) for the last 4 h of the experiment. (B) Bar charts show the densitometric
analysis of TDP-43 protein levels normalized to B3-tubulin (3-TUB) in primary neurons. (C)

Western blotting for TDP-43 and optineurin in WT and Optn470T primary neurons treated with
Trehalose (100 mM) for 24 h and Baf Al (50 nM) for the last 4 h of the experiment. (D) Bar
charts show the densitometric analysis of TDP-43 protein levels normalized to B-tubulin (3-

TUB) in primary neurons. E) mRNA for TARDBP in WT and Optn470T primary neurons was
assessed by RT-PCR. An average *+ SEM 3-4 independent experiments are shown.
Statistical analysis was performed by Student’s t-test: * p<0.05, ** p<0.01.
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4.1.7. LPS treatment increased TDP-43 in WT cells but failed to increase an

already elevated TDP-43 in optineurin-deficient and insufficient microglia

As we did not detect diminished TDP-43 protein turnover in optineurin-
deficient and -insufficient microglia, we next tested if increased TDP-43 levels in
these cells were due to their activation. Activation of microglia is crucial for the
removal of bacterial and viral infections and the clearing of cellular debris. It was
previously reported that LPS triggers TDP-43 aggregation and mislocalization in
microglia (Correia et al., 2015), so we further tested how the lack of functional
optineurin affects TDP-43 protein levels upon inflammatory stimuli. To test this, both
BV2 WT and Optn KO microglial cells and WT and Optn*’°T primary microglia were
treated with two doses of LPS for 24 h, and TDP-43 protein levels were determined
by Western blotting. Optineurin levels did not change upon LPS treatment in WT cells
(Fig. 16 B and E). In line with the previous finding by Correia et al., we detect
elevated TDP-43 protein levels upon LPS in a dose-dependent manner in BV2 WT
cells (Fig. 16 A and C), and WT primary microglia (Fig. 16 D and F). On the contrary,
in the BV2 Optn KO cells (Fig. 16 A and C) and Optn*’°T primary microglia (Fig. 16 D
and F) LPS did not cause any further increase in the already elevated TDP-43 protein
levels. In conclusion, TDP-43 protein levels reached a plateau in the basal state in
optineurin-deficient and -insufficient microglial cells that could not further increase
upon LPS treatment in comparison to WT cells. As TDP-43 functions in a very narrow
concentration window, we speculate that optineurin-deficiency or - insufficiency leads
to a TDP-43 plateau, possibly due to a low level of chronic activation but this
hypothesis should be further tested.
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Figure 16. LPS treatment did not cause the further increase of TDP-43 levels in BV2
Optn KO and Optn*’®T mouse primary microglia. (A) Western blotting for TDP-43 and
optineurin in BV2 WT and Optn KO cell lines upon two different doses of LPS (0.3 pg/mL and
2 pg/mL) for 24 h. Bar charts show the densitometric analysis of (B) optineurin and (C) TDP-
43 protein levels normalized to B-tubulin (3-TUB) in the BV2 WT and Optn KO cell line. (D)

Western blotting for TDP-43 and optineurin in WT and Optn470T primary microglia upon two
different doses (0.3 pg/mL and 2 yg/mL) of LPS for 24 h. Bar charts show the densitometric
analysis of (E) optineurin and (F) TDP-43 protein levels normalized to B-tubulin (B-TUB) in

WT and Optn470T primary microglia. An average + SEM from 5 independent experiments is
shown. Statistical analysis was performed by Student’s t-test: * p<0.05, ** p<0.01, ***
p<0.001, **** p<0.0001.
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4.1.8. Increased TDP-43 did not elicit TDP-43 protein aggregation in optineurin

insufficient mouse primary microglia

TDP-43 protein is the main component of protein aggregates found in the
neuronal and glial cell cytoplasm of ALS and FTD patients (Arai et al., 2006;
Neumann et al., 2006). Previous findings reported that inflammatory stimuli, such as
LPS, deplete both WT and aggregation-prone mutated TDP-43 from the nucleus and
form cytoplasmic aggregates in microglia (Correia et al., 2015). To test if TDP-43
accumulation in Optn#’°T microglia and LPS-treated WT microglia causes TDP-43
nuclear depletion and aggregation, we treated primary microglia with LPS for 24 h
and performed immunocytochemistry for TDP-43 and 3-tubulin. In the basal state in
WT microglia, TDP-43 showed normal distribution with predominantly nuclear
localization while around 20% of TDP-43 was present in the cytoplasm. (Neumann et
al., 2006) (Fig. 17 A-B). Therefore, TDP-43 in basal state in Optn*’°T microglia did not
result in increased TDP-43 cytoplasmic aggregation or nuclear depletion.
Interestingly, TDP-43 in Optn*’°T microglia demonstrated normal distribution with no
aggregates and a small increase in nuclear TDP-43 compared to WT cells (Fig. 17 A
and C). Upon 24 h of LPS, both WT and Optn*’°T primary microglia changed their
shape from ramified to an ameboid form, which was visualised by the change in [3-
tubulin, demonstrating an efficient microglial activation (Fig. 17 A). Surprisingly and in
contrast to Correia et al., there was no TDP-43 nuclear depletion or aggregation upon
24 h of LPS treatment in WT microglia. However, we demonstrated a significant
decrease in cytoplasmic (Fig. 17 B), and an increase in TDP-43 nuclear/cytoplasmic
ratio (Fig. 17 C). This suggested that increased TDP-43 in WT microglia, which were
observed upon LPS by Western blotting, were localised in the nucleus. Furthermore,
TDP-43 in the Optn*’°T microglia upon LPS demonstrated a non-significant drop in
the percentage of cytoplasmic TDP-43 and a smaller increase in nuclear/cytoplasmic
ratio compared to WT microglia. This could mean that elevated TDP-43 in Optn*70T
microglia, which upon LPS showed the same protein levels as in basal condition, is
also less responsive to cellular redistribution than TDP-43 in WT cells. Interestingly, a
similar phenotype was observed in the lumbar spinal cord in rats, where microglia
were less responsive to inflammatory stimuli, most likely demonstrating exhaustion
and/or desensitization (Nikodemova et al., 2014). In conclusion, elevated TDP-43

protein levels in basal state in Optn*’°T and LPS-treated WT microglia did not trigger
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nuclear depletion, nor cytoplasmic aggregation of TDP-43. In inflammatory
conditions, TDP-43 showed increased nuclear localization that was slightly more

prominent in WT microglia.
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Figure 17. TDP-43 is predominantly nuclear in untreated or LPS-treated WT and
Optn*’°T mouse primary microglia. (A) Representative images of immunofluorescence
staining for TDP-43 (red), B-tubulin (B-TUB; green), and DAPI (blue) in WT and Optn470T
microglia in the basal state and stimulated with 2 pg/mL of LPS for 24 h. (B) The graph
shows % of TDP-43 in the cytoplasm in the basal state and upon LPS treatment. (C) The
nuclear to cytoplasmic ratio of TDP-43 MFI is shown in WT and Optn470T microglia. An
average + SEM from 3 independent experiments is shown. Statistical analysis was
performed by Student’s t-test: * p<0.05, ** p<0.01.
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4.1.9. Upon LPS treatment TDP-43 accumulated in WT mouse BMDMs was not
further enhanced by autophagy inhibition, while in Optn*°T mouse

BMDMs TDP-43 did not show additional accumulation upon any stimuli

We have previously detected elevated TDP-43 protein levels in Optn4/0T
mouse primary microglia and BMDMs that did not change upon LPS treatment.
Moreover, we observed a block in TDP-43 turnover in Optn*’°T BMDM, so we wanted
to further examine if TDP-43 protein levels during inflammation are regulated by
autophagy. WT and Optn*’°T BMDMs were treated with two doses of LPS for 24 h,
with the addition of autophagy inhibitor Baf Al for the last 4 h, and optineurin and
TDP-43 protein levels were analysed by Western blotting. In contrast to WT
microglial cells, optineurin decreased upon LPS treatment in WT BMDMs, but
autophagy inhibition did not change its levels suggesting that was not degraded
through autophagy in BMDMs (Fig. 18 A-B). Same as in WT BV2 and primary
microglia, TDP-43 protein levels were elevated in a dose-dependent manner upon
LPS in WT BMDMs. As observed before, TDP-43 was degraded through autophagy
in basal state in WT BMDMs, but surprisingly not upon LPS treatment (Fig. 18 A and
C). In contrast to WT BMDMs, we observed elevated TDP-43 protein levels in the
basal state in Optn*’°T BMDMs that were autophagy-independent. Moreover, upon
simultaneous stimulation with LPS and autophagy inhibition TDP-43 is decreased in
Optn*’°T BMDMs, but for now, we could not explain this drop in TDP-43.

To further investigate autophagy upon LPS treatment in optineurin-insufficient
BMDMs, we analysed autophagy markers p62, LC3-I, and LC3-II (Fig. 18 A, D-E).
We observed minor accumulation in p62 in the basal state in Optn*’°T compared to
WT BMDMs. However, we showed a small basal p62 turnover via autophagy only in
WT cells. The p62 levels were significantly increased upon LPS treatment in both WT
and Optn*’°T BMDMs, but its turnover was independent of autophagy (Fig. 18 A and
D). The latter suggests that p62 did not act as an autophagy adaptor upon LPS
treatment in BMDMs, but was rather increased due to the activation of inflammatory
signalling pathways. Moreover, LPS did not significantly change an autophagy flux as
we observed similar LC3-II levels in the basal state and upon LPS treatment in both
WT and Optn*’°T BMDM (Fig. 18 A and E). To sum up, TDP-43 accumulated in WT
BMDMs upon LPS, and this accumulation was not further enhanced by autophagy

inhibition. Optineurin-insufficient BMDMs, similar to results observed in microglia, did
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not show additional TDP-43 protein accumulation upon LPS. Finally, we showed that
general autophagy flux, measured by LC3-I to LC3-Il conversion was comparable in
WT and Optn*’°T BMDMs and was unaffected by LPS stimulation.
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Figure 18. Autophagy flux is comparable in WT and Optn*"°T mouse BMDMs and is not
required for the turnover of accumulated TDP-43 in LPS-treated WT and Optn*/T

BMDMs. (A) Western blotting for optineurin, p62, TDP-43, and LC3-Il in WT and Optn470T
BMDMs upon two different doses (0.3 pg/mL and 2 pg/mL) of LPS for 24 h and autophagy

inhibitor Baf Al (50 nM) for 4 h. Bar charts show the densitometric analysis of (B) optineurin,
470T

(C) TDP-43, (D) p62 and E) LC3-1l protein levels normalized to -tubulin in WT and Optn
BMDMs. An average + SEM from 6 independent experiments is shown. Statistical analysis
was performed by Student's t-test: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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4.1.10. LPS treatment changed the transcription of genes downstream of

