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Abstract 

Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) are adult-onset 

neurodegenerative diseases characterized by neuronal loss, neuroinflammation and TAR DNA-

binding protein 43 (TDP-43) protein aggregation in distinct regions of the central nervous system 

(CNS). Both diseases may be caused by mutations in the same genes, one of which is OPTN, 

encoding for optineurin. Optineurin is a ubiquitin-binding adaptor protein that regulates various 

cellular functions, including inflammatory signaling, autophagy, vesicular and mitochondrial 

trafficking. To study its role in disease, a truncation mouse model of optineurin insufficiency that 

lacks the ubiquitin-binding region (Optn470T) was generated by our group. Aging is the major risk 

factor for neurodegenerative diseases, which strongly affects the immune system and results in a 

chronic low-grade inflammation (inflammaging). Since optineurin plays a role in inflammatory 

signaling, which was shown to be impaired in ALS/FTD patients, we have performed detailed 

analyses of Optn470T mice during aging, which include evaluations of motor and cognitive abilities, 

neuropathology (neuronal loss, TDP-43 aggregation and lipofuscin accumulation) and 

neuroinflammation. We observed that aging of Optn470T mice did not exaggerate the decrease in 

motor and cognitive abilities found in wild-type (WT) mice. This was corroborated by the absence 

of neuropathology and exaggerated neuroinflammation in aged Optn470T mice. Given that 

peripheral immune cells are also affected in ALS patients and during aging, we analyzed T cell 

polarization. We found a decreased percentage of tumor necrosis factor (TNF)- and interleukin 

(IL)-17A-producing CD4+ helper T cells and an increased percentage of TNF-producing CD8+ T 

cells in Optn470T mice in comparison to WT mice. One of the new potential ALS hallmarks is 

decreased phagocytosis of microglia and macrophages, reported during aging and in ALS patients. 

Here, we reported a decreased percentage of phagocytic bone-marrow derived macrophages 

(BMDMs) from aging mice, which was unaffected by optineurin insufficiency. To test if additional 

genetic hits will precipitate the disease phenotype, we crossed Optn470T mice with TDP-43G348C 

mice, where the latter have been reported to develop ALS/FTD-like symptoms. We successfully 

confirmed the generation of Optn470T/TDP-43G348C, which showed lower expression levels of TDP-

43G348C transgene compared to TDP-43G348C mice, suggesting a potential protective mechanism of 

Optn470T truncation. TDP-43 was previously reported to directly regulate inflammatory nuclear 

factor (NF)-B-mediated signaling, which we did not observe in our experiments in BMDMs. In 
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contrast, lipopolysaccharide (LPS)-stimulated BMDMs from Optn470T/TDP-43G348C mice have 

shown unaffected NF-B and decreased TANK-binding kinase (TBK1) signaling when compared 

to BMDMs from TDP-43G348C mice. Aged Optn470T/TDP-43G348C mice have shown decreased 

body weight and improved motor and cognitive abilities compared to TDP-43G348C mice of the 

same age. We also analyzed these mice in inflammatory conditions, which were reported to 

aggravate ALS/FTD phenotype. A three-day LPS administration resulted in a significant body 

weight loss and higher mortality of TDP-43G348C mice, which was rescued in Optn470T/TDP-

43G348C mice. LPS-administered Optn470T/TDP-43G348C mice have shown decreased numbers of 

splenocytes, B cells, classical dendritic (cDC) and natural killer cells. Lastly, we observed an 

increase in chemokine (C-C motif) ligand 2 (CCL2) and IL-10 serum levels in TDP-43G348C and 

Optn470T/TDP-43G348C mice, respectively. Altogether, the presence of Optn470T truncation was 

insufficient to cause ALS/FTD-like neuropathology during aging. In contrast, Optn470T truncation 

has shown a protective effect in the presence of TDP-43G348C transgene in the basal state and during 

inflammation in aged mice, which could have been caused by decreased TDP-43G348C transgene 

levels in Optn470T/TDP-43G348C mice. Analysis of neuropathology and neuroinflammation in the 

hippocampus (region responsible for memory) and denervation of neuromuscular junctions will 

be performed to confirm this. 

 

Keywords: amyotrophic lateral sclerosis, frontotemporal dementia, aging, optineurin, 

neurodegeneration, inflammatory signaling 

 

  



VIII 
 

Sažetak 

Amiotrofična lateralna skleroza (ALS) i frontotemporalna demencija (FTD) su 

neurodegenerativne bolesti odraslih ljudi koje su karakterizirane gubitkom neurona, 

neuroinflamacijom i agregacijom TAR DNA-vezujućeg proteina 43 (TDP-43) u različitim 

dijelovima središnjeg živčanog sustava (SŽS). Obje bolesti mogu biti uzrokovane mutacijama istih 

gena, jedan od kojih je OPTN, koji kodira protein optineurin. Optineurin je ubikvitin-vezujući 

adaptorski protein koji regulira razne stanične funkcije, uključujući upalnu signalizaciju, 

autofagiju, vezikularno i mitohondrijalno prometovanje. Kako bismo izučili ulogu optineurina u 

bolesti, naša istraživačka skupina generirala je mišji model insuficijencije optineurina (Optn470T) 

kojem nedostaje ubikvitin-vezujuća regija. Starenje je glavni faktor rizika neurodegenerativnih 

bolesti koji znatno utječe na imunosni sustav te rezultira kroničnom upalom slabog intenziteta, 

odnosno „upalnim starenjem“. S obzirom na ulogu optineurina u upalnoj signalizaciji, koja je 

poremećena u ALS/FTD pacijenata, proveli smo detaljnu analizu Optn470T miševa tijekom starenja. 

Evaluirali smo simptome ALS/FTD-a analizirajući motoričke i kognitivne sposobnosti, 

neuropatologiju (gubitak neurona, TDP-43 agregacija i akumulacija lipofuscina) i 

neuroinflamaciju. Zamijetili smo da starenje Optn470T miševa nije pogoršalo gubitak motoričkih i 

kognitivnih sposobnosti pronađenih u miševima divljeg tipa (WT). Ove nalaze potvrdili smo 

nedostatkom neuropatologije i pojačane neuroinflamacije u starim Optn470T miševima. S obzirom 

da ALS i starenje također utječu na periferne imunosne stanice, analizirali smo polarizaciju T 

stanica. Pronašli smo smanjeni postotak CD4+ pomoćničkih T stanica koje proizvode faktor 

nekroze tumora (TNF) i interleukin (IL)-17A te povećan postotak CD8+ T stanica u Optn470T 

miševima u odnosu na WT miševe. Jedan od novih potencijalnih obilježja ALS-a je smanjena 

fagocitoza mikroglije i makrofaga koja je pronađena tijekom starenja i u ALS pacijenata. Ovdje 

smo pronašli smanjeni postotak fagocitirajućih makrofaga deriviranih iz koštane srži (BMDM-

ovi) starih miševa, koja nije bila poremećena u prisustvu insuficijencije optineurina. Kako bismo 

testirali ukoliko će dodatne genetske mutacije doprinijeti razvoju bolesti, proveli smo križanje 

Optn470T i TDP-43G348C miševa, gdje je za potonjeg pokazano da razvija ALS/FTD simptome. 

Uspješno smo potvrdili generaciju Optn470T/TDP-43G348C miševa, koji su pokazali nižu razinu 

ekspresije TDP-43G348C transgena u usporedbi s TDP-43G348C miševima, što je potencijalni 

protektivni mehanizam Optn470T trunkacije. Pronađeno je kako TDP-43 direktno regulira upalnu 
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signalizaciju posredovanu nuklearnim faktorom (NF)-B, što mi nismo zamijetili u našim 

eksperimentima s BMDM-ovima. Suprotno tome, BMDM-ovi iz Optn470T/TDP-43G348C miševa 

stimulirani lipopolisaharidom (LPS-om) su pokazali normalnu NF-B te smanjenu aktivaciju 

TANK-vezujuće kinaze 1 (TBK1) signalizacije u usporedbi s BMDM-ovima iz TDP-43G348C 

miševa. Ostarjeli Optn470T/TDP-43G348C miševi pokazali su nižu tjelesnu masu te unaprijeđene 

motoričke i kognitivne sposobnosti u usporedbi s TDP-43G348C miševima iste dobi. Ove miševe 

smo također analizirali u upalnim uvjetima za koje je pokazano da pogoršavaju ALS/FTD fenotip. 

Trodnevna administracija LPS-a rezultirala je značajnim gubitkom tjelesne mase i visokom 

smrtnošću TDP-43G348C miševa, koje su bile značajno ublažene u Optn470T/TDP-43G348C miševima. 

U Optn470T/TDP-43G348C miševa administriranih LPS-om pronađen je niži broj splenocita, B 

stanica, klasičnih dendritičkih stanica (cDC) i prirodnih stanica ubojica. Na kraju smo pronašli 

povećanje kemokinog C-C liganda 2 (CCL2) i interleukina-10 u TDP-43G348C i Optn470T/TDP-

43G348C miševima. Sveukupno, prisustvo Optn470T trunkacije je nedovoljno za izazivanje ALS/FTD 

neuropatologije tijekom starenja. Međutim, Optn470T trunkacija je pokazala protektivni učinak u 

prisustvu TDP-43G348C transgena u bazalnom stanju i tijekom upale u starih miševa, što bi moglo 

biti uzorkovano smanjenim razinama TDP-43G348C transgena u Optn470T/TDP-43G348C miševima. 

Analiza neuropatologije i neuroinflamacije u hipokampusu (regiji odgovornoj za memoriju) te 

denervacije neuromišićnih spojnica će biti provedene kako bismo to potvrdili. 

 

Ključne riječi: amiotrofična lateralna skleroza, frontotemporalna demencija, starenje, optineurin, 

neurodegeneracija, upalna signalizacija 
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1. Introduction 

1.1. Amyotrophic lateral sclerosis 

Amyotrophic lateral sclerosis (ALS) or Lou Gehrig's disease, is a neurodegenerative disease 

leading to death of upper and lower motor neurons (Masrori & Van Damme, 2020). It was first 

described by Jean-Martin Charcot in the 19th century, where ALS was described as disease leading 

to muscle denervation (amyotrophy) and scarring of the spinal cord (sclerosis). Upper motor 

neurons are located in the motor cortex of the brain, whereas lower motor neurons are located in 

the brainstem and the spinal cord. The information is spread from upper to lower motor neurons, 

where the latter innervate the muscles (Fig. 1). When motor neurons die, the connection between 

the central nervous system (CNS) and the muscles is lost, leading to muscle atrophy, paralysis and 

death 3-5 years upon diagnosis, which is mostly caused by respiratory failure (Brown & Al-

Chalabi, 2017). 