TDP-43 in WT and Optn*’°Tmouse BMDMSs and primary microglia

TDP-43 regulates the transcription of various genes as well as its own
transcription by binding on 3' UTR regions of mRNA (Buratti and Baralle, 2008).
Since we observed elevated TDP-43 in basal state in Optn*’°T and LPS-treated WT
myeloid cells we analysed whether this affects its transcriptional activity. To test this,
we performed RT-gPCR in WT and Optn4’9T BMDMSs and primary microglia upon 24
h of LPS treatment. In WT BMDMs TARDBP expression was reduced only upon 2
ug/mL of LPS, while in Optn*7°T cells a significant decrease occurred with both doses
(Fig. 19 A). There were minor changes in TARDBP expression in WT upon 0.3 pg/mL
of LPS, while Optn4’9T primary microglia showed neglectable changes (Fig. 19 D).
These results suggested that the LPS-mediated TDP-43 increase in WT BMDMs and
microglia and the increase in basal TDP-43 in Optn*’°T were not transcriptionally
regulated. To test if loss of functional optineurin was directly linked to impaired TDP-
43 function, we analysed TDP-43 mRNA targets Polymerase delta-interacting protein
3 (Poldip3), which has multiple roles in RNA and DNA-related cellular processes and
Ras-GAP SH3 domain-binding protein 1 (G3bp1l), a protein crucial for stress granule
formation. Upon LPS stimulation Poldip3 was significantly increased in WT BMDMs,
while there was no change in expression in Optn*’°T BMDMs (Fig. 19 B). The same
expression pattern was observed in primary microglia (Fig. 19 E), suggesting that
elevated TDP-43 protein levels in Optn*’°T myeloid cells inhibit Poldip3 expression
upon LPS. G3bpl expression was decreased upon LPS in both WT and Optn470T
BMDMs and primary microglia (Fig. 19 C and F). Although TDP-43 has been
reported as a regulator of G3bpl in human cells (Sidibé et al., 2020), it is possible
that in mouse cells G3bpl is regulated differently. In conclusion, G3bpl was
decreased in both WT and Optn*7°T cells upon LPS-, whereas only in WT and not in

optineurin-insufficient cells did LPS increase Poldip3 expression.
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Figure 19. TARDBP and its downstream genes show different expression patterns
upon inflammation in WT and Optn*°" mouse BMDMs and primary microglia. WT and

Optn470T BMDMs and primary microglia were treated with 0.3 yg/mL and 2 pg/mL of LPS for
24 h. Gene expression in WT and Optn47OT BMDMs were assessed by RT-PCR 24 h upon
LPS treatment for (A) TARDBP, (B) Poldip3, and (C) G3bpl. An average + SEM from 3-4

independent experiments is shown. Gene expression in WT and Optn470T primary microglia
was assessed by RT-gPCR 24 h upon LPS treatment for (D) TARDBP, (E) Poldip3, and (F)
G3bpl. An average + SEM from 4-8 independent experiments is shown. Statistical analysis
was performed by Student’s t-test: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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4.2.  Neuroimmune characterization of aged Optn4’°T mouse model
4.2.1. Peripheral immune cell characterization

4.2.1.1. Optineurin insufficiency did not affect ageing-induced changes in

B and T lymphocytes

Ageing is a major risk factor for neurodegeneration, including ALS/FTD
spectrum disorder, and is accompanied by alterations in both adaptive and innate
immune responses (Franceschi et al., 2000; Mattson and Arumugam, 2018). Since
ALS is a systemic disease, peripheral immune cells, despite having limited access to
the CNS, also play a key role in ALS pathogenesis (Béland et al., 2020b). As
optineurin is proposed to regulate several inflammatory pathways, we tested if
optineurin insufficiency affects ageing-induced changes in the peripheral immune
system. We compared splenocytes of young adults (three-month-old), middle-aged
(one-year-old), and old (two-year-old) WT and Optn*’°T male (Fig. 20), and middle-
aged and old WT and Optn*’°T female mice (Fig. 21) by flow cytometry (gated as
shown in Fig. 8). Absolute splenocyte numbers were comparable between the
genotypes at all tested time points in males (Fig. 20 A) and females (Fig. 21 A), with
a higher mouse-to-mouse variability seen in old mice. The percentage of B
lymphocytes was significantly increased between young adults, middle-aged and old
Optn*"9T compared to WT males in which it didn’t reached statistical significance (Fig.
20 B). The absolute numbers of B lymphocytes remained unchanged over time and
between genotypes (Fig. 20 C). Compared to males, old females showed a drop in B
lymphocytes percentage, which was statistically significant only in Optn*’T females
(Fig. 21 B). Moreover, the absolute number of B lymphocytes was decreased in both
WT and Optn*/°T females (Fig. 21 C). The T lymphocyte percentage was comparable
between the genotypes, with a small, but significant decrease in absolute humbers
from middle-aged to old WT males (Fig. 20 D-E). Moreover, we observed an
increased percentage in CD8*, and a decrease in CD4* T lymphocytes from young
adults to old males in both genotypes, while they were comparable in middle-aged
and old WT and Optn*’°T males (Fig. 20 F). In addition, we observed a decline in the
CD4*/CD8* ratio, which has previously been associated with ageing, but we did not
detect differences between the genotypes (Fig. 20 H). Notably, the absolute number
of CD8* and CD4" significantly declined in old compared to young adults and middle-

aged WT males, while this was not observed in Optn*’°T mice (Fig. 20 G). Compared
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to males, the frequency and number of T lymphocytes, CD4* and CD8*, and
CD4*/CD8" ratio remain constant during ageing in middle-aged and old females (Fig.
21 D-H). In summary, we showed a mild increase in B lymphocytes in optineurin-
insufficient males and a decreased percentage in females. However, both WT and
Optn*°T mice showed T lymphocyte alterations previously described during ageing,
with minor changes between the genotypes.
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Figure 20. B and T lymphocyte subsets in aged Optn*°"T mice were comparable to
those in WT male mice. B and T lymphocytes were analysed based on the gating strategy
shown in Figure 8. (A) Absolute splenocyte numbers from three-month (young adults), one-

(middle-aged), and two-year-old (old) male WT and Optn470T mice are shown. Population
frequency (%) and absolute number (No) of (B-C) B lymphocytes, (D-E) T lymphocytes, and
CcD8 andCD4' T lymphocyte subsets (F-G) are shown. (H) CD4'/CD8" ratio is shown. The
data from 6-8 males are shown as means + SEM and analysed ordinary one-way ANOVA (A-

OO0 WT 3 MO

M optn*'T 3m0
m WT 1Y

m optn* T 1y
B WT 2Y

= optn*'T 2y

O WT 3 MO

W optn*°T3mo
= WT 1Y

W optn?'T 1y
D WT 2Y

= optn 0T 2y

E) and two-way ANOVA (F-G): * p<0.05, **p<0.001, ****p<0.0001.

91



o 1907 m WT 1Y
v m optn?"T 1y
- B WT 2Y
& optn?T 2y

> 1001

Absaolute No (
(4]
T

m WT 1Y
m optn?™T 1y
B WT 2Y
= optn?'T 2y

% of cells

] I (=] o0
o o o © o

L L L ]
—.
TN

E

No cells (*10

NOA O @
el

B
D) E)
40- 30+
“ N m WT 1Y
% e . m optn?*T 1y
S 204 B WT 2Y
= 40l % = optnT 2y
0

(T

- '""""""EFD
. O o
No cells (*10%)

a N

e ¢ 2

T
F) G)
801 15+
- s @  MWTA1Y
@ 2 - 4707
e T 104 " . m optn®°T 1y
iy
“ o ‘ . B WT 2Y
o 8 =
= O 54 mm g % = optn?™T 2y
z
0
cDs” cDh4”
H) 4 m WT 1Y
m Optn*0T1y
3 B WT2Y

= optn*"0T2y

cD4Y CD8'
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lymphocyte subsets (F-G) are shown. The data from 4-8 females are shown as means *
SEM and analysed by ordinary one-way ANOVA (A-E) and two-way ANOVA (F-G): * p<0.05.
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4.2.1.2. Ageing-induced cytotoxic T lymphocyte activation and changes

toward the memory phenotype in both WT and Optn4°T mice

To further evaluate CD8* T lymphocytes during ageing in WT and Optn#70T
male and female mice, we analysed naive and memory subsets, and several markers
that are linked to activation. Compared to young adults, both WT and Optn47°T
middle-aged and old males had a significant reduction in the percentage of naive
CD8* (Fig. 22 A). On the contrary, a significant increase in the percentage of central
and effector memory CD8* were observed during ageing in both genotypes (Fig. 22
A). Moreover, compared to middle-aged males, a significant reduction in the
frequency of naive CD8* and an increase in the percentage of central memory CD8*
were observed in old mice. Interestingly, a decrease in the absolute number of naive,
and an increase in central memory CD8* were observed only in old WT males during
ageing, likely due to the high mouse-to-mouse variability in absolute numbers in
CD8* T lymphocytes in Optn*’°T mice (Fig. 22 B). Similar to males, females also
demonstrated a reduction in naive lymphocytes between middle-aged and old mice in
both genotypes. Compared to males, a higher percentage was observed in effector,
but not central memory CD8*, without changes in absolute numbers or differences
between the genotypes in middle-aged and old females (Fig. 22 A-B). We also
analysed several activated CD8* subsets. An increased percentage and number in
the CD44*CD38* subset was observed in both WT and Optn*°T mice in old
compared to young adults and middle-aged males, but significantly more
CD44*CD69* was observed only in Optn*’°T mice (Fig. 22 C-D). Interestingly, the
percentage and number of CD44*KLRG1* subset, marking the exhausted cell
phenotype, were not changed during ageing in neither WT nor Optn*’°T males. Old
WT and Optn*’°T females demonstrated the same increase in the percentage of
CD44*CD38" subset compared to middle-aged mice, but significant increases in
number were observed only in old WT females (Fig. 22 C-D). Moreover, in
comparison to males, a significant increase in CD44*CD69* was observed only in WT
females. The results from our group also demonstrated that these minor differences
in percentage and the absolute number of CD8* subsets found between WT and
Optn*°T mice during ageing did not affect functional outcomes since cytokine
secretion was similar ((Mohovic et al., 2023), results obtained by J. Peradinovic). To

conclude, we showed that both old male and female WT and Optn4’°T mice showed
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changes in CD8* T lymphocytes typical for ageing (drop in naive, more memory, and

increased activation), but otherwise with negligible differences between the

genotypes.
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Figure 22. Ageing induced CD8" T cell activation and a shift from naive to memory
phenotype in WT and Optn*°T mice. Ageing induced CD8* T cell activation and shifts from
naive to memory phenotype in WT and Optn*’°" mice. Memory and activation status of

cytotoxic cDs' T lymphocytes from three-month (young adults), one- (middle-aged) and two-

year-old (old) WT, and Optn470T male mice and one- (middle-aged) and two-year-old (old)
females were analysed. Population frequency (%) and absolute number (No) of naive (T,),

central memory (T.,,), and effector memory (T,,) in (A-B) males and (C-D) females are

shown. Population frequency (%) and absolute number (No) of activated CD44'CD38’,

CD44+CD69+, and CD44 KLRG1" populations in (E-F) males and (G-H) females are shown.
The data from 6-7 males, and 4-8 females are shown as means + SEM and analysed by two-
way ANOVA: * p<0.05, ** p<0.01, **p<0.001, ****p<0.0001.