Figure 1. Central nervous system regions and 

neurons affected in ALS. Upper motor neurons 

(located in the motor cortex of the brain; marked in 

red) send information through lower (bulbar and 

spinal; marked in green) motor neurons to skeletal 

muscles. Adapted and modified from (Brown & Al-

Chalabi, 2017) and made in Biorender.com 

 

 

 

Regarding the site of disease onset, ALS can be clinically distinguished as bulbar (33% of cases) 

and spinal (66% of cases). Bulbar ALS, in which brainstem motor functions are affected first, is 

characterized by oropharyngeal muscle stiffness and spasticity, and difficulties in speaking 

(dysarthria) and swallowing (dysphagia), whereas spinal ALS is characterized by upper and lower 

limb muscle twitching (fasciculations), hyporeflexia and atrophy (Es et al., 2017). It was also 

shown that bulbar ALS has faster disease progression rate compared to spinal ALS (Brown & Al-
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Chalabi, 2017). The age of symptom onset varies from 40 to 63 years of age (Masrori & Van 

Damme, 2020). ALS was reported to affect men slightly more than women in a ratio 1.2-1.5:1 (Es 

et al., 2017). The incidence for people with European ancestry is about 2-3 cases per 100 000 

people with lifetime risk of 1 in 350 for men and 1 in 400 for women, although this can vary 

between different populations and geographic regions (Es et al., 2017; Hardiman et al., 2017). 

 

1.1.1. Genetics, mechanisms and risk factors of ALS 

ALS patients are usually classified as sporadic (90% of cases) or familial (10% of cases) regarding 

to the absence or presence of the disease in family history, respectively (Masrori & Van Damme, 

2020). However, some of the sporadic patients may have relatives that died before they developed 

ALS, therefore making them a part of familial cases (Al-Chalabi & Lewis, 2011). It was found that 

mutations in more than 40 different genes may cause ALS (Mead et al., 2022). Genes that are most 

frequently affected by mutations are chromosome 9 open reading frame 72 (C9ORF72), 

superoxide dismutase 1 (SOD1), fused in sarcoma (FUS) and TAR DNA-binding protein-43 

(TARDBP; encoding for protein TDP-43) and are involved in the regulation of various cellular 

functions including autophagy, oxidative stress, nucleic acid metabolism and nucleocytoplasmic 

transport (Hardiman et al., 2017; Mead et al., 2022; Akçimen et al., 2023). Also, it is worth 

mentioning that sporadic and familial ALS may be caused by mutations in the same genes, making 

both types of ALS a genetic ALS, regardless of heritability (Fig. 2). In addition, mutations in genes 

involved in the regulation of inflammation were also found, and those are TANK-binding kinase 

1 (TBK1), cylindromatosis (CYLD) and optineurin (OPTN), meaning that dysregulation of 

inflammation may play a role in ALS pathogenesis, and will be discussed later (De Marchi et al., 

2023). Other disease mechanisms involve excitotoxicity, mitochondrial dysfunction, dysregulated 

vesicle transport, impaired protein homeostasis, endoplasmic reticulum stress, impaired DNA 

repair and axonopathy (Mead et al., 2022). Therefore, multiple cellular mechanisms are affected 

in ALS, which makes the disease difficult to treat and investigate. 

The first ALS-causing mutations were found in the SOD1 gene, which encodes for Cu/Zn SOD1 

and is involved in the clearance of reactive oxygen species (H. X. Deng et al., 1993; Rosen et al., 

1993). Based on that, the first ALS mouse model was generated, named SOD1G93A mouse, which 

is a transgenic mouse overexpressing human G93A mutation (Gurney et al., 1994). This mutation 
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led to toxic gain-of-function, which was initially thought to result in toxicity to motor neurons due 

to a high concentration of free radicals. However, it was soon discovered that mutated SOD1 forms 

cytoplasmic aggregates, which were toxic to motor neurons, resulting in their death (Bruijn et al., 

1998; Watanabe et al., 2001). Other proteins were also found to aggregate, and those are TDP-43, 

FUS and C9ORF72 (Neumann et al., 2006; Arai et al., 2006; Vance et al., 2009; Kwiatkowski et 

al., 2009; DeJesus-Hernandez et al., 2011). It was shown that SOD1, FUS and TDP-43 protein 

aggregates show prion-like properties, or more precisely, that they can be spread from cell-to-cell 

resulting in disease dissemination across various regions and cells of the CNS (Polymenidou & 

Cleveland, 2011; Lee & Kim, 2015). Of note, TDP-43 aggregates were found in more than 97% 

of ALS cases regardless of gene mutation (Ling et al., 2013), whereas the exceptions are patients 

with mutations in SOD1 and FUS, where TDP-43 aggregates are absent (Mackenzie et al., 2007; 

Vance et al., 2009). Therefore, TDP-43 is considered a major hallmark of ALS patients and will be 

further discussed later. 

 

Various risk factors have been reported to be associated to ALS such as smoking, alcohol intake, 

physical activity and trauma, electric and magnetic fields, metals, chemical agents and pesticides, 

and hazardous air pollutants (Talbott et al., 2016). However, these have relatively small effects, 

and the only risk factor that clearly stands out is aging, which was shown to be the major risk factor 

for all neurodegenerative diseases (Hou et al., 2019). Aging leads to defects in various cellular 

processes such as genomic instability, loss of proteostasis, cellular senescence and mitochondrial 

dysfunction (López-Otín et al., 2023), which are also linked to neurodegenerative diseases (Wilson 

et al., 2023). In addition, the immune system is also strongly affected by aging through 

inflammaging and immunosenescence, which will be discussed in more detail later. To this day, 

the impact of environmental factors is still under debate, whereas aging is confirmed as the 

strongest risk factor for all neurodegenerative diseases. To account for such complexity in disease 

pathogenesis, a multistep pattern of disease development was suggested, where the presence of 

genetic mutation is not sufficient for disease development, but rather requires additional genetic 

and/or environmental hits (Al-Chalabi et al., 2014) 
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Figure 2. Most frequent genes affected by mutations in ALS. Genes mostly affected by 

mutations in ALS patients were found to be C90RF72, SOD1, FUS and TARDBP. Additionally, 

mutations in TBK1 and OPTN were also found, but in a lesser frequency. It is noteworthy that the 

same genes are affected in both familial and sporadic ALS cases. Genes linked to immune response 

are marked in blue. The figure is modified from Volk et al., 2018. 

 

1.1.2. ALS/FTD spectrum disorder 

Frontotemporal dementia (FTD) represents a variety of neurodegenerative diseases characterized 

by neuron loss in the frontal and temporal lobes (illustrated in Fig. 2 A) (Bang et al., 2015; 

Grossman et al., 2023). It is classified based on the protein aggregates found in the brain, such as 

TDP-43 (FTD-TDP), tau (encoded by MAPT gene; FTD-tau) and FUS (FTD-FUS) (Ling et al., 

2013). It was reported that 15% of ALS patients develop FTD (Ringholz et al., 2005) and 15% of 

FTD patients developed ALS (Lomen-Hoerth et al., 2002). Additionally, mutations in some genes 

were reported to cause solely ALS (e.g. SOD1), FTD (e.g. GRN, encoding for protein progranulin; 

MAPT, encoding for protein tau) and both diseases (e.g. OPTN, C9ORF72, TARDBP, TBK1, FUS) 

(De Marchi et al., 2023). This led to a new conclusion that ALS and FTD represent an ALS/FTD 

disease spectrum rather than two distinct diseases (Fig. 2 B). 
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Figure 3. ALS/FTD represents a spectrum disorder, rather than distinct diseases. FTD is a 

name for a group of diseases characterized by neurodegeneration in the frontal and temporal lobes 

(A). Genes affected solely in ALS (e.g. SOD1), FTD (e.g. GRN, MAPT) and both (e.g. OPTN, 

C9ORF72, TARDBP, TBK1, FUS) (B). As most of these genes are involved in the pathogenesis of 

both diseases, ALS and FTD are considered as a spectrum (ALS/FTD). 

 

1.1.3. ALS therapy  

The treatment of ALS is still mostly symptomatic, requires a multidisciplinary team of specialists, 

but still prolongs life merely by a matter of months. The most widely used drug is Riluzole, which 

is approved by European Medicines Agency and U.S. Food and Drug Administration Agency 

(FDA). It is considered to act by decreasing glutamate-mediated toxicity and was shown to prolong 

life for 6-19 months (Andrews et al., 2020). Another drug in use is Edaravone, which has 

antioxidant properties and is approved for use only in the USA, Canada and Japan. In the original 

study, it slowed the disease progression with a questionable effect on survival due to a small cohort 

of patients (Abe et al., 2017; Al-Chalabi et al., 2017). Also, a slowed disease progression was 

observed in a small cohort of patients that administered Riluzole and Edaravone, with a short-term 

effect (Samadhiya et al., 2022). Another disease-modifying therapies involve treatments of 

symptoms such as hypersalivation (atropine, hyoscine), pain (nonsteroidal anti-inflammatory 

drugs, opioids), muscle cramps (quinine sulphate), depression (tricyclic antidepressants) and 

respiratory insufficiency (non-invasive ventilation) (Hardiman et al., 2017). Some recent 

approaches include AMX0035 (phenylbutyrate/taurursodiol, also known as Pb/TURSO or 

Pb/TUDCA) and Tofersen (antisense oligonucleotides for SOD1). The former acts by a decrease 

in mitochondrial and ER stress, whereas the latter downregulates the levels of misfolded 

superoxide dismutase 1 (SOD1) (Mead et al., 2022). Various preclinical and clinical studies 
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targeting protein aggregate removal, restoring normal gene function (gene therapy), 

neuroinflammation and others are still ongoing, so the results are still unavailable. 