4.2.1.3. Ageing-induced helper T lymphocyte activation and changes

toward the memory phenotype in both WT and Optn4°T mice

Next, we evaluated naive and memory CD4* T lymphocytes, and activation
during ageing in WT and Optn*’°T male and female mice. Same as in CD8*, a strong
drop in percentage and absolute numbers in naive CD4* were observed between
young adult and old WT and Optn*’°T males (Fig. 23 A-B). Moreover, we observed a
decrease in central memory CD4* frequency and absolute numbers in old WT
compared to Optn*°T males. Notably, the percentage and number of effector
memory lymphocytes significantly increased between young adult, middle-aged and
old WT, and Optn*’°T males (Fig. 23 A-B). The same CD4* phenotype was observed
between middle-aged and old females with negligible differences between the
genotypes (Fig. 23 C-D). We also observed an increase in the percentage and
absolute numbers of activated CD44*CD38*CD4* subset in young adults compared
to old mice in both genotypes, with a significant increase in old Optn*’°T males (Fig.
23 E-F). Moreover, CD4* showed an increased percentage of CD44*CD69* subset in
old males, with a higher number observed in Optn*°T mice. We did not detect
activation of the CD44* KLRG1* subset in males in both genotypes. In addition,
middle-aged and old WT and Optn*’°T females demonstrated the same increase in
the percentage of CD44* CD38* and CD44* CD69" subsets, but significantly higher
absolute numbers were observed only in old Optn*’°T females (Fig. 23 G-H). To sum
up, CD4* from old WT and Optn*’°T mice shifted toward effector memory phenotype.
Furthermore, CD4* from old mice demonstrated stronger activation of CD44*CD38*

and CD44*CD69* subsets, which was exaggerated in Optn*’°T compared to WT
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males. Similar to findings in CD8* subsets, minor differences in CD4* subsets did not
result in functional outcomes since secreted cytokines showed negligible differences
between genotypes ((Mohovic et al., 2023), results obtained by J. Peradinovic). In
summary, CD4* T lymphocytes from both old WT and Optn*’°T mice showed
alterations typical for ageing (decrease of naive and increase of memory cells;

increased activation), but otherwise with negligible differences between the

genotypes.
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Figure 23. Ageing induced CD4* T cell activation and a shift from naive to effector
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CcD4' T lymphocytes from three-month (young adults), one- (middle-aged) and two-year-old

(old) WT and Optn47OT male mice and one- (middle-aged) and two-year-old (old) females
were analysed. Population frequency (%) and absolute number (No) of naive (T,), central

memory (T_,,), and effector memory (T,,) in (A-B) males and (C-D) females are shown.

Population frequency (%) and absolute number (No) of activated CD44+CD38+,

CD44+CD69+, and CD44 KLRG1" populations in (E-F) males and (G-H) females are shown.
The data from 6-7 males, and 4-8 females are shown as means + SEM and analysed by two-
way ANOVA: * p<0.05, ** p<0.01, **p<0.001, ****p<0.0001.

4.2.1.4. Non-functional Tregs increase during ageing in WT and Optn#470T
mice

Decreased Tregs were observed in ALS patients’ blood and hSOD1 mice
model at the later stage of the disease and correlated with more rapid disease
progression (Beers et al., 2011a; Mantovani et al., 2009). In contrast, during ageing
the number of Tregs is increasing (Fessler et al., 2013). To determine if optineurin
insufficiency affects Treg cell number and function during ageing, we performed
intracellular staining for the FOXP3 transcription factor, a Treg-specific marker. As
shown in the gating strategy (Fig. 24 A-B) Tregs were subdivided into functional
(CD4*FOXP3*CD25*) and non-functional (CD4* FOXP3* CD25Y) lymphocytes, as
previously reported in aged mice (Nishioka et al., 2006). Compared to young adults,
both old WT and Optn*’°T males showed an increased percentage of non-functional,
while the percentage of functional Tregs was significantly increased only in WT males
(Fig. 24 C). However, the percentage and absolute number of non-functional Tregs
were also higher between middle-aged and young adult WT males (Fig. 24 D). In
addition, between middle-aged and old males the percentage and number of both
functional and non-functional Tregs were not changed. Old females showed an
increased percentage of non-functional Tregs, while functional Tregs were increased
only in WT females. Moreover, the absolute number of Tregs was not changed during
ageing (Fig. 24 E-F). To test the expression of FOXP3 in functional Tregs, we
analysed FOXP3 MFI. FOXP3 MFI was comparable between WT and Optn*’°T males
and did not substantially change during ageing (Fig. 24 G). Surprisingly, FOXP3 MFI
significantly declined in old Optn*’°T compared to WT females, meaning there was
less FOXP3 in functional Tregs (Fig. 24 H). To sum up, ageing induced an
accumulation of non-functional Tregs in both WT and Optn4’°T mice, and functional

only in WT mice during ageing. Notably, functional Tregs in old Optn*’°T exhibited
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slightly lower FOXP3 MFI compared to WT females. To conclude, we did not observe
a decrease in Tregs in optineurin insufficient mice that was found in ALS patients and

hSOD1 mice, but rather an increase in Tregs linked to ageing.
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Figure 24. The number of non-functional lymphocytes increased during ageing in both
WT and Optn“°T mice and while ageing decreased FOXP3 levels in Optn*’°T two-years-
old female mice. The gating strategy for representative Treg lymphocyte subsets in (A)
three-month (young adults) and (B) two-years-old (old) mouse spleens. Functional Tregs

were gated as CD4 FOXP3'CD25  and non-functional as CD4 FOXP3' CD25 lymphocytes.
Treg subsets are shown as frequency (%) and absolute numbers (No) in (C-D) one- (middle-
aged) and two-year-old (old) males and (E-F) one- (middle-aged) and two-year-old (old)
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females. (G) The graph shows the MFI of FOXP3 in Optn47OT normalized to WT males in

functional Tregs. (H) The graph shows the MFI of FOXP3 in Optn470T normalized to WT
females in functional Tregs. The data from 6-7 males, and 4-8 females are shown as means
+ SEM and analysed by two-way ANOVA (C-F) and Student’s t-test (G-H): * p<0.05, **
p<0.01, **p<0.001.

4.2.1.5. Optineurin insufficiency did not affect the percentages and

numbers of innate immune cells in aged mice

To further evaluate inflammageing in Optn*’°T mice, we analysed innate
immune cells in the spleens of three-month (young adults), one- (middle-aged), and
two-year-old (old) WT and Optn*’°T males (Fig. 25), and one- (middle-aged) and two-
year-old (old) WT and Optn*’T females (Fig. 26) by flow cytometry as shown in
Figure 9. The percentage of total non-T/non-B cells decreased between young adults
and middle-aged males, but in old mice, it again reached the level found in young
adults, without changes in absolute numbers (Fig. 25 A-B). A similar increase in total
non-T/non-B cells was observed in females, but it reached statistical significance only
in old Optn*’°T mice (Fig. 26 A-B). The percentage of cDCs was significantly dropping
only in Optn*’°T males during ageing. However, a similar trend, although statistically
not significant, was present in WT mice (Fig. 25 C). Interestingly, the absolute
number of cDCs was not changed during ageing (Fig. 25 D). Moreover, as previously
described, the percentage of macrophages and neutrophils was significantly
increased in WT males during ageing with negligible differences in absolute numbers.
However, a similar trend was also observed in Optn*’°T mice (Fig. 25 E-H). In old
compared to middle-aged females there were no changes in the percentage and total
numbers of cDCs and neutrophils (Fig. 26 C-D and G-H). In addition, the higher
percentage of total non-T/non-B cells was mostly caused by an increase in the total
number of macrophages, which showed significance only in Optn*’°T females (Fig. 26
G-H). It was previously seen that NK cells increase during ALS progression while
ageing leads to a decline in the number and cytotoxic functions of these cells
(Brauning et al., 2022; Murdock et al., 2017). Notably, here we demonstrated a
strong drop of NK cells in middle-aged and old compared to young adult WT and
Optn*°T males (Fig. 25 I-J). Furthermore, a similar drop in NK cells was observed in
females (Fig. 26 1-J), demonstrating that NK cells showed an ageing phenotype,

rather than the one linked to ALS. In summary, ageing led to an increase in
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neutrophils and macrophages and a decrease in cDC and NK cells in old mice.

However, we did not detect differences between optineurin insufficient and WT mice.
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Figure 25. Ageing-induced changes in innate immune cells are unaffected by
optineurin insufficiency in male mice. Myeloid and NK cells were analysed based on the
gating strategy in Figure 9 in three-month (young adults), one- (middle-aged) and-two-year-

old (old) WT and Optn47OT males. Population frequency (%) and absolute number (No) of (A-
B) non-T/non-B cells (T BY), (C-D) conventional dendritic cells (cDC), (E-F) macrophages
(M®), (G-H) neutrophils and (I-J) NK cells were shown. The data from 6-7 males are shown
as means * SEM and analysed by ordinary one-way ANOVA: * p<0.05, ** p<0.01,
***n<0.001, ****p<0.0001.
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Figure 26. Ageing-induced changes in innate immune cells are unaffected by

optineurin insufficiency in female mice. Myeloid and NK cells were analysed based on the
470T

gating strategy in Figure 9 in one- (middle-aged) and-two-year-old (old) WT and Optn
females. Population frequency (%) and absolute number (No) of (A-B) non-T/non-B cells (T-
B-), (C-D) conventional dendritic cells (cDC), (E-F) macrophages (M®), (G-H) neutrophils
and (I-J) NK cells were shown. The data from 4-8 females are shown as means + SEM and
analysed by ordinary one-way ANOVA: * p<0.05.
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4.2.1.6. Optineurin insufficiency caused increased activation of cDC and

macrophages in two-year-old male mice

To check the activation of innate immune cells we analysed the expression of
activation markers CD86 and MHC-II in cDC, and CD86, MHC-II, and CD11c in
macrophages by measuring their MFI during ageing in WT and Optn4’°T mice. We did
not observe alterations in cDC activation in young adults and middle-aged Optn47°T
compared to WT males. However, we observed increased cDC activation in old
Optn*’9T males, which was detected as higher expression of both CD86 and MHC-II
activation markers (Fig. 27 A, from left to right: young adult, middle-aged and old
males). Macrophages from middle-aged Optn*’°T males demonstrated higher
activation by expressing more CD1lc and MHC-Il than WT males, and the
expression was rising from young adult to old males (Fig. 27 B, from left to right:
young adult, middle-aged, and old males). However, in contrast to males, old
Optn*’°T females did not demonstrate alterations either in cDC (Fig. 27 C, from left to
middle-aged and old females) or macrophage (Fig. 27 D, from middle-aged and old
females) activation. To conclude, optineurin insufficiency caused a significant
decrease in the cDC percentage that was followed by increased activation of these

cells and macrophages in Optn*’°T males, but not in female mice.
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Figure 27. Optineurin insufficiency increased activation of ¢cDC in two-year-old male
mice. The mean fluorescence intensity (MFI) for CD86 and MHC-II activation markers in cDC
and CD86, MHC-II, and CD11c in macrophages were analysed in three-months-old (young
adult) male, and one- (middle-aged) and two-years-old (old) WT and Optn*°T males and
females. MFI is shown normalized to WT at indicated time points for (A) cDC and (B)
macrophages in males and (C) cDC and (D) macrophages in females. The data from 6-7
males, and 4-8 females are shown as means + SEM and analysed by two-way ANOVA: *

p<0.05, ** p<0.01.