 

1.2. Optineurin 

Optineurin is a cytoplasmic multifunctional ubiquitin-binding adaptor protein that lacks enzymatic 

activity (Markovinovic et al., 2017). It was first discovered in 1998, when it was found that it 

interacts with an adenovirus E3 14.7-kDa protein and was therefore named 14.7-kDa-interacting 

protein or FIP-2 (Y. Li et al., 1998). Later, it acquired other names such as transcription factor 

IIIA-interacting protein (TFIIIA-intP) and nuclear factor (NF)-kB essential modulator-related 

protein (NEMO-related protein or NRP) due to the findings of its new interacting partner and 

homology to NEMO, respectively (Moreland et al., 2000; Schwamborn et al., 2000). Finally, the 

same protein was named optineurin (for optic neuropathy-inducing) upon relating its mutations to 

normal tension primary open-angle glaucoma (NTG or POAG) (Rezaie et al., 2002). 

Optineurin gene (OPTN) is located at chromosome 10p13 in humans and encodes for a protein 

containing 577 amino acids (Slowicka, Vereecke, & Van Loo, 2016). A mouse optineurin gene 

(Optn) is located on chromosome 2 and shows an 80% homology with human optineurin, with a 

similar size of 584 amino acids (Rezaie & Sarfarazi, 2005). The highest expression of optineurin 

protein levels was detected in tissues such as the brain, bone marrow, lymphoid tissues, muscles 

and the reproductive system (Tissue Expression of OPTN - Summary - The Human Protein Atlas).  

 

1.2.1. Optineurin protein domains and interaction partners 

Optineurin contains several functional protein domains: coiled-coil 1 (CC1), CC2, LC3-interacting 

region (LIR), and ubiquitin-binding region. This enables optineurin to interact with proteins 

involved in various cellular processes such as inflammatory signaling, autophagy, vesicle 

trafficking, etc. (Prtenjaca, 2020). The main proteins that were found to interact with optineurin 

are listed in Table 1 and shown in Figure 4. Given the focus of this work on the role of optineurin 

in inflammatory signaling, interaction partners involved in inflammation will be further discussed 

in the subsequent chapters. 
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Table 1. List of optineurin interaction partners and their cellular function. Abbreviations: 

amino acids (aa), myosin phosphatase target subunit 1 (MYPT1), metabotropic glutamate receptor 

type 1a (mGluR1a), huntingtin (Htt), cylindromatosis (CYLD), receptor-interacting 

serine/threonine protein kinase 1 (RIPK1). Modified from: (Toth & Atkin, 2018). 

Binding 

partner 

Binding site 

(aa) 

Cellular 

function 
References 

TBK1 26-103  
Inflammation, 

autophagy 

(Morton et al., 2008; Wild et al., 2011; 

Gleason et al., 2011; F. Li et al., 2016; 

Munitic et al., 2013; Meena et al., 2016; 

Pourcelot et al., 2016; Richter et al., 2016; 

Brenner et al., 2024) 

Caspase 8 121-230  Apoptosis (Nakazawa et al., 2016) 

MYPT1 131-170  Mitosis (Kachaner et al., 2012) 

Rab8 133-170  
Vesicle 

trafficking 

(Hattula & Peränen, 2000; Chi et al., 2010; 

Vaibhava et al., 2012; J. Zhang et al., 2024) 

TFIIIA 160-469  Transcription (Moreland et al., 2000) 

LC3 178-181  Autophagy (Wild et al., 2011) 

p62 
193 (upon 

ubiquitination) 
Autophagy (Z. Liu et al., 2014) 

mGLUR1a 202-246  Excitotoxicity (Anborgh et al., 2005) 

HACE1 411-456  Autophagy (Z. Liu et al., 2014) 

Htt 411-461  
Vesicle 

trafficking 
(Hattula & Peränen, 2000) 

Myosin VI 412-520  Exocytosis 
(Sahlender et al., 2005; Tumbarello et al., 

2012; Sundaramoorthy et al., 2015) 

CYLD 424-529  Inflammation 
(Nagabhushana et al., 2011; Obaid et al., 

2015) 

RIPK1 461-493  
Inflammation, 

necroptosis 

(Zhu et al., 2007; Y. Ito et al., 2016; 

Nakazawa et al., 2016) 

 



8 
 

1.2.1.1. Ubiquitin-binding region 

Optineurin is a ubiquitin-binding protein that possesses the ubiquitin-binding region (UBR) in the 

C-terminus. UBR consists of ubiquitin-binding region of ABIN proteins and NEMO (UBAN) and 

zinc finger (ZF), illustrated in Figure 4. It was reported that NEMO and optineurin share 53% of 

homology in their sequence, with even higher conservation found in UBAN and ZF regions 

between optineurin, NEMO and ABINs (Laplantine et al., 2009; Schwamborn et al., 2000; Zhu et 

al., 2007). The binding of ubiquitin, which is an evolutionary conserved post-translational 

modification of proteins, is important for regulation of cellular signaling (Komander & Rape, 

2012). It is characterized by formation of polyubiquitin chains on target proteins linked through 

different intrinsic sites of the ubiquitin molecule, involving methionine 1 (M1) and 7 lysines (K6, 

K11, K27, K29, K33, K48 and K63). For example, K63 polyubiquitin chains are generated by 

binding of ubiquitin molecules to the lysine 63 in the next ubiquitin. More precisely, the chain type 

decides the fate of the targeted protein. For example, K11-, 48- and K29-labeled proteins are 

directed to proteasomal degradation via ubiquitin-proteasomal system (UPS) (Komander & Rape, 

2012). In contrast, K63 labeling takes part in autophagy-mediated degradation (Pohl & Dikic, 

2019) and inflammatory signaling (Hu & Sun, 2016), whereas M1 labeling takes part only in the 

latter. It was reported that ZF strongly increases the affinity for K63-linked polyubiquitin chains 

of UBR (Laplantine et al., 2009), whereas the UBAN region alone prefers M1 chains (Nakazawa 

et al., 2016). Optineurin is involved in regulation of signaling pathways such as NF-B and TBK1 

signaling through interactions with M1- and K63-polyubiquitinated partners, respectively 

(Nakazawa et al., 2016). 



9 
 

 

 

Figure 4. Protein domains and interaction partners of optineurin. The major protein domains 

of optineurin are marked as coiled-coil 1 (CC1; 38-170 aa), LC3-interacting region (LIR; 178-181 

aa), CC2 (238-509 aa), ubiquitin-binding region of ABIN and NEMO (UBAN; 461-493 aa), zinc 

finger (ZF; 553-577 aa); ubiquitin-binding region includes UBAN and ZF. Interaction partners 

mentioned in Table 1 are shown according to their binding region. Some of the interaction partners 

need to be M1- and/or K63-polyubiquitinated to be bound by UBR of optineurin, and those are 

RIPK1, TBK1, and myosin VI. Modified from: Markovinovic et al., 2017. 

 

1.2.1.2. Receptor-interacting serine/threonine-protein kinase 1 (RIPK1) 

RIPK1 is a molecule involved in transduction of immune and cell death signaling. It is recruited 

in NF-B signaling upon stimulation of various pattern recognition (PRR) or cytokine receptors, 

such as Toll-like receptor 4 (TLR4) and tumor necrosis factor receptor 1 (TNFR1), respectively 

(Clucas & Meier, 2023). Importantly, it was reported that optineurin competes with NEMO to bind 

polyubiquitinated RIPK1 upon NF-B activation with TNF, suggesting that optineurin acts a 

negative regulator of the NF-B pathway (Zhu et al., 2007). 

 

1.2.1.3. Cylindromatosis (CYLD) 

CYLD is a molecule involved in the regulation of NF-B signaling. More precisely, it is a 

deubiquitinase that hydrolyses K63 polyubiquitin chains and thus dampens signaling transduction 

(Marín-Rubio et al., 2023). It was shown that region around UBR of optineurin has a binding site 
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for CYLD (Nagabhushana et al., 2011; Obaid et al., 2015). Moreover, Nagabhushana et al. 

suggested that optineurin recruits CYLD to the NF-B signalosome to inhibit excessive signaling 

(Nagabhushana et al., 2011). 

 

1.2.1.4. TANK-binding kinase 1 (TBK1) 

TBK1 is a major kinase involved in the production of interferon (IFN)-(Ahmad et al., 2016). It 

is activated through autophosphorylation upon stimulation of various PRRs, including TLR4, 

which will be discussed in more detail below. Optineurin binding to TBK1 is achieved through 

both termini of the protein. More precisely, via N-terminal TBK1-binding region (26-103 aa) and 

C-terminal UBR (UBAN + ZF; 461-577 aa) of optineurin (Gleason et al., 2011; Munitic et al., 

2013; F. Li et al., 2016; Pourcelot et al., 2016), since TBK1 is K63-polyubiquitinated during 

activation of inflammatory signaling (Tu et al., 2013). 

 

1.2.2. Optineurin in ALS and FTD 

The first optineurin mutations were linked to NTG, such as E50K, which is of proven pathogenicity 

(Rezaie et al., 2002). The E50K mutation was shown to be gain-of-function mutation, which 

increased optineurin aggregation and binding to TBK1 (Morton et al., 2008; Minegishi et al., 2013; 

F. Li et al., 2016). Subsequently, Maruyama et al. discovered the first ALS-linked mutations, which 

included homozygous deletion of exon 5 (ex5), homozygous Q398X truncation and heterozygous 

E478G point mutation (Maruyama et al., 2010). Therefore, the latter is thought to act by a 

dominant-negative effect. ex5 resulted in protein deficiency, whereas Q398X truncation resulted 

in protein insufficiency, which is thought to result from nonsense-mediated mRNA decay due to 

premature stop codon (Maruyama et al., 2010; Kamada et al., 2014). It is noteworthy that these 

mutations lack either the whole protein (ex5) or directly affect the UBR (Q398X and E478G) of 

optineurin. ALS patients carrying Q398X and E478G mutations were also found to have FTD (H. 

Ito et al., 2011; Kamada et al., 2014), meaning that optineurin plays a role in both pathologies. 