MF| ¢cDC
MFI ¢cDC

cD86  MHC-II

CcD86é MHC-Il CD11c CD86 MHC-II CD11c

?

I WT 1Y
m Optn¥0T 1y
B WT 2Y

= optn*®T 2y

NORM MFI cDC

NORM MFI Md

103

of

O WT 3 MO
W Optn*"T 3MO
m WT 1Y

m optn*’T 1y
B WT 2Y

= optn*?T 2y



4.2.2. Analysis of immune cells and their function in the central nervous

system of Optn*’°T and WT mice

4.2.2.1. Immune cells isolated from aged mouse brains showed high

autofluorescence

In an attempt to investigate microglia and other immune cells in the brains of
aged optineurin-insufficient mice, we performed a Percoll-based enrichment of
immune cells and analysed isolated cells by flow cytometry. Unfortunately, we
encountered a technical problem because of a strong autofluorescence of cells
isolated from the old mice, which was prominent in several channels. To investigate
this, we performed Percoll-enrichment from young and middle-aged mice and
analysed it as shown in Figure 28 A. Dead cells were excluded based on positivity for
DAPI (i.e. live cells were gated as DAPI negative). Cells from young mice were
stained with CD45-FITC (green channel) and CD11b-APC (red channel), or left
unstained. Analyses of MFI from both channels showed that the unstained cells from
young mice showed substantially lower signals in both red and green channels
compared to stained cells (blue peaks) (Fig. 28 B). However, the unstained cells
isolated from middle-aged mice (red peaks) showed two peaks, one negative for the
red and green channels, and one that demonstrated even stronger MFI than stained
cells from young mouse. These results suggested that one fraction of cells from the
aged mice brain demonstrated very high autofluorescence. We hypothesised that
autofluorescence is coming from lipofuscin, pigment granules composed of lipid-
containing residues of lysosomal digestion. The autofluorescence was also confirmed
by fluorescence microscopy, which most likely represents the accumulation of
lipofuscin in middle-aged but not young mice (Fig. 28 C). Our findings go in line with
the autofluorescence of the cells isolated from the aged brains analysed on flow
cytometry and fluorescence microscopy previously described by O’Neill et al. (O’'Neil
et al., 2018). In summary, we encountered a technical problem during an analysis of
immune cells from the brain because of a large accumulation of autofluorescent
material, precluding further immunophenotyping of cells from aged CNS by flow
cytometry.
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Figure 28. Immune cells isolated from the aged brains showed high autofluorescence.
(A) Gating strategy for the immune cells isolated from the brains of young (two-month) and
middle-aged (one-year-old mice) left unstained or stained for the indicated markers analysed
by BD FACSAriaTM Il cytometer. (B) Overlaid histograms show MFI from unstained and
stained two-month-old, and unstained one-year-old immune cells in red (left) and green
(right) channels. (C) Unstained immune cells isolated from two-month-old (left) and one-year-
old (right) brains were seeded on coverslips, fixed, stained with DAPI (blue), and analysed
using red and green channels to evaluate autofluorescence on an Olympus IX83 fluorescent




4.2.2.2. Cytokine and chemokine expression is higher in the aged

compared to young brains of Optn4’°T and WT mice

In order to overcome the problem with high autofluorescence observed in the
immune cells from aged CNS, and still analyse potential functional immune
alterations during ageing, we performed protein array analyses. Specifically, we
analysed the levels of 40 different pro- and anti-inflammatory cytokines, chemokines,
and growth factors in the brain lysates of three-month (young adults) and two-year-
old (old) WT and Optn*’°T male mice. In the young adult WT and Optn’T brain
lysates, the strongest expression was seen in anti-inflammatory cytokine IL-4, and
chemoattractants and/or growth factors for neutrophils and macrophages LIX, M-
CSF, and TCA-3 (Fig. 29 A, left side, quantified in B). Moreover, intermediate
expression of pro-inflammatory cytokines IL-1a and IL-12 p70 was observed in the
brains of young adults, and fractalkine (CX3CL1), a chemokine by which neurons
suppress microglial activation, respectively. Notably, old mice demonstrated a robust
increase in expression of almost all proteins analysed by protein array, confirming our
results from peripheral immune cell flow cytometry analyses, that older mice
exhibited age-related changes in the immune system (Fig. 29 A, right side, quantified
in C). Interestingly, the strongest signal was observed in the same proteins as in
young adult mice: IL-4, IL-1a, IL-12p70, LIX, M-CSF, and TCA-3, but they were
significantly more expressed in old mice (Fig. 29 D). Notably, only a minor difference
between the genotypes was observed in a higher level of I-TAC (CXCL11), a
chemoattractant for activated T lymphocytes in old Optn*’T brains (Fig. 29 C).
Interestingly, the levels of major pro-inflammatory cytokines TNF-a and its receptors
TNF-RI and TNF-RII, IFN-y, IL-1B3, and CD30 although present in low levels in old
mice, were significantly higher compared to young adults. These results confirm our
findings from the periphery that optineurin-insufficient brains show typical signs of
inflammageing. Surprisingly, the levels of IL-13 and IL-6, a key mediator of the pro-
inflammatory response were expressed in low levels at all tested time points. Overall,
we observed robust expression of pro- and anti-inflammatory cytokines, chemokines,
and growth factors in the brain lysates of old mice, with no changes in major pro- and
anti-inflammatory factors in Optn*’°T and WT brains, with a minor difference detected
only in I-TAC.
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Figure 29. The brains of aged Optn*°T and WT mice showed higher cytokine and
chemokine expression compared to the brains of young mice without overt
differences between the genotypes. (A) Representative RayBio® C-Series Mouse
Inflammation Antibody Array C1 membranes incubated with brain lysates from three-month
(left) and two-year-old (right) male WT and Optn*°T mice are shown. (B) Mean values for
individual proteins obtained by densitometric analyses + SD are shown for three-month-old
mice. Two independent experiments were performed from the following groups of mice: 1) 3
WT and 3 Optn*°T; 2) 5 WT, 4 Optn*’°T, C) Mean values for individual proteins obtained by
densitometric analyses + SEM are shown for two-year-old mice. Three independent
experiments were performed from the following groups of mice: 1) 4 WT and 5 Optn*’°T; 2)1
WT, 5 Optn*°T; 3) 4 WT, 3 Optn*"°T. D) Graphs show the comparison of individual cytokines
from the brains of three-month and two-year-old WT and Optn*’°T mice. The data were
analysed by Student's t-test: * p<0.05, ** p<0.01, *** p<0.001.
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4.2.2.3. Cytokine and chemokine expression is higher in aged spinal cords
of Optn47°T and WT mice

The mouse models with ALS-like pathology mainly exhibit it in the spinal cord
(Philips and Rothstein, 2015). Because of this, we evaluated inflammatory status in
the spinal cord by performing the same protein array analyses as on brains in three-
month (young adult) and two-year-old (old) male mice. Similar to the brain lysates,
the strongest expression was observed in IL-4, LIX, M-CSF, and TCA-3 in both WT
and Optn*’°T spinal cord lysates (Fig. 30 A, left side, quantified in B). Notably, the
levels of pro-inflammatory cytokines IL-1q, IL-12 p70, and fractalkine were lower than
in brains. In comparison to spinal cord lysates from young adults, lysates from old
mice demonstrated a robust increase in expression of almost all analysed proteins
together with various major pro-inflammatory cytokines TNF-a, TNF-RI, TNF-RII, IL-
1B, IFN-y and CD30 (Fig. 30 A, right side, quantified in C). Moreover, the strongest
expression in old mice was again observed for IL-4, LIX, CCL2, M-CSF, and TCA-3,
and it was significantly increased in old compared to young adult mice (Fig. 30 D).
Interestingly, in comparison to brain lysates, fractalkine, and pro-inflammatory
cytokines IL-1a and IL-12p70 were not increased in aged WT and Optn*’°T males,
while pro-inflammatory IL-18 and TNF-a, and its receptors TNF-RI and TNF-RII
showed higher expression than in brain lysates. Notably, aged spinal cord lysates
from Optn*’°T mice had a higher expression of XCL1, a chemokine that recruits T
lymphocytes and NK cells (Fig. 30 C). To conclude, similar to the brains, the spinal
cords from old mice demonstrated increased expression of pro- and anti-
inflammatory cytokines, chemokines, and growth factors. Moreover, optineurin
insufficiency in old mice led to a significant increase only in XCL-1, but otherwise with

negligible differences between the genotypes.
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Figure 30. Aged Optn*°T and WT mice showed higher cytokine expression in the
spinal cord compared to young mice. (A) Representative RayBio® C-Series Mouse
Inflammation Antibody Array C1 membranes incubated with spinal cord lysates from three-

month (left) and two-year-old (right) male WT and Optn470T mice are shown. (B) Mean values
for individual proteins obtained by densitometric analyses + SD are shown for three-month-

old mice. Two independent experiments were performed from the following groups of mice:

1) 3WT and 3 Optan; 2) 3WT, 3 Optan. C) Mean values for individual proteins obtained

by densitometric analyses + SEM are shown for two-year-old mice. Three independent

experiments were performed from the following groups of mice: 1) 4 WT and 5 Optan; 2)1

WT, 5 Optan; 3) 4 WT, 3 Optan. D) Graphs show the comparison of individual cytokines
from the spinal cords of three-month and two-year-old WT and Optn*’°T mice. The data were
analysed by Student's t-test: * p<0.05, ** p<0.01, *** p<0.001.
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4.2.3. Ageing did not induce accumulation of TDP-43 in the brains of

optineurin-insufficient mice

Hyperphosphorylated and ubiquitinated TDP-43 aggregates are present in
more than 95% of ALS and 50% of FTD patients, including those carrying OPTN
mutations, and are shown to be detergent-insoluble (Arai et al., 2006). Therefore, we
tested TDP-43 protein levels and solubility in WT and Optn*’°T two-year-old male
brain homogenates by biochemical fractionation. TDP-43 was found in detergent-
soluble LS and TX fractions in both WT and Optn4’°T mice, without differences
between the genotypes (Fig. 31 A and B). It is important to mention, that higher
bands on the membrane blotted for TDP-43 present in SARK and urea fraction were
most likely a phosphorylated form of TDP-43 (phospho-TDP-43; marked by *). To
further strengthen this result, we used an antibody against phospho-TDP-43
(pSer409), which is typically used for assessing pathological hyperphosphorylated
TDP-43 aggregates. We observed that phosphorylated forms of TDP-43 were
enriched in detergent-insoluble SARK and urea fraction in both WT and Optn#70T
aged mice (Fig. 31 A and C). In conclusion, no signs of differential TDP-43 insolubility
were found between the genotypes when tested on the whole-brain lysates.
Moreover, phospho-TDP-43 was observed in insoluble fractions but without
differences between the genotypes.
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Figure 31. Ageing did not induce TDP-43 protein aggregation in Optn*’°T compared to

WT mouse brains. (A) The brains of individual two-year-old WT and Optn470T male mice
were homogenized, biochemically fractionated, and immunoblotted for TDP-43, p-TDP-43,
and B-tubulin; B-tubulin is relevant as a loading control only for low-salt (LS) fraction.
Densitometric analysis of (B) TDP-43 and (C) phospho-TDP-43 is shown as a fold-change of
WT in the LS fraction; TX = Triton X fraction; SARK = sarkosyl fraction; data represent
means + SEM from three mice per genotype and were analysed by Student's t-test.
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4.2.4. Optineurin-insufficient mice did not exhibit motor and cognitive deficits

To test if optineurin-insufficient mice, that mimic C’-terminal optineurin
truncations found in ALS patients demonstrate an ALS- or FTD-like phenotype we
assessed weight, motor functions, and cognition over the course of two years.
Between six months and one year, WT males significantly gained weight (~13%), and
then lost approximately the same amount by two years (Fig. 32 A). Optn*’°T males
gained less weight by one year (~9%) but overall weighted the same as WT at six
months and two years. For this reason, compared to WT males, Optn*’°T males did
not show a significant weight gain from six months to one year, and loss by two
years. In contrast to males, both WT and Optn*’°T female mice increased weight
during ageing (Fig. 32 B). As ALS is predominantly a motor neuron disease, and
patients exhibit motor coordination deficits, we evaluated motor phenotype in WT and
Optn*’°T mice by performing the rotarod test. The average latency to fall from the
rotarod in two years compared to one-year-old WT males dropped from 112 to 99
seconds (11%), which was not statistically significant (Fig. 32 C). Moreover, a similar
drop from 113 to 88 seconds (23%) was demonstrated in Optn*’°T males, showing no
significant drop in latency to fall compared to WT males. Furthermore, WT and
Optn*’°T females showed no difference in average latency to fall from 18 months to
two years (Fig. 32 D), confirming our results that optineurin-insufficient mice do not
exhibit an ALS phenotype. As ALS and FTD share common genetic backgrounds, we
also tested if Optn*’9T mice show deficits in learning and fear-motivated memory by
measuring entry latency in a passive avoidance test. We observed high mouse-to-
mouse variability in one-year-old males and females in both genotypes. However, we
did not demonstrate a difference in cognition or FTD phenotype in optineurin-
insufficient compared to WT mice (Fig. 32 E-F). Notably, we did not detect a different
survival rate between WT and Optn*’°T mice (data not shown). To summarize,
Optn*°T males showed slightly lower average weight gain at one year compared to

WT mice, but overall, no ALS or FTD phenotype.
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Figure 32. Optineurin insufficiency did not affect motor coordination and cognition in
Optn“°T mice. Bar diagrams show body weight (in grams) for individual (A) males at the age

of six months (20 WT, 17 Optn47OT), one year (35 WT, 39 Optan), and two years (26 WT,
29 Optan), and (B) females at the age of six months (11 WT, 16 Optan), one year (9 WT,

7 Optan) and two years (8 WT, 10 Optan). Motor coordination on the rotarod measured
as the average latency to fall (in seconds) is shown for (C) males at the age of one year (20

WT, 18 Optan) and two years (24 WT, 28 Optan), and (D) females at the age of one and

a half years (25 WT, 26 Optan), and two years (11 WT, 12 Optan). Evaluation of fear-
motivated memory is shown as entry latency (in seconds) in the passive avoidance test for

(E) males (18 WT, 11 Optan) and (F) females (10 WT, 11 Optn47OT). Data are presented as
means + SEM from the indicated number of mice and analysed by two-way ANOVA (A-D)
and Student’s t-test (E-F): * p < 0.05, ** p < 0.01, *** p < 0.001.
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4.3. Establishing a novel two-hit ALS mouse model that carries

optineurin truncation and transgenic human TDP-43%348¢ mutation

As we showed that ageing was not sufficient to initiate ALS- or FTD-like
phenotype in optineurin-insufficient mice, we aimed to establish a new two-hit ALS
and/or FTD model. We crossed optineurin-insufficient (Optn*7°T) mice with mice
carrying transgenic human TDP-43 mutation (TDP-43¢348C), the model that develops
cytoplasmic TDP-43 protein aggregates and neuroinflammation (Swarup et al.,
2011a). To obtain mice for the experiments, we had to generate three generations of
mice, which we screened by PCR for WT and truncated optineurin, and human
transgenic TDP-43%348C and analysed by agarose gel electrophoreses (WT band
~365 bp, Optn*’°T ~288 bp, and TDP-43%348C ~363 bp, respectively). In the first
generation, homozygous Optn4’9T470T males were crossed with OptnWT™™T TDP-
436348C females, which were previously backcrossed to C57BL/6 (WT) genetic
background by Dr. Jasna Kriz. We obtained offspring heterozygous for optineurin
with or without transgenic TDP-43G348C (OptnWT/470T = QptnWT/470T TDP-436348C) as
shown in Figure 33A. In the second generation, non-transgenic heterozygous
(OptnWT470Ty males were crossed with transgenic heterozygous females (OptnWT/470T
TDP-43CG348C) and the littermates were both non-transgenic and transgenic
homozygotes for WT (OptnWTWT  OptnWTWT TDP-43G348C) and truncated optineurin
(Optn#70T/470T - Qptn470T/470T TDP-43G348C) - or the heterozygous mice (OptnWT/470T,
OptnWT470T TDP-436348C): an example of screening is shown in Figure 33 B. To finally
establish the cohorts necessary for our experiments, in the third generation non-
transgenic Optn*70T470T were crossed with transgenic Optn*70T/470T TDP-436348C mice,
and the resulting littermates were homozygous for optineurin either with or without a
heterozygous transgenic TDP-43%34C mutation; they are therefore referred to as
Optn*°T and Optn*’°T TDP-436348C  respectively (Fig. 33 C). A similar breeding
scheme was performed to obtain age-matched control mice, homozygous OptnWTWT
and OptnW™™T TDP-43G348C  further referred to as WT and WT TDP-436348C
respectively. Notably, we observed a normal Mendelian pattern of inheritance and no
difference in survival rate between genotypes. To sum up, after three generations of
mice, we established a potential new ALS and/or FTD mouse model that had

truncated optineurin and carried a human transgenic mutation in TDP-43.
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Figure 33. Generation of a novel mouse model with optineurin insufficiency and
transgenic human TDP-43 mutation. To generate a novel mouse model several
generations of mice were generated and the mouse genotype was checked by PCR for WT
and truncated optineurin, and trangenic TDP-43, and analysed on an agarose gel. The
control mice for PCR reactions were shown on the left side of the gel. (A) In first-generation

homozygous Optn470T mice were crossed with trangenic TDP-43°"* to obtain offspring that
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is heterozygous for optineurin with or without the TDP-43°**¢ transgene. (B) In the second

generation, heterozygous Optn47OT mice were crossed with heterozygous Optn47OT with

trangenic TDP-43°**° to obtain homozygous Optn47OT trangenic, as well as OpthT

transgenic mice. (C) For a stable line of homozygous Optn47OT and OpthT transgenic mice
. 470T wT .
were crossed with Optn  and Optn  without transgene.

4.3.1. The novel two-hit ALS and/or FTD mouse model did not exhibit ALS-like

motor deficits

To test if novel two-hit ALS and/or FTD model mice show ALS phenotype, we
assessed motor functions by performing rotarod tests from 6 to 20-month-old mice.
Because of the (still) limited number of transgenic mice we obtained from breedings,
we pooled males and females from the same genotype (WT, TDP-43G348C  Optn470T.
and Optn#’°T TDP-43%348C) and analysed them in the following age groups: from 6-
10, 11-15 and 16-20 months of age. The average latency to fall from the rotarod in
WT non-transgenic mice (white bars) at 6-10 months was around 185 seconds and it
significantly dropped to 108 seconds (~41%) at 11-15 months, without changes at a
later test point (Fig 34 A). As we expected, Optn*’°T non-transgenic mice (black bars)
demonstrated similar average latency to fall compared to WT mice (Fig 34 A).
Surprisingly, and opposite to the results shown by Swarup et al. (Swarup et al.,
2011a) we did not detect a difference in latency to fall in TDP-43%348C compared to
WT non-transgenic mice at any time point tested, finding a similar significant drop
between 6-10 and 11-15 months old mice (Fig 34 A). Furthermore, our novel two-hit
ALS Optn*’°T TDP-43%34C model showed similar latency to fall from rotarod as
Optn*’°T mice, with a significant drop from 6-10 to 15-20 months old mice (Fig 34 A).
Moreover, we did not detect the difference in latency to fall between TDP-43%348C and
Optn*79T TDP-43C348C at any time point tested. To conclude, we did not detect a
failure in motor functions between non-transgenic and transgenic WT and Optn47°T

mice demonstrating no evident ALS phenotype.
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Figure 34. The novel two-hit ALS mouse model did not exhibit deficits in motor

coordination. (A) Bar charts show motor coordination on the rotarod measured as the

average latency to fall (in seconds) for indicated months of age in WT, WT TDP—436348C,

Optan, and Optn470TTDP—436348C mice. Data are presented as means * SEM from the

indicated number of mice (WT; 19,16 and 11, WT TDP-43%34C; 27, 20 and 6, Optn*’°T; 9, 25
and 16, Optn*’°T TDP-43%34¢C; 10, 37 and 12) and analysed by two-way ANOVA.
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5. Discussion