Most of the ALS-linked mutations are concentrated around UBAN and ZF (Fig. 5), whereas some 

ALS- (Q165X and S174X) and FTD- (K238ETer11) linked mutations occurring earlier in the 

sequence lead to a premature stop codon and translation of the protein lacking the UBR (Tümer et 
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al., 2012; Van Blitterswijk et al., 2012; Özoğuz et al., 2015; Dominguez et al., 2021; Gotkine et 

al., 2021). Thereby, these mutations were proposed to act by loss-of-function since the functional 

part of the protein is missing. Importantly, ALS patients with OPTN mutations that affect the UBR 

have shown TDP-43 cytoplasmic aggregation in neuronal and non-neuronal (glial) cells in the 

brain and the spinal cord (H. Ito et al., 2011; Kamada et al., 2014; Parvizi et al., 2024). Altogether, 

the ubiquitin-binding function of optineurin is important for a normal cellular function. 

Truncations, mutations, or loss of the whole protein have been identified as contributing factors in 

ALS and FTD. 

 

Figure 5. Optineurin mutations found in ALS, FTD and both. The list of frameshift, nonsense, 

null and missense mutations linked to ALS (green), FTD (blue) or both (red). Reviewed in 

(Markovinovic et al., 2017; Franjkic T, Peradinovic J, Munitic I: unpublished data). Abbreviations: 

ex (exon deletion), fs (frameshift), * (stop codon). 
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1.2.3. Mouse model of optineurin insufficiency (Optn470T) 

To investigate the role of optineurin in the pathogenesis of ALS, various mouse models were 

generated to resemble patient mutations. Those are Optn-/- (null mutation that results in protein 

deficiency), OptnD474N (mimicking human E478G mutation) and Optn470T (mimicking human 

Q398X truncation). Since this research will be conducted on Optn470T mice, it will be the model 

we will further focus on. In Optn470T mouse model, only the first 470 amino acids are translated 

instead of a full-length protein containing 584 amino acids, where the whole UBR is lacking 

(Munitic et al., 2013). This mouse model mimics the Q398X human truncation in terms of: 1) 

homozygosity, 2) absence of the UBR and 3) protein insufficiency. Due to the presence of 

premature stop codon, nonsense-mediated mRNA decay was suggested to be the reason of 

decreased mRNA and protein levels of the truncated version in humans (Kamada et al., 2014) and 

mice (Munitic et al., 2013). In conclusion, due to its similarity to the pathogenic human OPTN 

mutation, Optn470T mouse model represents a valuable model for investigating the role of ALS 

pathogenesis. 

 

1.3. Immune response during aging 

In 2000s, Franceschi et al. were the first to describe the term inflammaging, which represents aging 

of the immune system and is caused by chronic exposure to antigenic load and stress (Franceschi 

et al., 2000). Inflammaging is characterized by chronic low-grade inflammation due to inefficiency 

of dealing with inflammatory stimuli (infections, tissue damage, etc.) and is therefore marked by 

increased expression of pro-inflammatory markers, such as TNF and IL-6 (López-Otín et al., 2013; 

Franceschi et al., 2018). More precisely, the diminished regenerative potential and accumulation 

of senescent cells results in chronic low-grade inflammation marked by increased pro-

inflammatory cytokine secretion. However, the senescent cells themselves are hyporesponsive to 

the inflammatory stimuli (X. Li et al., 2023). The cells that were described to have a major impact 

on inflammaging were macrophages, due to their propensity of secreting high levels of various 

cytokines and chemokines in response to inflammatory stimuli (Franceschi et al., 2000). 

Macrophages were shown to have decreased phagocytosis and cytokine secretion, whereas the 

production of reactive oxygen species was increased (Moss et al., 2023). The other innate immune 

cells were also shown to be affected by aging. For example, aging resulted in decreased 
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phagocytosis by neutrophils and dendritic cells (Wenisch et al., 2000; Agrawal & Gupta, 2011). In 

addition, T cells are also a major component of inflammaging. The pool of naïve T cells is 

decreasing during aging, whereas memory T cell number increases (Mittelbrunn & Kroemer, 

2021). Aged individuals were also shown to have increased numbers of TH1 (proinflammatory; 

secreting TNF and IFN-) and TH17 (proinflammatory; secreting IL-17A and linked to autoimmune 

disorders) CD4+ T cells, which support inflammation by releasing their signature pro-

inflammatory cytokines (Mittelbrunn & Kroemer, 2021). For cytotoxic CD8+ T cells, an aging-

induced percentage of IFN--producing cells was reported as well (Pulko et al., 2016). This pro-

inflammatory milieu of aged individuals is linked to susceptibility to age-related diseases such as 

metabolic and cardiovascular diseases (Franceschi et al., 2018). Furthermore, the CNS is also 

strongly affected by aging, which correlates with the development of neurodegenerative diseases 

(Mattson & Arumugam, 2018). Microglia in aged individuals show activated morphology 

(increased cell body area and shorter processes), accompanied by increased pro-inflammatory 

marker expression and decreased phagocytosis (von Bernhardi et al., 2015). Astrocytes were 

shown to have increased glial fibrillary acidic protein (GFAP) expression, changed morphology 

and pro-inflammatory profile during aging (Gudkov et al., 2023). The pro-inflammatory 

microenvironment is toxic to neurons and may lead to their death and neurodegeneration. In 

conclusion, inflammaging affects the peripheral and CNS immune system, supporting pro-

inflammatory and toxic environment linked to immune cell dysfunction.  

 

1.4. Immune response in ALS 

1.4.1. Microglia and neuroinflammation 

Microglia are the only innate immune cells present in the CNS parenchyma. They are tissue-

specific macrophages of the CNS (Ginhoux et al., 2010). During embryonic development, their 

precursors migrate from the yolk sac and populate the CNS parenchyma, where they acquire their 

specific markers. Colony-stimulating factor 1 (CSF1) and interleukin (IL)-34 were shown to be 

important trophic factors that are crucial for microglial survival and proliferation, with both acting 

through CSF1 receptor (CSF1R) (Ginhoux et al., 2010; Y. Wang et al., 2012). The main role of 

microglia is surveillance of the CNS. They play a role in important mechanisms such as response 

to pathogens or tissue injury, synaptic pruning, and phagocytosis of cellular debris or pathogens 
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(Q. Li & Barres, 2018). These microglial roles are possible due to possession of diverse receptors, 

such as pattern recognition receptors (PRRs), which enable detection of pathogen-associated and 

damage-associated molecular patterns (PAMPs and DAMPs) (Bsibsi et al., 2002). Sensing of 

PAMPs and DAMPs via PRRs activates two distinct signaling pathways, nuclear factor (NF)-B 

and TBK1 signaling (D. Li & Wu, 2021), which are further described in sections 1.4.4. and 1.4.5. 

Activation of glial cells (microglia and astrocytes) can be achieved upon stimulation of PRRs, 

which triggers their proliferation and changes in morphology, cytokine profile and expression of 

various activation markers (Matejuk & Ransohoff, 2020). This glial cell activation is termed 

neuroinflammation (Kwon & Koh, 2020). Due to the focus of this study on immune response, the 

role of microglia in neuroinflammation will be discussed in more detail. 

Based on the nature of the microenvironment, microglia may acquire M1 (pro-inflammatory) or 

M2 (anti-inflammatory) phenotype (Fig. 4). M1 phenotype is acquired by classical activation upon 

stimulation with lipopolysaccharide (LPS), marked by NF-B signaling pathway activation (Tang 

& Le, 2016). It is characterized by upregulation of various pro-inflammatory molecules, such as 

tumor necrosis factor (TNF), IL-1, IL-6 and inducible nitric oxide synthase (iNOS). On the other 

hand, M2 phenotype is acquired upon alternative activation by IL-4 and IL-13, which is 

characterized by upregulation of IL-4, arginase 1 (Arg1), insulin-like growth factor (IGF)-1 and 

transforming growth factor (TGF)-(Tang & Le, 2016). However, the dichotomization to M1 and 

M2 is considered as an oversimplification and is believed that there is a gradient between those 

two phenotypes (Tang & Le, 2016; S. Guo et al., 2022). Nevertheless, a fine regulation of switching 

between those phenotypes is important. Prolonged M1 polarization leads to chronic 

neuroinflammation with a neurotoxic effect, whereas M2 phenotype is shown to have 

neuroprotective properties (Béland et al., 2020). In addition, various microglial phenotypes were 

described in neurodegenerative diseases, such as disease-associated microglia (DAM) and 

microglial neurodegenerative phenotype (MGnD) (Paolicelli et al., 2022), which further increases 

the complexity of neurodegenerative disease pathogenesis. 
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Figure 6. Microglial phenotypes and their characteristic markers. Upon classical activation 

by LPS stimulation, microglia acquire M1 (pro-inflammatory) phenotype characterized by 

increased expression of TNF, IL-1, IL-6 and iNOS. Microglia may also acquire M2 (anti-

inflammatory) phenotype characterized by expression of IL-4, Arg1, IGF-1 and TGF-. Modified 

from: Tang & Le, 2016. 

 

1.4.2. Neuroinflammation in ALS 

Neuroinflammation is one of the major hallmarks of ALS patients (McCauley & Baloh, 2019; De 

Marchi et al., 2023). Activated microglia and astrocytes can be seen adjacent to motor neuron loss 

in ALS-affected parts of the brain, brainstem and the spinal cord (McGeer et al., 1991; Kawamata 

et al., 1992). Therefore, even though motor neurons are the main cells dying in ALS, non-neuronal 

(glial) cells were shown to be also affected, meaning that ALS has both an autonomous and a non-

cell autonomous component. This was further confirmed by manipulating neuronal and glial cells 

in various SOD1 mouse models. Kriz et al. have shown that depletion of microglia by minocycline, 

which inhibits microglial activation, extended survival of SOD1G37R mice, demonstrating that 

microglia indeed plays an important role in ALS pathogenesis (Kriz et al., 2002). However, 

whether mutant SOD1 overexpression in microglia and/or other cells directly affected the disease 

pathogenesis was not deciphered. Therefore, mouse models with restricted overexpression of 

SOD1 mutants to certain CNS cell types were generated. It was shown that selective mutant SOD1 
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overexpression in motor neurons (Pramatarova et al., 2001; Lino et al., 2002) and astrocytes (Gong 

et al., 2000) did not precipitate the disease, which means that the mutation needs to be present in 

different CNS cell types. A study done on chimeric mice (generated from blastocytes containing a 

mixture of WT and mutant SOD1 cells) has shown that increase in the percentage of WT cells led 

to delay in disease progression and extended lifespan (Clement et al., 2003). To address the 

importance of non-neuronal cells, mice with a conditional knockout of mutant SOD1 in glial cells 

were generated. Microglia- and astrocyte-specific Cre-mediated deletion of mutant SOD1 resulted 

in survival prolongation and slowed disease progression, without an effect on disease onset, 

whereas the delay in onset was observed only upon mutant SOD1 deletion in motor neurons 

(Boillée et al., 2006; Yamanaka et al., 2008). This suggests that motor neurons overexpressing 

mutant SOD1 are more susceptible to death mediated by surrounding glial cells. An additional 

importance of microglia was shown by Beers et al., where they have crossed SOD1G93A mice with 

PU.1 knockout (PU.1-/-) mice, which lacked immune cells, including microglia. After 

transplantation of WT bone marrow into SOD1G93A × PU.1-/- mice, macrophages repopulated the 

CNS parenchyma, disease progression was slowed and survival was prolonged (Beers et al., 2006). 