5.1. The role of optineurin deficiency and insufficiency in TDP-43

accumulation

Mutations in optineurin have been linked to ALS and FTD, a neurodegenerative
diseases marked by chronic inflammation and protein aggregation (Maruyama et al.,
2010). In the majority of sALS and fALS cases, including cases that harbour
optineurin mutations, protein aggregates in motor neurons and glial cells contain
nuclear RNA/DNA-binding protein TDP-43 (Arai et al., 2006; Ito et al., 2011,
Kurashige et al., 2021; Neumann et al., 2006). The exact reason for TDP-43 nuclear
depletion and cytoplasmic aggregation in disease is still largely elusive, therefore we
aimed to test how the loss of functional optineurin could cause TDP-43 pathology.
The initial results from our group demonstrated that complete optineurin genetic
depletion (using a conventional CRISPR/Cas9 approach) in cell lines led to the
accumulation of TDP-43 in BV2 microglial cell lines, but not in neuronal Neuro2A and
NSC-34  cell lines  (results  from Matea’s Rob  Master thesis:
https://urn.nsk.hr/urn:nbn:hr:193:162533) (Prtenjaca et al., 2022). Upon finding this
TDP-43 phenotype in BV2 Optn KO cells, we further tested TDP-43 levels in
unmanipulated primary myeloid cells (BMDMs and microglia) from ubiquitin
insufficient Optn*’°T mouse model that mimics C’-terminal Q398X truncation found in
ALS patients. Primary Optn*’°T myeloid cells displayed increased TDP-43 protein
levels, thus confirming our results obtained on optineurin-deficient microglia cells.
This demonstrated that optineurin deficiency and ubiquitin-binding insufficient
optineurin have the same phenotype, suggesting that ubiquitin binding is crucial for
increased TDP-43 protein levels. Notably, despite having increased TDP-43 levels,
Optn*’9T primary microglia did not exhibit protein aggregates, and TDP-43 was still
predominantly nuclear, which we confirmed by immunofluorescent microscopy.
Somewhat similar results were found in HeLa cells, where optineurin siRNA depletion
and ALS-associated pathogenic mutations induced an accumulation of ubiquitinated
TDP-43 fragments (Kakihana et al., 2021). Moreover, in contrast to our preliminary
data in neuronal cell lines, and similar to the finding in Neuro2A cell lines harbouring
UBQLN2 ALS-linked mutation, here we demonstrated increased TDP-43 in Optn*7°T
primary neurons (Osaka et al., 2016; Prtenjaca et al., 2022). This is potentially a very

interesting observation since it was previously reported in the hSOD1 mouse model
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that both neurons and non-neuronal glial cells need to be affected for ALS pathology
(Boillee et al., 2006; Lino et al., 2002; Pramatarova et al., 2001). Importantly, as TDP-
43 actively binds to its own mRNA and autoregulates its cellular concentration, we
found no overt TARDBP expression in both microglia and neurons, meaning that
increased TDP-43 protein levels are post-translationally regulated in optineurin-

deficient and -insufficient primary cells.

5.1.1. Optineurin is dispensable for TDP-43 protein degradation by ubiquitin-
proteasomal system and autophagy

Several genetic mutations associated with ALS and FTD, such as p62, VCP,
and UBQLNZ2, were shown to disrupt UPS and autophagy pathways, both of which
are involved in the degradation of TDP-43 (Deng et al., 2011; Fecto, 2011; Watts et
al., 2004). However, the role of protein degradation in the maintenance of TDP-43
proteostasis is still unclear. Although there is conflicting evidence on whether TDP-43
is predominantly degraded by the UPS or autophagy, recent findings suggested that
degradation of the soluble TDP-43 is mediated by the UPS, whereas TDP-43 protein
aggregates require autophagy (Scotter et al., 2014; Urushitani et al., 2010; Wang et
al., 2010; Zhang et al., 2010). Here we reported that microglial TDP-43 in the basal
state is predominantly degraded through UPS, while neuronal TDP-43 turnover
requires both UPS and autophagy. Overexpression of ALS-linked optineurin
mutations Q398X and E478G or optineurin deletion fails to clear damaged
mitochondria and overexpressed mutant TDP-43, as well as bind to myosin VI, thus
affecting autophagy flux (Korac et al.,, 2012; Lazarou et al.,, 2015; Moore and
Holzbaur, 2016; Shen et al., 2015; Sundaramoorthy et al., 2015; Wong and Holzbaur,
2014.). Interestingly, while patients carrying the homozygous Q398X mutation tested
positive for TDP-43-positive autophagic vacuoles, ALS patients carrying a
heterozygous mutation E478G did not (Ito et al., 2011; Kurashige et al., 2021; Shen
et al., 2015). Due to these discrepancies in the role of optineurin in TDP-43
degradation via autophagy, we assessed whether the increased TDP-43 levels in
BV2 Optn KO cells and Optn*’T primary microglia are due to the impaired protein
degradation caused by non-functional optineurin. Perhaps surprisingly, by monitoring
the LC3-I to LC3-Il conversion, we observed an active autophagy flux in the basal

conditions in both WT and optineurin-insufficient microglia, suggesting that optineurin
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or its ubiquitin-binding function is dispensable for this process. Notably, our results
also demonstrated that optineurin was not acting as an autophagy adaptor protein in
this process, as we showed that optineurin itself was not degraded by autophagy.
This shows that it's most likely not participating in the process of basal TDP-43
turnover in microglia. Interestingly, in contrast to the results obtained in microglia, we
demonstrated that in another type of myeloid cells -macrophages - TDP-43 was
degraded by autophagy in WT cells under basal conditions. Nevertheless, in both WT
and Optn*’T BMDMs, basal autophagy flux (measured by LC3-Il turnover) was
equally active. These results have suggested that the accumulation of TDP-43 in
primary myeloid Optn*°T and BV2 Optn KO cells cannot be explained by
macroautophagy, an autophagy degradation process that is LC3-mediated within
cytosolic double-membrane autophagosomes. Recent findings showed that TDP-43
is also a substrate in chaperone-mediated autophagy (CMA) and that CMA can
contribute to the turnover of physiological and pathological forms of TDP-43,
suggesting that alterations in other types of autophagy could be the reason for
increased TDP-43 protein in optineurin insufficient/deficient myeloid cells (Ormefio et
al., 2020; Parzych and Klionsky, 2014). Similar results observed on TDP-43
degradation in BMDMs upon inhibition of autophagy were observed in Optn470T
primary neurons. We found this interesting since previous findings from our group
showed a mild block in different steps within basal autophagy flux in Optn4’°T primary
neurons and N2A Optn KO neuronal cell lines (results from Tereza’s Ljutic and my
Master thesis: https://urn.nsk.hr/urn:nbn:hr:193:919801,
https://urn.nsk.hr/urn:nbn:hr:193:2653 75). Thus, our results reinforce the conclusion
that the role of optineurin in autophagy could differ in various cell types and
experimental systems and should be further investigated since there are other
proteins within the LC3 family such as GABA Type A Receptor-Associated Protein
(GABARAP).

Inhibition of both the UPS and autophagy increased the insoluble TDP-43
protein levels and enhanced its aggregation in human neuronal cell lines (Scotter et
al., 2014). However, in contrast to these findings, we demonstrated that the joint
blockade of UPS and autophagy did not further increase TDP-43 protein levels in WT
or optineurin deficient/insufficient cells, suggesting that these mechanisms work

independently of each other under our experimental conditions. One notable
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limitation of our study is our inability to precisely determine the half-life of TDP-43.
We performed a cycloheximide chase assay, where by blocking protein translation
we could measure protein degradation at different time points by Western blot.
However, our experimental cells were dying before TDP-43 started to degrade.
Microglia showed higher sensibility by entering apoptosis upon 8 h of UPS blockade,
with higher incubation times being toxic, whereas TDP-43 is a stabile protein with a
half-life around 12-15 h (Austin et al., 2014; Ling et al., 2010; Watanabe et al., 2013).
Interestingly, we did not observe a difference in apoptosis between BV2 WT and
Optn KO microglia cells. Surprisingly, in BV2 Optn KO cells, as well as Optn470T
primary microglia and neurons, the dual inhibition of both UPS and autophagy
decreased TDP-43 levels. Although this may have suggested the potential higher
toxicity by these blocks in cells lacking functional optineurin, we did not detect
increased apoptosis or toxic TDP-25/TDP-35 fragments during 4 h of experiments.
We propose several hypotheses that should be tested to clarify our findings. Firstly,
the decreased TDP-43 protein levels in optineurin deficient/insufficient cells could be
due to increased levels of insoluble TDP-43 and should be tested in buffers of
different solubilities, but we do not favour this since we did not observe the loss of
TDP-43 when performing immunofluorescent analyses. Secondly, since TDP-43
protein aggregates are hyperphosphorylated and marked with K48- and K63-poly
ubiquitin chains, there is a possibility that commercially available antibodies could not
detect altered TDP-43. However, we used the same commercial polyclonal TDP-43
and p-TDP-43 antibodies as other groups that reported TDP-43 protein aggregates,
so most likely we do not encounter problems with antibodies. Moreover, we could not
determine the localisation of WT and truncated optineurin and if it is co-localisation
with TDP-43 as commercial optineurin antibody is not working for
immunofluorescence analyses, and our attempt to produce a specific N’-terminal
antibody for truncated optineurin was unsuccessful. Finally, other degradation
mechanisms such as ER stress-activated unfolded protein response (UPR), CMA, or
microautophagy could mitigate TDP-43 degradation in cells harbouring non-functional
optineurin. Therefore, although we still do not understand the exact mechanism of
the TDP-43 increase in optineurin-deficient and -insufficient cells, we did not see
significantly diminished protein degradation by UPS and/or autophagy compared to
WT cells.
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5.1.2. TDP-43in optineurin-insufficient mouse myeloid cells is unresponsive to

inflammatory stimuli

It was proposed that TDP-43 protein aggregation could directly trigger
inflammation, and vice versa, that inflammation could trigger protein aggregation
(Bright et al.,, 2021). Given that ALS is marked with excessive chronic
neuroinflammation and that cytoplasmic TDP-43 has been reported in the circulating
monocytes of ALS patients (De Marco et al., 2017), several publications have looked
for eventual direct links between TDP-43 and inflammation. In line with results
obtained by Correia et al., we found increased TDP-43 protein levels upon LPS
inflammatory stimuli in WT BV2 cell lines and primary microglia (Correia et al., 2015).
Surprisingly, in contrast to their finding that LPS caused TDP-43 nuclear depletion
and aggregation, in our experimental settings we could not trigger a proteinopathy
similar to what has been observed in ALS or FTD. Interestingly, upon LPS treatment,
WT microglia showed a decrease in cytoplasmic and an increase in the nuclear to
cytoplasmic TDP-43 ratio, which is opposite to what has been previously reported
(Correia et al., 2015). Nevertheless, several reports also suggested that TDP-43 has
been difficult to aggregate, even in the presence of patient mutations (Araki et al.,
2014; Buratti, 2018). Importantly, in BV2 Optn KO and Optn*’®T primary microglia,
LPS could not further increase TDP-43 levels. We observed that TDP-43 in these
cells persisted at the same elevated state as in basal conditions, suggesting that
TDP-43 reached the plateau in cells with non-functional optineurin and could not
further increase upon inflammatory stimuli. Similar findings were observed in
macrophages, where in WT cells LPS increased TDP-43 protein levels, whereas in
Optn*’°T BMDMs TDP-43 stayed at the same elevated state as in basal conditions.
We hypothesize that this plateau is reached because TDP-43 functions in a very
narrow concentration window and even moderate overexpression can be toxic to
cells. Moreover, we did not detect nuclear depletion nor cytoplasmic TDP-43 protein
aggregates upon LPS in WT and optineurin-insufficient primary microglia. In contrast
to WT cells, we showed a rather small increase in nuclear to cytoplasmic ratio,
suggesting that TDP-43 is less responsive to cellular redistribution. A similar
phenotype was observed in affected lumbar spinal cord regions in rats, where
microglia were less responsive to inflammatory stimuli than healthy microglia,

perhaps demonstrating exhaustion and/or desensitization (Nikodemova et al., 2014).
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It was previously reported that optineurin mutation could lead to hyperactivation of
the NF-kB or IRF3 signalling pathway, but this result should be interpreted with
caution because opposing results were obtained within different research groups and
experimental settings (Akizuki et al., 2013; Fukushi et al., 2023; Maruyama et al.,
2010). Our results could also mean that optineurin deficiency/insufficiency could
exaggerate chronic inflammation, but these hypotheses should further be evaluated
as we did not detect shape change from ramified to an ameboid form, nor apoptosis
activation in basal state. Our recently performed RNA-Seq results could provide
additional clues into how optineurin could modulate gene expression upon

inflammation.

In addition to inflammation, studies have shown that autophagy is also
involved in the defence against bacterial and viral infection and that autophagy
dysfunction could lead to excessive inflammation and damage during infection (Choi
et al.,, 2018; Deretic, 2021; Mao and Klionsky, 2017). Here we reported that upon
LPS treatment, an autophagy receptor p62 is elevated in both WT and Optn470T
BMDMs, confirming the data that NF-kB facilitates autophagy induction by inducing
the expression of receptor proteins (Zhong et al., 2016). Surprisingly, we did not
detect elevated optineurin levels in WT BMDMs upon LPS treatment, suggesting that
optineurin is not a receptor protein in LPS-mediated autophagy. We further tested if
the accumulation of TDP-43 upon LPS in WT cells and optineurin insufficient cells is
autophagy-dependent, as optineurin was proposed to be an autophagy receptor for
protein aggregates (Korac et al., 2012; Shen et al., 2015). We showed that contrary
to the basal state, elevated TDP-43 was not degraded through autophagy in WT cells
upon inflammation. However, similar to our findings obtained in protein degradation
experiments, we detected an inexplicable drop in TDP-43 in Optn*’°T cells upon both
inflammatory stimuli and autophagy inhibition. The possible reason behind this is
already emphasised detection of aggregates in our experimental settings since a
recent publication reported that some antibodies do not stain the aggregates in
human cells (Fernandes et al., 2020). To address this issue, we compared N’- and
C’-terminal TDP-43 antibodies by Western blotting and observed the same pattern of
TDP-43 staining (data not shown), suggesting that we did not experience staining
problems. Taken together, for now, we cannot explain the drop in TDP-43 in some
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experimental conditions but we further wanted to test exocytosis, because it is

proposed that TDP-43 could be cleared by exocytosis (Hung et al., 2023).

Recent findings suggested that mutations in TDP-43 or its overexpression
could lead to perturbed autoregulation, altered RNA splicing, and mRNA stability in
motor neuron-like cells and primary cultures of cortical neurons (Neelagandan et al.,
2019; White et al., 2018). Here we analysed whether LPS-induced accumulation or
increased levels of TDP-43 in basal state in Optn*’°T myeloid cells could alter gene
expression. We reported that TARDBP expression upon LPS in both WT and
Optn*’9T myeloid cells is slightly reduced, suggesting that inflammation decreases
TARDBP gene expression independently of optineurin mutation, and demonstrating
that TDP-43 autoregulation is not lost. This finding confirmed our data that
accumulated TDP-43 in the optineurin- insufficient and -deficient model is post-
translationally regulated. Although TDP-43 regulates thousands of RNA targets, it is
largely unknown which ones, if any, directly contribute to disease pathogenesis.
Recent findings showed that nuclear depletion of TDP-43 decreased the splicing of
Poldip3, a gene encoding for RRM-containing protein that participates in the
regulation of translation, and also reduces the stability of G3bpl gene transcripts,
which encode for a protein important in stress granule formation (Shiga et al., 2012,
Sidibé et al., 2020). Here we reported that expression levels of Poldip3 and G3bpl in
the basal state were comparable between Optn*’°T and WT myeloid cells arguing
that increased TDP-43 protein levels in optineurin insufficient cells do not alter the
expression of these genes. Moreover, we showed that LPS stimulation decreased
G3bpl, and increased Poldip3 expression in WT myeloid cells. However, LPS did not
increase Poldip3 expression but did stimulate a similar drop in G3bp1l in optineurin-
insufficient cells. Therefore, as mentioned before, we expect that the results from
RNA-Seq analyses could pinpoint the altered gene sets and clarify how optineurin
and/or accumulated TDP-43 in optineurin-deficient myeloid cells modulate gene
expression upon inflammation.

Collectively, our data suggest that optineurin deficiency and insufficiency post-
translationally upregulate microglial TDP-43 protein levels. This TDP-43
accumulation does not occur via diminished proteolysis, does not trigger protein

aggregation, and cannot be further increased by inflammation.
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5.2. The role of ALS-linked optineurin mutation during ageing in

Optn*’°T mice

Diseases such as ALS, FTD, Alzheimer’s, and Parkinson’s disease are among
the most pressuring problems of developed societies within an ageing population,
and ageing is considered to be a major risk factor for these neurodegenerative
diseases. Thus, the second aim of this thesis was to study whether ageing would
provide a sufficient second hit to elicit an ALS-like phenotype and neuropathology in
Optn*’9T mice. During ageing, the immune system undergoes changes that are linked
to immune cell senescence and excessive activation in both CNS and periphery
(Franceschi et al., 2000). Here we reported that Percoll-enriched immune cells
isolated from the CNS of old mice exhibited a strong autofluorescence already in
middle-aged mice, most likely due to the accumulation of lipofuscin, an age-related
lipid-containing pigment that accumulates in various brain regions in post-mitotic and
senescent cells (Moreno-Garcia et al., 2018). Notably, our group reported no
difference in lipofuscin accumulation between old WT and Optn*°T mice by
immunofluorescence, meaning that optineurin-insufficiency does not aggravate
lipofuscin accumulation ((Mohovic et al., 2023), results from J. Peradinovic). Although
we aimed to evaluate infiltration of both CD4* and CD8* T lymphocytes that are
previously reported in ALS patients and hSOD1 mice (Coque et al., 2019; Engelhardt
et al., 1993; Holmgy, 2008; Troost et al., 1989), because of autofluorescence we
could not perform immunophenotyping of immune cells from the CNS. However,
because numerous alterations in the periphery were also reported in ALS and FTD
patients and animal models (Beers and Appel, 2019; Béland et al., 2020; De Marchi
et al.,, 2021), we performed detailed analyses of splenocytes by flow cytometry.
Notably, despite the proposed optineurin roles in inflammatory signalling, detailed
immunophenotyping has not been performed in detail in any of the optineurin mouse
models. We reported an increase in B lymphocytes in old Optn*’°T male mice that
was absent in WT, but we could not link this to any phenotype as there is currently no
experimental evidence that B lymphocytes affect the course of ALS (Béland et al.,
2020c; De Marchi et al., 2021; Naor et al., 2009). Interestingly, both WT and Optn#7°T
female mice showed a decrease in B lymphocytes, demonstrating discrepancies
between the sexes during ageing. In addition, we showed several notable age-

related changes in T lymphocytes, such as an increase in CD8* T lymphocytes, a
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decrease in CD4* T lymphocytes, and thus a drop in CD4*/CD8" T lymphocyte ratio
in both WT and Optn*’°T mice. In addition, a recent study on middle-aged Optn’- mice
reported a slight drop in CD4*/CD8* T lymphocyte ratio in blood compared to WT
mice (Moharir and Swarup, 2021). Furthermore, we also found a prominent drop in
naive and an increase in both effector and central memory CD8" and CD4*
lymphocytes between young adults and old mice. However, we did not observe any
substantial differences between the WT and Optn4’°T mice. Furthermore, optineurin
insufficiency did not cause an exaggerated activation of T lymphocytes during ageing
or an increased exhaustion/senescence phenotype. Interestingly, most of the age-
related alterations in T lymphocytes were already observed in middle-aged mice and
were not severely aggravated between middle-aged and old mice. One of the major
findings from the adaptive immune system in the hSOD1 mice model and ALS
patients is that disease progression is accelerated by a decrease in Tregs and that by
autologous Treg infusion or by other treatments that boost Treg numbers, the ALS
progression is slowed down (Henkel et al., 2013; Thonhoff et al., 2022, 2018). Here
we reported an increase in non-functional Tregs in both WT and Optn*’°T mice during
ageing, which was previously reported in the aged mice (Nishioka et al., 2006).
Interestingly, an increase in functional Tregs was absent from Optn*’°T in comparison
to WT mice, but higher expression of FOXP3 was observed in old Optn*’°T female
mice, but for now, we could not link this to any functional readouts. We also observed
changes in innate immune cells linked to ageing: an increase in the number of
macrophages and neutrophils, as well as a decrease in NK cells in both WT and
Optn*°T mice. However, in contrast to recently reported lower expression of
activation markers in young conditional CD11c-specific Optn”- model, here we found
higher levels of MHC-II in cDC of old Optn*’°T males (Wang et al., 2021). However,
Wang et al. also observed an increase in Tregs in their model, suggesting that some
changes could be age-related. Interestingly, detailed immunophenotyping performed
in C9orf727- mouse model showed a higher CD86 expression in cDCs which is similar
to an increased CD86 expression observed in our analyses in old Optn*°T mice
(McCauley et al., 2020). Because of this discrepancy between mouse models and
studies, which could also be age-related, and because the general role of cDCs in
ALS is unclear, further investigations are necessary to understand the importance of

optineurin in cDCs and immune cells in general. Taken together, we found no
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peripheral immune alterations linked to ALS pathogenesis nor advanced

immunosenescence and/or inflammageing in the optineurin insufficient mouse model.