This group has also shown that primary microglia derived from SOD1G93A mice showed increased 

release of oxidative stress molecules in basal state and LPS-induced inflammation. In addition, 

SOD1G93A primary microglia has shown to be toxic to motor neurons in vitro in basal and LPS-

induced states (Beers et al., 2006; Liao et al., 2012). An interesting finding was shown by Beers et 

al. in 2011, where they analyzed M1 and M2 markers during ALS disease course in SOD1G93A 

mice (Beers et al., 2011). In these mice, they have shown that microglia first acquired M2 

phenotype, which upon constant damage load transformed to M1 phenotype. This meant that 

microglia acquired neuroprotective phenotype in the early stage, whereas neurotoxic phenotype 

prevailed in the late stage of the disease (Beers et al., 2011). To conclude, glial cells play an 

important role in ALS pathogenesis and their manipulation should be done according to the disease 

stage. Of note, all of those studies were done in mice overexpressing human SOD1 mutants due to 

the lack of overt phenotypes in other mouse ALS models (De Marchi et al., 2021). 
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1.4.3. Peripheral immunity in ALS 

In addition to dysregulated immune response in the CNS, pathological changes were also reported 

for various immune cells in the periphery (outside the CNS) (Beers & Appel, 2019; Béland et al., 

2020; De Marchi et al., 2021, 2023). In ALS patients’ blood, monocytes were shown to be 

polarized towards a pro-inflammatory state based on increased expression of MHC-II (R. Zhang 

et al., 2005) an IL-1, IL-8 and CXCL10 mRNA (Zhao et al., 2017). Similar was confirmed in 

SOD1G93A mouse model, where monocytes exhibited increased mRNA expression for TNF and 

IL-1 (Butovsky et al., 2012). Mouse and rat models overexpressing mutant SOD1 have also 

shown an accumulation of activated macrophages at the neuromuscular junction (NMJ) (Chiu et 

al., 2009; Graber et al., 2010; Lincecum et al., 2010). Macrophages derived from monocytes of 

ALS patients had stronger M1 polarization marker expression in terms of TNF and IL-6 mRNA 

and protein upon LPS stimulation (Du et al., 2020), confirming the finding of activated 

macrophages in mice. Dendritic cell (DC) transcripts were found in the spinal cord of ALS patients 

(Henkel et al., 2004) and were shown to be decreased in number with altered production of CCL2 

and IL-8 (Rusconi et al., 2017). Natural-killer (NK) cells were shown to infiltrate the CNS of ALS 

patients and mouse models, where they mediate motor neuron death and M1 microglial 

polarization (Garofalo et al., 2020). Mast cells and neutrophils were found to act in concert by 

accumulating at the NMJs, where they degranulate and recruit neutrophils, which prevent 

reinnervation by phagocytosing degenerating axons (Trias et al., 2018). This evidence shows that 

peripheral innate immune cells are also involved in the pathogenesis of ALS. 

The cells of adaptive immunity (B and T cells) were also of interest to many ALS research groups. 

Although, B cells were found to have no impact on disease progression in the SOD1 mouse model 

(Naor et al., 2009), immunoglobulins were shown to accumulate in motor neurons and to activate 

microglia, astrocytes and motor neurons in vitro (Engelhardt & Appel, 1990; Demestre et al., 2005; 

Milošević et al., 2017). However, the pathogenicity of immunoglobulins and the role of B cells 

are still incompletely understood. On the other hand, much more is known about T cells, which 

depending on their polarization state, differently affect macrophage/microglial polarization (Tang 

& Le, 2016; Tuzlak et al., 2021). Increased polarization to TH1 and TH17 was shown in ALS patients 

and mouse models at the late stage of the disease (Beers et al., 2011; Henkel et al., 2013; Saresella 

et al., 2013). On the contrary, TH2 (anti-inflammatory; secreting IL-4) and regulatory cells (Treg; 
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secreting IL-10 and TGF-) mitigate microglial activation (Béland et al., 2020; De Marchi et al., 

2021). Furthermore, Treg cells were shown to be dysfunctional in ALS patients, with a reduced 

number correlating with faster disease progression and shorter survival (Henkel et al., 2013; Beers 

et al., 2017). In the SOD1G93A mouse model it was shown that in the early stages of the disease 

TH2 and Treg cells were prevalent, whereas in the late stage TH1 polarization took place (Beers et 

al., 2011), suggesting that the former support neuroprotective, whereas the latter supports 

neurotoxic microenvironment. CD8+ T cells were shown to be toxic to motor neurons in vitro, 

which was mediated by granzymes, Fas ligand and IFN-(Coque et al., 2019). However, T cell-

deficiency in SOD1 mice did not affect the survival. Additionally, pro-inflammatory cytokines and 

chemokines (such as TNF, IFN-, IL-6, CCL2, and IL-8) in the blood and cerebrospinal fluid 

correlated with more rapid disease progression, whereas anti-inflammatory cytokines (such as IL-

4 and IL-10) ameliorated disease symptoms (Béland et al., 2020). In conclusion, cytokines released 

from innate and adaptive immune cells directly affect each other, having an impact on microglial 

polarization and the disease course. 

 

1.4.4. NF-B signaling pathway 

NF-B signaling pathway is a major signaling pathway with an important role in immune 

signaling, cell survival and proliferation (T. Liu et al., 2017; Q. Guo et al., 2024). It can be activated 

canonically and non-canonically. Canonical activation is achieved upon stimulation of different 

PRRs, cytokine receptors, T- and B-cell receptors. It results in translocation of the NF-B (p65:p50 

heterodimer) from cytoplasm to the nucleus, where it starts transcription of various pro-

inflammatory genes. Non-canonical pathway is activated upon stimulation of receptors such as 

CD40, RANK, lymphotoxin- receptor and B-cell activating factor receptor. It results in 

translocation of a different NF-B heterodimer (p100:RelB) and acts on cell proliferation and 

differentiation (T. Liu et al., 2017; Q. Guo et al., 2024). In this study, we will focus on canonical 

signaling, which will be further described in detail. 

PRR signaling is crucial for detection and resolution of bacterial and viral infection. The most 

well-known PRRs are Toll-like receptors (TLRs), which recognize different parts of bacteria and 

viruses (D. Li & Wu, 2021). One example is TLR4, which senses LPS, a component of Gram-
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negative bacterial cell wall. When it binds to TLR4, TIR-domain-containing adapter-inducing IFN-

β (TRIF) and TRIF-related adapter molecule (TRAM) are recruited to the cytoplasmic domain of 

TLR4 (Fitzgerald et al., 2003). Then, ubiquitin ligases tumor necrosis factor receptor-associated 

factor 6 (TRAF6) and linear ubiquitin chain assembly complex (LUBAC) catalyze formation of 

K63 and M1 polyubiquitin chains on RIPK1, respectively (L. Deng et al., 2000; Tokunaga et al., 

2009). Polyubiquitinated RIPK1 serves as an anchor for binding the inhibitor of B (IB) kinase 

(IKK) complex and TGF- activated kinase 1 (TAK1) (Poyet et al., 2000; C. Wang et al., 2001). 

IKK complex is formed from three subunits: the kinases IKK- and IKK-, and regulatory unit 

IKK-, also known as NEMO. NEMO recognizes K63 and M1 polyubiquitinated RIPK1 and 

therefore mediates binding of IKK complex to the latter (Ea et al., 2006; Wu et al., 2006; Rahighi 

et al., 2009). Then, IKK complex phosphorylates IB-, which at the steady state keeps the 

p65:p50 dimer in the cytoplasm thus restricting its activity as a transcription factor (Zandi et al., 

1997). Phosphorylated IB- undergoes K48 polyubiquitination and proteasomal degradation 

(Chen et al., 1996). This frees the p65:p50 dimer, which also gets phosphorylated on the p65 

subunit by the IKK complex, enabling its translocation to the nucleus, where it regulates the 

transcription of various pro-inflammatory molecules such as TNF, IL-1 and IL-6 (Fig. 7). 

Importantly, NF-B activation is tightly controlled. IB- is resynthesized after degradation to 

promote NF-B signaling inhibition, and IB- expression is directly regulated by p65 (Sun et al., 

1993; Arenzana-Seisdedos et al., 1997). Additionally, deubiquitinases CYLD and A20 play an 

important role in inhibition of the NF-B pathway. A20 cleaves K63 polyubiquitin chains from 

RIPK1 through its N-terminus, whereas its C-terminus performs K48 polyubiquitination of 

RIPK1, leading to RIPK1 degradation via the proteasome (Wertz et al., 2004). CYLD hydrolyses 

K63-linked polyubiquitin chains on RIPK1 (Kovalenko et al., 2003). Therefore, this prevents 

excessive NF-B signaling activation, which would have detrimental effects on the cells and the 

whole organism.  
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Figure 7. NF-B signaling upon TLR4 stimulation with LPS. TLR4 stimulation by LPS leads 

to the recruitment of ubiquitin ligases TRAF6 and LUBAC, which mediate M1 and K63 

polyubiquitination of RIPK1, respectively. Then, IKK (comprising NEMO, IKK and IKK) and 

TAK1 complexes bind to polyubiquitinated RIPK1, whereby TAK1 activates the IKK complex. 

Kinase subunits of the IKK complex (IKK and IKK) phosphorylate IB-, which is bound to 

the p65:p50 (NF-B) dimer and is further K48 polyubiquitinated and degraded via the proteasome. 

Free p65:p50 dimer is phosphorylated by the IKK complex and as such translocates to the nucleus, 

where it regulates the transcription of pro-inflammatory cytokines such as TNF, IL-1 and IL-6. 

Modified from: Markovinovic et al., 2017. 

 

1.4.4.1. The role of optineurin in the NF-B signaling pathway 

Optineurin was shown to share a high homology with NEMO and their UBRs show the same 

specificity for ubiquitin chains on RIPK1 (Schwamborn et al., 2000; Zhu et al., 2007; Wagner et 
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al., 2008; Laplantine et al., 2009). Zhu et al. have shown that optineurin competes with NEMO for 

polyubiquitinated RIPK1, thus acting as a negative regulator of the NF-B pathway (Zhu et al., 

2007). Another proposed mechanism was that optineurin recruits CYLD deubiquitinase, which 

hydrolyses K63-linked polyubiquitin chains from RIPK1. However, the lack of the ubiquitin 

binding capacity (D477N mutation) of optineurin showed stronger phenotype compared to loss of 

CYLD binding (H486R mutation) (Nagabhushana et al., 2011). Therefore, the proposed function 

of optineurin in NF-B signaling inhibition is dual: 1) competition with NEMO for 

polyubiquitinated RIPK1 and 2) CYLD recruitment. Notably, most of these studies used 

overexpression systems, which may have resulted in artefacts. In addition, they used cell lines 

(HEK293T and HeLa) or primary cells that were not of the CNS origin (mouse embryonic 

fibroblasts). To test these mechanisms in primary cells, mouse models lacking optineurin in the 

whole body (Optn-/- or optineurin knockout) or with defective UBR (OptnD477N and Optn470T) were 

generated. However, only one in vivo study showed that optineurin suppresses the NF-B pathway, 

but these results were not as clear-cut as the overexpression findings. Notably, Obaid et al. have 

shown that optineurin acted as a negative regulator of the NF-B signaling only at the late time 

points (peaking on the third day of stimulation), but was dispensable in early time points during 

RANKL-mediated differentiation of bone marrow-derived macrophages (BMDMs) to osteoclasts 

(Obaid et al., 2015). Additionally, Ito et al. showed increased basal TNF secretion from primary 

microglia derived from Optn-/- mice. However, the NF-B signaling activation was not assessed 

and the slightly increased spinal cord TNF protein level (~15%) was attributed to excessive 

RIPK1-mediated necroptosis, a type of inflammatory TNF-mediated cell death (Y. Ito et al., 2016). 

In conclusion, some of the reported studies suggested the role of optineurin as the negative 

regulator of the NF-B signaling and TNF production. 

In contrast, multiple studies in various primary mouse cells have shown no effect of optineurin 

deficiency or insufficiency on the NF-B signaling. Specifically, optineurin was dispensable for 

the NF-B signaling in primary mouse embryonic fibroblasts (MEFs) and BMDMs derived from 

Optn-/- mice. In addition, upon intraperitoneal stimulation of WT and Optn-/- mice with 

recombinant TNF, comparable NF-B activation markers were found in the liver (Slowicka et al., 

2016a). Gleason et al. generated BMDMs from OptnD477N mice, which carry a point mutation in 

the UBR. Even though they have shown abrogated binding of ubiquitin, NF-B activation was 
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similar to WT cells (Gleason et al., 2011). Primary cells (BMDMs, bone marrow-derived dendritic 

cells or BMDCs, B cells, T cells and primary microglia) derived from the Optn470T mouse model 

of optineurin insufficiency, which lacks the whole UBR (described in 1.2.3.), showed normal NF-

B signaling compared to WT cells (Munitic et al., 2013; Markovinovic et al., 2018). Additionally, 

we have performed CRISPR/Cas9-mediated optineurin knockout in Neuro2A (neuronal cell line) 

and BV2 (microglial cell line) cells, and confirmed the results found in primary cells (Rob, 2018). 

Therefore, results from overexpression and physiological systems differ, which makes the role of 

optineurin in the NF-B pathway still debatable (summarized in table 2). 

 

Figure 8. The proposed role of optineurin in the NF-B signaling pathway. It was shown that 

optineurin acts as a negative regulator of the NF-B signaling by two mechanisms: 1) it competes 

with NEMO for polyubiquitinated RIPK1 (Zhu et al., 2007); 2) it recruits CYLD, which hydrolyses 

K63-linked polyubiquitin chains on RIPK1 (Nagabhushana et al., 2011). 

 

Table 2. Summary of findings regarding the role of optineurin in the NF-B signaling. The 

chronological order of findings, which have (YES) and have not (NO) corroborated the hypothesis 

that optineurin is a negative regulator of the NF-B signaling pathway. Abbreviations: HEK 

(human embryonic kidney), HeLa (Henrietta Lacks cervical cancer cells), NSC-34 (mouse motor 

neuron-like cell line), RGC-5 (mouse retinal ganglion cell line), BMDM (bone marrow-derived 

macrophages), RPE (human retinal pigment epithelium), BMDC (bone marrow-derived dendritic 

cells), Neuro2A (mouse neuronal cell line), BV2 (mouse microglial cell line). 

Optineurin is a negative regulator of the NF-B signaling pathway 

Cell type YES Reference 
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HEK293T 
Optineurin overexpression (D474N) and silencing 

(miRNA) 
(Zhu et al., 2007) 

HeLa 
Optineurin overexpression (D474N) and silencing 

(shRNA) 

(Sudhakar et al., 

2009) 

NSC-34 Optineurin overexpression (E478G, Q398X) 
(Maruyama et al., 

2010) 

HeLa, RGC-5 
Optineurin overexpression (D474N, H486R) and 

silencing (shRNA) 

(Nagabhushana et 

al., 2011) 

Neuro2A 
Optineurin overexpression (Q398X) and silencing 

(shRNA) 

(Akizuki et al., 

2013) 

HEK293 Optineurin overexpression (D474N, 467T) 
(Munitic et al., 

2013) 

BMDM-derived 

osteoclasts 

OptnD474N osteoclasts upon RANKL-mediated 

differentiation 
(Obaid et al., 2015) 

Primary neonatal 

microglia 

Increased TNF secretion from unstimulated Optn-/- 

cells, without analysis of the NF-B signaling 
(Y. Ito et al., 2016) 

HEK293T 

 

HeLa 

Optineurin overexpression (Q165X, Q398X, 

D474N, E478G and other mutants) 

Optineurin silencing (siRNA) 

(Nakazawa et al., 

2016) 

Primary MEFs 

 

Brain 

Optineurin overexpression (Q165X, Q398X, 

D474N, E478G and other mutants) 

Optineurin overexpression (E478G) 

(Z. Liu et al., 2018) 

RPE Optineurin overexpression (E478G) 
(O’Loughlin et al., 

2020) 

Primary MEFs Derived from Optn-/- mice 
(Fukushi et al., 

2023) 

 NO  

BMDMs Derived from OptnD477N mice 
(Gleason et al., 

2011) 
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BMDMs, 

BMDCs, B and T 

cells 

Derived from Optn470T mice 
(Munitic et al., 

2013) 

HEK293T 

HeLa 

Primary MEFs 

BMDMs 

Optineurin silencing (siRNA) 

CRISPR/Cas9-mediated optineurin knockout 

Derived from Optn470T mice 

Derived from Optn470T mice 

(Pourcelot et al., 

2016) 

Primary MEFs, 

BMDMs 
Derived from Optn-/- mice 

(Slowicka et al., 

2016a) 

Neuro2A, BV2 CRISPR/Cas9-mediated optineurin knockout (Rob, 2018) 

Primary neonatal 

microglia 
Derived from Optn470T mice 

(Markovinovic et 

al., 2018) 

 

1.4.4.2. NF-B signaling in ALS 

NF-B activity in ALS tissues was confirmed to be increased compared to healthy controls, 

measured by increased protein levels of either phosphorylated or non-phosphorylated p65 (Swarup 

et al., 2011b; Sako et al., 2012; Nakazawa et al., 2016). Since microglia and astrocytes are the 

main sources of cytokines and chemokines, they represent interesting targets for manipulation of 

the NF-B signaling in ALS animal models. Frakes et al. inhibited NF-B signaling specifically 

in microglia in SOD1G93A mouse model and have shown rescue of motor neuron death, extended 

survival, decreased microgliosis and astrocytosis, without an effect on disease onset (Frakes et al., 

2014). In another ALS mouse model, overexpressing WT TDP-43 resulted in increased NF-B 

activation, and its inhibition ameliorated neurotoxicity, microgliosis and astrocytosis (Swarup et 

al., 2011b). This group reported that TDP-43 acted as a co-activator of p65 by stabilizing its 

localization in the nucleus, thus prolonging its effect on expression of pro-inflammatory cytokines. 

In addition, constitutively active NF-B only in microglia of WT mice resulted in ALS-like 

pathology, characterized by microgliosis, astrocytosis, motor neuron loss and motor impairments 

(Frakes et al., 2014). On the contrary, inhibition of NF-B signaling specifically in astrocytes 

affected neither motor neuron death nor the disease course (Crosio et al., 2011; Frakes et al., 2014). 
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To conclude, microglia-specific NF-B regulation is essential for regulation of neuroinflammation 

and neurodegeneration. 

 

1.4.5. TBK1 signaling 

TBK1 signaling pathway is the major pathway for the production of IFN-, one of the key antiviral 

cytokines (Ahmad et al., 2016). It is activated upon stimulation of different PRRs, including TLR4 

(Fitzgerald et al., 2003). Upon TLR4 stimulation with LPS, TRIF and TRAM are recruited to the 

cytoplasmic domain of TLR4, which serve for further recruitment of K63 ubiquitin ligase TRAF3 

(Fitzgerald et al., 2003; Häcker et al., 2006). TRAF3 polyubiquitinates TBK1 (Lin et al., 2023), 

leading to its autophosphorylation and activation (Clark et al., 2011; Ma et al., 2012). Active TBK1 

phosphorylates interferon regulatory factor 3 (IRF3), which dimerizes, translocates into the 

nucleus and regulates the transcription of IFN-(Sharma et al., 2003). The signaling pathway is 

illustrated in Figure 9. 