Similar to recently reported cytokine expression in the brain during ageing,
here we demonstrated that both brains and spinal cords from old mice have a robust
increase in expression of almost all proteins analysed by protein array (Porcher et al.,
2021). Recent findings also suggested that spinal cords of Optn’- mice exhibited an
increased expression of multiple proinflammatory cytokines such as TNF-a, IFN-y, IL-
la, IL-1B, IL-2, and IL-12, whereas a brain expressed higher levels of microglial
activation and IL-1B only upon lentivirus-mediated overexpression of OPTNE478C (lto
et al.,, 2016a; Liu et al.,, 2018). However, here we demonstrated the neglectable
difference between WT and Optn#°T mice, confirming our results from peripheral
immune analyses. The strongest expression in both young adults and old WT and
Optn*°T  mice was observed for anti-inflammatory cytokine IL-4, and
chemoattractants and/or growth factors for neutrophils and macrophages LIX, M-
CSF, and TCA-3. Furthermore, fractalkine, chemokine by which neurons suppress
microglial activation, and pro-inflammatory cytokines IL-1a and IL-12 p70 were
observed both in brains and in the spinal cord. Surprisingly, we did not detect strong
expression of major pro-inflammatory cytokine TNF-a, IFN-y, IL-a, IL-B, IL-2, and IL-
12 previously reported as a major functional readout in optineurin deficient mice (Ito
et al., 2016b). Our results showed that ageing is by itself insufficient to uncover the
difference in the expression of inflammatory factors in the CNS between WT and
Optn*’°T mice. The recent finding also suggested that, during ageing, an increase in
cytokine production is more prominent in the hippocampus compared to other brain
regions, thus suggesting that cytokine expression depends on the brain region
(Porcher et al., 2021). This finding opens a question of whether we should separately
test the motor cortex and lumbar spinal cord to detect more subtle changes in

cytokine expression and possible phenotype.

It was previously reported that young unmanipulated Optn*’°T and OptnP47/"N
mice, with a lack of or non-functional ubiquitin-binding region, do not have ALS/FTD-
like phenotype (Gleason et al., 2011; Markovinovic et al., 2018; Munitic et al., 2013).
To finally determine if ageing could be a second hit to trigger disease, we performed
motor and cognitive tests and evaluated the solubility of TDP-43. Despite mild lower

average weight in middle-aged Optn*/°T compared to WT males, we failed to uncover
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motor or cognitive alterations linked to ALS and/or FTD in both male and female
Optn*’9T mice. Similar results were obtained by several independent groups on Optn-
"~ mice, suggesting that loss of the whole or just ubiquitin-binding region of optineurin
is unable to induce an ALS/FTD-like phenotype (Dermentzaki et al., 2019; Kurashige
et al., 2021; Moharir and Swarup, 2021; Slowicka et al., 2016). However, Ito et al.
demonstrated a mild decrease in vertical rearing activity and spinal cord
dysmyelination demonstrating that optineurin deficiency causes hind-limb weakness
that was not confirmed in the follow-up study (Dermentzaki et al., 2019; Ito et al.,
2016a). Furthermore, Kurashige et al. recently reported TDP-43 and p62 positive
inclusions in spinal cord motor neurons and axonal degeneration of the sciatic nerves
but no difference in survival time, body weight, or motor function up to two years
(Kurashige et al., 2021). Here we demonstrated that optineurin insufficiency in the
brain did not provoke a difference in TDP-43 or pathological p-TDP43 solubility
compared to WT mice. In line with this, Slowicka et al. also demonstrated no TDP-43
protein aggregates in old Optn”- mice (Slowicka et al., 2016). The latter report also
demonstrated that mice are more susceptible to Salmonella enterica infection thus
opening the possibility that additional environmental stimuli are necessary to induce
disease phenotype. Finally, Moharir et al. demonstrated that 11-22 months Optn
mice have no loss of body weight or neurological phenotype (measuring paw grip
and limb muscle strength), but exhibit a patchy loss of hair. Researchers speculated
that mice have patchy hair loss most likely because of damage of hair follicles due to
the activation of T cells (Moharir and Swarup, 2021). Taken together, the findings in
Optn*’°T mice go in line with previously published results in which optineurin during
ageing is dispensable to induce an ALS/FTD-like neuropathology. We argue that
optineurin mouse models, that mimic mutation found in patients are still of major
relevance for research, but that additional environmental (e.g.: inducing acute and/or
chronic inflammation) and genetic challenges should be introduced to provoke the

phenotype.
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5.3. The novel two-hit ALS mouse model does not exhibit an ALS/FTD-
like phenotype

No mouse model fully recapitulates ALS/FTD pathogenesis and disease
phenotype. Notably, for over a decade, the transgenic hSOD1 mouse model, that
develops a rapid disease was the only available mouse model. However, it
represents only 2% of ALS cases, and although it exhibits excessive
neuroinflammation and motor neuronal loss, they do not recapitulate TDP-43
pathology that is present in > 95% of ALS patients (Fisher et al., 2023; Gurney et al.,
1994). Since then, numerous mouse models harbouring ALS-linked patients’
mutations have been designed, most often overexpressing transgenic mutations or
mimicking endogenous mutations linked to ALS (De Giorgio et al., 2019). There are
various optineurin mouse models, that faithfully represent mutations found in ALS
patients, but as emphasized before, do not exhibit ALS phenotype during their life-
span (Dermentzaki et al., 2019; Kurashige et al., 2021; Mohovic et al., 2023; Munitic
et al., 2013; Slowicka et al.,, 2016). Here we demonstrated that optineurin is
dispensable to induce an ALS/FTD-like neuropathology in old Optn*’°T mice
suggesting that ageing is not a sufficient “second hit” that induces disease. Notably,
recent findings showed that heterozygous loss of major optineurin-binding partner
TBK1 is by itself insufficient to cause motor neuron degeneration and/or
dysregulation of autophagy in mice during ageing (Brenner et al., 2019). However,
when crossed to the hSOD1%%* mouse model, hemizygous Tbkl deletion
demonstrated a double-edged role of TBK1 during disease progression; in the early
stage it deteriorated clinical onset and muscular denervation whereas in the late
stage, it was beneficial and extended survival. For this reason, we established a
potential new two-hit ALS/FTD mouse model by crossing Optn*’9T mice with mice
that carry a human transgenic mutation in TDP-43 (TDP-43%348C) an ALS/FTD model
that has been reported to develop cytoplasmic inclusions of TDP-43 protein and
neuroinflammation around 10 months (Swarup et al., 2011a). We found a normal
Mendelian pattern of inheritance and no difference in survival rate between WT TDP-
436348C gnd Optn*’°T TDP-43C348C mice. In addition, it is important to pinpoint that
these mice have the same genetic background. Notably, it was previously seen that
background has a significant role in the manifestation of phenotype, as when

Optn*°T was crossed to 129 X C57BL/6 background was embryonic lethal with
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incomplete penetrance (Munitic et al., 2013). Establishing a novel mouse model is a
long time-consuming process, so we had limited time to investigate the phenotype in
WT TDP-436348C and Optn*’9T TDP-436348C mice. However, our preliminary data
showed no ALS/FTD-like pathological hallmarks in WT TDP-43C348C mice, in contrast
to Swarup et al. These authors demonstrated impaired learning and memory
capabilities during ageing in WT TDP-43¢348C, as well as motor dysfunction and TDP-
43 protein aggregates (Swarup et al., 2011a). Here we showed no motor phenotype
in WT TDP-43C348C mice. These mice were rederived in our mouse facility in Rijeka
upon importing from Canada, so we speculate that some other environmental factors
such as different microbiome or other stressors could lead to lack of ALS-like
phenotype. Moreover, preliminary data from our group also demonstrated no TDP-43
protein aggregation in spinal cord and motor cortex showed by immunofluorescence
on the tissue (result from Marija’'s MaroSevic  Master thesis:
https://urn.nsk.hr/urn:nbn:hr:193:791592) nor behavioural alterations tested with
novel object recognition test in WT transgenic mice (result from J. Peradinovic).
Moreover, here we demonstrated that optineurin insufficiency in our novel Optn47°T
TDP-43%348¢ mouse model did not induce motor alterations nor ALS-like phenotype.
Similar to results in old non-transgenic mice, both WT TDP-43G34C and Optn#70T
TDP-43%348C demonstrated motor decline linked to ageing. For now, we could not
explain discrepancies observed in WT TDP-43%348¢ mouse model between different
research groups, but it is most likely due to different environmental factors, that are
proposed to be triggering factors in ALS/FTD pathogenesis (Brown and Phil, 2017;
Hardiman et al., 2017). In conclusion, the novel two-hit ALS mouse model does not
exhibit ALS/FTD-like phenotype, but further analyses are necessary to verify these

results.
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6. Conclusions

(1) Optineurin insufficiency caused an accumulation in TDP-43 protein levels in
primary myeloid cells and cortical neurons that were post-translationally
regulated.

(2) Lack of optineurin in BV2 microglial cell lines did not exaggerate cell sensitivity
to apoptosis upon inhibition of autophagy and/or UPS.

(3) Block in either autophagy or UPS did not trigger TDP-43 aggregation in the
BV2 Optn KO microglial cell line and Optn#’°T primary microglia.

(4) TDP-43 turnover in WT BMDMs required basal autophagy but optineurin
insufficiency caused diminished TDP-43 turnover via autophagy in primary
neurons BMDMs.

(6) Optineurin insufficiency caused diminished TDP-43 turnover via autophagy in
primary neurons.

(6) LPS increased TDP-43 in WT but failed to increase already elevated TDP-43
in optineurin-deficient and -insufficient myeloid cells; increased TDP-43 was
not degraded via autophagy, it was not depleted from the nucleus, and did not
form TDP-43 protein aggregates.

(7) LPS changed the transcription of the Poldip3 gene downstream of TDP-43 in
optineurin-insufficient cells.

(8) Optineurin insufficiency did not affect ageing-induced changes in T lymphocyte
numbers, activation, and naive/memory cell ratio compared to WT mice.

(9) Optineurin insufficiency caused decreased expression of FOXP3 Treg-specific
marker in female mice, but not a drop in Treg numbers previously found in
ALS patients and hSOD1 mice; Tregs showed phenotype linked to ageing.

(10) Ageing-induced changes in innate immune cells were unaffected by
optineurin.  However, optineurin-insufficient c¢DC and macrophages
demonstrated increased activation in old male mice.

(1)) Immune cells isolated from the CNS of aged mice showed high
autofluorescence.

(12) Cytokine and chemokine expression was stronger in CNS of aged WT and
Optn*’9T compared to young mice with neglectable differences between
genotypes.

(13) Optineurin-insufficient mice did not exhibit ALS- or FTD-motor and cognitive
deficits or TDP-43 pathology linked to ALS.

(24) A novel two-hit ALS mouse model that carries optineurin truncation and
transgenic human TDP-43C348C mutation had a normal Mendelian pattern of
inheritance and no difference in survival rate and no motor deficits linked to
ALS.
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