 

Figure 9 TBK1 signaling pathway. Stimulation of TLR4 by LPS leads to recruitment of TRAM, 

TRIF and ubiquitin ligase TRAF3. TRAF3 ligates K63 ubiquitin chains to TBK1, enabling its 
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activation by autophosphorylation. Such activated form of TBK1 further phosphorylates IRF3, 

which dimerizes and translocates into the nucleus, where it regulates transcription of IFN-. 

Modified from: Chau et al., 2008. 

 

1.4.5.1. The role of optineurin in the TBK1 signaling 

Optineurin was proposed to take part in the TBK1 signaling (Markovinovic et al., 2018; Prtenjaca, 

2020). Optineurin binding of TBK1 is bivalent. TBK1 is recognized and bound by N-terminal 

TBK1-binding region and C-terminal UBR of optineurin (Gleason et al., 2011; F. Li et al., 2016; 

Meena et al., 2016). Additionally, K63-polyubiquitin chains on activated TBK1 are recognized by 

the UBR of optineurin. Gleason et al. have shown that deficient binding of ubiquitin via UBR in 

OptnD477N BMDMs decreased TBK1 activation, but did not affect TBK1 binding. However, it was 

sufficient to decrease IFN- production upon LPS stimulation (Gleason et al., 2011). A study done 

by Munitic et al. has confirmed the importance of the UBR in TBK1 activation. BMDMs derived 

from UBR-deficient mice (Optn470T) have shown decreased TBK1 signaling in various primary 

cells, even though the absence of UBR had the opposite effects in cell lines upon overexpression 

(Munitic et al., 2013). These results were further confirmed in various other primary cells and cell 

lines upon inflammatory stimulation with RANKL, LPS, poly (I:C) and Sendai virus (Obaid et al., 

2015; Pourcelot et al., 2016; Markovinovic et al., 2018). HEK263T cells overexpressing Optn157, 

which lacks the TBK1-binding domain, have shown absence of TBK1 binding (Meena et al., 

2016). This was further confirmed by decreased TBK1 signaling and IFN- production upon LPS 

stimulation of BMDMs generated from Optn157 mice. The lack of whole protein (optineurin 

knockout mouse and cellular models) confirmed the role of optineurin as a positive regulator of 

the TBK1 signaling (Slowicka, Vereecke, Mc Guire, et al., 2016; Rob, 2018), which is illustrated 

in Figure 10. 

Nevertheless, as observed for the NF-B signaling (see section 1.3.3.1.), the role of optineurin in 

TBK1 signaling is also controversial. Overexpression studies have shown that optineurin 

negatively regulated TBK1 signaling (Munitic et al., 2013; O’Loughlin et al., 2020). Additionally, 

primary Optn-/- MEFs, J774.1 and BV2 cell lines with silenced optineurin and patient-derived 

fibroblasts with E478G mutation and Q398X truncation showed that optineurin suppressed TBK1 
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signaling upon viral infection (Fukushi et al., 2023). However, the detailed analysis as performed 

in primary cells is still missing. A brief overview of findings related to the role of optineurin in the 

TBK1 signaling is summarized in Table 3. 

 

 

Figure 10. The proposed role of optineurin in the TBK1 signaling pathway. It was shown that 

optineurin acts as a positive regulator of the TBK1 signaling by stabilizing its autophosphorylation, 

downstream signaling and subsequent IFN- production. This is achieved by binding of TBK1 and 

its K63-linked polyubiquitin chain by optineurin (Gleason et al., 2011; Meena et al., 2016; 

Pourcelot et al., 2016). As mentioned before, the TBK1 binding by optineurin is bivalent. More 

precisely, N-terminal TBK1-binding region binds TBK1, whereas C-terminal UBR binds K63-

polyubiquitin chains, which are added upon activation of signaling. The latter is required for 

optimal TBK1 kinase activity. 

 

Table 3. Summary of findings regarding the role of optineurin in the TBK1 signaling. The 

chronological order of findings, which have (YES) and have not (NO) corroborated the hypothesis 

that optineurin is a positive regulator of the TBK1 signaling pathway. Abbreviations: HEK (human 

embryonic kidney), HeLa (Henrietta Lacks; cervical cancer cells), BMDM (bone marrow-derived 

macrophages), RPE (human retinal pigment epithelium), BMDC (bone marrow-derived dendritic 

cells), BV2 (mouse microglial cell line), J774.1 (mouse macrophage cell line). 

Optineurin is a positive regulator of the TBK1 signaling pathway 

Cell type YES Reference 

BMDMs Derived from OptnD477N mice 
(Gleason et al., 

2011) 

BMDMs, 

BMDCs 
Derived from Optn470T mice 

(Munitic et al., 

2013) 
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BMDM-derived 

osteoclasts 

OptnD474N osteoclasts upon RANKL-mediated 

differentiation  
(Obaid et al., 2015) 

BMDMs Derived from Optn157 mice 
(Meena et al., 

2016) 

HEK293T 

HeLa 

Primary MEFs 

BMDMs 

Optineurin silencing (siRNA) 

CRISPR/Cas9-mediated optineurin knockout 

Derived from Optn470T mice 

Derived from Optn470T mice 

(Pourcelot et al., 

2016) 

BMDMs Derived from Optn-/- mice 
(Slowicka et al., 

2016a) 

BV2 CRISPR/Cas9-mediated optineurin knockout (Rob, 2018) 

 NO  

HEK293 Optineurin overexpression (D474N, 467T) 
(Munitic et al., 

2013) 

RPE Optineurin overexpression (E478G) 
(O’Loughlin et al., 

2020) 

Primary MEFs 

J774.1 and BV2 

Fibroblasts 

Derived from Optn-/- mice 

Optineurin silencing (shRNA) 

Derived from ALS patients (E478G, Q398X) 

(Fukushi et al., 

2023) 

 

1.4.5.2. TBK1 signaling in ALS 

Impaired signaling was described for TBK1 loss-of-function mutations found in ALS- and FTD 

patients (Freischmidt et al., 2015; De Majo et al., 2018; Brenner et al., 2024). Specifically, in in 

vitro systems and in the in vivo mouse model of TBK1 haploinsufficiency (Tbk1+/-), it was shown 

that those mutations led to decreased IRF3 phosphorylation and optineurin binding. Diminished 

TBK1 signaling reduces production of IFN-, which may play an important role in ALS 

pathogenesis. Interestingly though, Brenner et al. have shown that TBK1 haploinsufficiency in 

SOD1G93A mice had detrimental effect in the early and beneficial effect in the late stage of the 

disease, where the latter was associated with decreased microgliosis (Brenner et al., 2019). This 

means that IFN- may be neurotoxic and neuroprotective, depending on the disease stage.  
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1.5. TAR DNA-binding protein 43 (TDP-43) 

TDP-43 was discovered as a protein that binds to trans-activation response element of human 

immunodeficiency virus-1 (HIV-1), which acts as a transcription repressor (Ou et al., 1995). TDP-

43, encoded by TARDBP gene, is ubiquitously expressed protein of 414 amino acids (Fig. 11). Its 

RNA recognition motifs (RRM1 and 2) enable the binding of RNA molecules, by which TDP-43 

regulates various aspects of nucleic acid metabolism (Prasad et al., 2019; Jo et al., 2020). TDP-43 

is mainly located in the nucleus, with a small proportion in the cytoplasm, which is controlled by 

the nuclear localization signals (Prasad et al., 2019; Jo et al., 2020). Its expression is tightly 

regulated via the negative feedback regulation of its own expression (Ayala et al., 2011). Mutations 

in TDP-43, such as A315T, G348C and Q331K, were found in a small percentage of ALS and FTD 

patients, (Prasad et al., 2019; Jo et al., 2020). These mutations are concentrated in the glutamine-, 

asparagine- and glycine-rich region (also known as prion-like region), located in the C-terminus 

(Prasad et al., 2019; Jo et al., 2020). This region dictates the solubility and stability of the protein, 

so mutations in this region often lead to an increased propensity for TDP-43 aggregation. In 

addition, toxic C-terminal fragments, which are the result of proteolytic cleavage of a full-length 

protein, were found in neurons of ALS and FTD patients (Neumann et al., 2006). Importantly, 

despite the low frequency of TARDBP mutation carriers in patients, cytoplasmic inclusions of WT 

TDP-43 were found in 97% and 45% of ALS and FTD patients, respectively (Ling et al., 2013). 

These inclusions were found to be hyperphosphorylated and ubiquitinated and were found in 

neuronal and glial cells (Arai et al., 2006; Neumann et al., 2006; Inukai et al., 2008). The exact 

cause of TDP-43 cytoplasmic aggregation in ALS/FTD patients is still unknown. However, Correia 

et al. have shown that LPS stimulation in vitro and in vivo led to TDP-43 aggregation and nuclear 

loss, respectively (Correia et al., 2015), suggesting that inflammation may precede TDP-43 

aggregation. 

 

Figure 11. TDP-43 protein domains. Protein domains of TDP-43 are marked as nuclear 

localization signal (NLS; 82-98 aa), RNA recognition motif 1 (RRM1; 104-176 aa), RRM2 (192-
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262 aa), nuclear export signal (239-250 aa), glycine-rich domain (274-414 aa) and 

glutamine/asparagine-rich region (Q/N; 345-366 aa). G348C mutation found in ALS patients is 

depicted. Based on it, a TDP-43G348C mouse model was generated, which will be used in our 

studies. Modified from: Prasad et al., 2019. 

 

1.5.1. TDP-43G348C mouse model 

To investigate the role of TDP-43 in the pathogenesis of ALS/FTD, various transgenic mouse 

models were generated. The most used ones include those with overexpression of TDP-43WT, TDP-

43A315T, TDP-43G348C and TDP-43Q331K. In this study, we will utilize TDP-43G348C mouse model, 

which overexpresses G348C mutation, found in sporadic and familial ALS patients. This mouse 

model has shown age-related ALS and FTD symptoms. At 10 months of age, it showed TDP-43 

cytoplasmic aggregation and neuroinflammation in the brain and the spinal cord. Also, these mice 

developed cognitive and motor deficits with onset from 7-8 and 10 months of age, respectively 

(Swarup et al., 2011). Therefore, this mouse model represents a valuable ALS/FTD mouse model 

since it develops major hallmarks of ALS/FTD, TDP-43 aggregation and neuroinflammation, 

which are age-dependent. Here we utilized this mouse model to investigate the role of optineurin 

in ALS by crossing Optn470T mice to TDP-43G348C mice. 
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2. Thesis aims and hypotheses 

Optineurin is a multifunctional adaptor protein involved in the regulation of inflammatory 

signaling via NF-B and TBK1 pathways. OPTN mutations found in ALS patients were reported 

to lead to dysregulation of inflammatory signaling in multiple in vitro model systems (Zhu et al., 

2007; Maruyama et al., 2010; Nagabhushana et al., 2011). Since inflammation was also found to 

be affected by aging, the major risk factor for neurodegenerative diseases, the aging process was 

predicted to represent a sufficient second hit for developing neurodegeneration in the presence of 

optineurin mutation. To study this, several groups generated optineurin mouse models and 

examined them for signs of neuropathology (Y. Ito et al., 2016; Dermentzaki et al., 2019; 

Kurashige et al., 2021; Slowicka et al., 2016b). However, more detailed analyses are necessary to 

understand the role of optineurin mutations in disease pathogenesis. 

We have utilized our original Optn470T mouse model, which mimics Q398X truncation found in 

ALS patients and performed a detailed neurological, neuropathological and neuroimmunological 

analysis to test for the potential development of ALS or FTD during aging. We also crossed the 

Optn470T to TDP-43G348C transgenic mice to analyse the potential aggravation of phenotype in mice 

carrying two ALS/FTD mutations. For the in vitro studies, we have used BMDMs, neonatal 

microglia and T cells from these mice, in which we analyzed immune signaling, phagocytosis and 

polarization. 

The main aims and hypotheses of this research were: 

1) To test if aging will act as a second hit that will trigger neurodegeneration in Optn470T mice. 

We hypothesized that aging would lead to ALS/FTD-like symptom development in 

Optn470T mice. We thus compared motor and cognitive performances, and tested various 

neuropathological signs of neurodegeneration and neuroinflammation, including neuronal 

loss, astrocytosis, microgliosis, lipofuscin accumulation and the presence of TDP-43 

pathology in the motor cortex and the spinal cord of young-adult and aged Optn470T mice. 

 

2) To test the role of optineurin in the process of phagocytosis in inflammatory conditions and 

during aging. It was recently reported that microglia-like cells derived from sporadic ALS 

patients (Quek et al., 2022) and adult primary microglia from SOD1G93A mice (Barreto‐
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Núñez et al., 2024) showed decreased phagocytosis, which may represent a new disease 

hallmark. Therefore, we have compared phagocytosis in primary neonatal microglia, and 

BMDMs derived from young adult and aged mice from WT and Optn470T mice. We 

hypothesized that Optn470T primary cells would have decreased phagocytosis, and that 

aging-induced decline in phagocytosis will be more pronounced in cells derived from 

Optn470T mice compared to WT cells. 

 

3) To analyze T cell polarization in the spleens of Optn470T mice during aging. T cell 

polarization is affected in ALS patients and animal models (Béland et al., 2020; De Marchi 

et al., 2021), and aging is known to affect CD4+ (increased pro-inflammatory TH1 and TH17 

polarization) (Mittelbrunn & Kroemer, 2021) and CD8+ T cells (increased percentage of 

IFN--producing cells) (Pulko et al., 2016). We hypothesized that aged Optn470T mice 

would have increased CD4+ TH1 and TH17 polarization and more IFN--producing CD8+ T 

cells compared to WT mice. 

 

4) To test if ALS/FTD will be exacerbated by crossing Optn470T with TDP-43G348C transgenic 

mice. The latter model was reported to develop ALS- and FTD-like neuropathology, and 

cognitive and motor decline from 6 and 9 months of age, respectively (Swarup et al., 2011). 

By breeding these mice, we generated a new potential double-mutant ALS/FTD mouse 

model Optn470T/TDP-43G348C. We have let these mice age up to 18 months and analyzed 

them for motor and cognitive impairments. We hypothesized that Optn470T/TDP-43G348C 

mice would develop more pronounced motor and cognitive impairments compared to mice 

carrying only one mutation (Optn470T and TDP-43G348C) and WT mice. 

 

5) To analyze NF-B and TBK1 signaling pathways in Optn470T/TDP-43G348C BMDMs. We 

have shown that optineurin was dispensable for NF-B but positively regulated TBK1 

signaling (Markovinovic et al., 2018; Munitic et al., 2013), whereas TDP-43 stabilizes NF-

B activation (Swarup et al., 2011) without a known role in the TBK1 signaling. We 

hypothesized that Optn470T/TDP-43G348C BMDMs will have more pronounced NF-B but 

decreased TBK1 signaling upon LPS stimulation. 
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6) To test if inflammation will differentially affect aged Optn470T/TDP-43G348C, single mutant 

Optn470T and TDP-43G348C, and control mice. To this end, we intraperitoneally 

administered mice with LPS for three consecutive days. Long-term stimulation was applied 

because it was reported that chronic LPS stimulation of TDP-43A315T mice resulted in 

nuclear loss of TDP-43 (Correia et al., 2015). We measured the sickness behavior signs, 

cytokines in the CNS and serum, and analyzed innate immune cell composition and 

activation in the spleen. We hypothesized that repetitive LPS administration would lead to 

the breakdown of immune regulation, which would be more pronounced in Optn470T/TDP-

43G348C mice. We expected that these mice would have dysbalanced cytokine profiles and 

altered splenic immune cell composition and activation compared to their single mutant 

counterparts and WT mice. 
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3. Materials and methods 

3.1. Materials 

3.1.1. Reagents for mouse genotyping 

DNA lysing buffer: 10 mM Tris (#4855.3, Carl Roth), 150 mM NaCl (#31434-1KG, Honeywell 

Fluka), 10 mM EDTA (#A3145,0500, AppliChem), 0.2% sodium dodecyl sulphate (SDS; #0183.2, 

Carl Roth). 

2X EmeraldAmpGT PCR Master Mix (#RR310A, Takara Bio) contains optimized buffer, DNA 

polymerase, dNTP mixture, green gel loading dye, and a density reagent (all at 2X concentration). 

50X TAE: 2 M Tris, 1 mM EDTA, 20 mM CH3COOH (#64-19-7, Alkaloid); diluted 1:50 in dH2O. 

 

3.1.2. Reagents for mouse perfusion and fixation 

10X Phosphate-buffered saline (PBS): 1.37 M NaCl, 27 mM KCl (#7447-40-7, T.T.T. d.o.o.), 96 

mM Na2HPO4 × 7 H2O (#S9390, Honeywell Fluka or #X987.2, Carl Roth), 15 mM KH2PO4 

(#3904.2, Carl Roth); diluted 1:10 in dH2O and the pH was adjusted to 7.4. 

1X PBS (137 mM NaCl, 2.7 mM KCl, 9.6 mM Na2HPO4 × 7 H2O, 1.5 mM KH2PO4), pH = 7.4. 

Fixation buffer: 4% paraformaldehyde (PFA; #0335.3, Carl Roth) in 1X PBS, pH = 7.5. 

 

3.1.3. Reagents for immunofluorescence on tissue sections (IF) 

Tissue storage solution: 30% sucrose (#4621.1, Carl Roth) in 1X PBS. 

Phosphate buffer: 244 mM NaH2PO4 (#P143790, Gram-mol), 200 mM NaOH (#P147090, Gram-

mol). 

Cryoprotectant solution: 30% glycerol (#P121003, Gram-mol), 30% ethylene glycol (#P116701, 

Gram-mol), 24.4 mM phosphate buffer; pH was adjusted to 7.4. 

Permeabilization/blocking (Perm/Block) buffer: 10% horse serum (#P30-0702, Pan Biotech) in 

0.25% Triton X-100 (#9002-93-1, Fisher Scientific)/1X PBS + 0.05% NaN3 (#K305.1, Carl Roth). 
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Antibody probing solution: 1% horse serum in 0.25% Triton X-100/1X PBS. 

1X true black: dilute 20X TrueBlack stock solution (#23007, Biotium) in 70% ethanol in 1:20 

ratio. 

Wash buffer: 1X PBS. 

Other materials used: Vectashield Plus Antifade Mounting Medium (#VE-H-1900, Vector 

Laboratories), ImmEdge Hydrophobic Barrier PAP Pen (#H-4000, Vector Laboratories), 

VitroGnost Plus Ultra adhesive slides (#103001A72, BioGnost), Tissue-Tek O.C.T. Compound 

Medium (#4583-1, Sakura Finetek). 

 

3.1.4. Reagents for cell culture 

3.1.4.1. Primary neonatal microglia 

Complete DMEM: Dulbecco’s Modified Eagle Medium (DMEM; #P04-04510, Pan Biotech) 

supplemented with 10% fetal bovine serum (FBS; #P30-3306, Pan Biotech or #FBS-11A, 

Capricorn Scientific) that was heat-inactivated (1 h at 60 °C), 1X Antibiotic/Antimycotic Solution 

(#AAS-B, Capricorn Scientific; 100 000 U/mL penicillin, 10 mg/mL streptomycin and 25 μg/mL 

amphotericin B) and 2 mM L-glutamine (#GLN-B, Capricorn Scientific). 

Trypsin solution: 0.25% trypsin (#15090-46, Invitrogen) in 1X Hanks’ Balanced Salt Solution 

without Ca2+ and Mg2+ (HBSS-/-). 

DNase I solution (≥ 400 Kunitz units/mg protein; #DN25-100MG, Sigma Aldrich) was prepared 

at 5 mg/mL stock in sterile 0.9% NaCl and was used at final concentration of 0.625 mg/mL. 

Poly-L-Lysine (mol wt 70,000-150,000; #P1274 Sigma Aldrich) was prepared at stock 

concentration of 10 mg/mL in sterile dH2O and was further diluted to 100 g/mL for coating. 

 

3.1.4.2. Bone marrow-derived macrophages (BMDMs) 

Complete RPMI: RPMI 1640 (#RPMI-A, Capricorn Scientific) supplemented with 10% fetal 

bovine serum that was heat-inactivated (1 h at 60 °C), 1X Antibiotic/Antimycotic Solution, 2 mM 

L-glutamine and 10 mM HEPES (#HEP-B, Capricorn Scientific). 
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Complete BMDM medium: 30% L929 medium in complete RPMI. 

L929 medium: as mentioned in section 3.1.4.1. with addition of 10 mM HEPES. 

 

3.1.4.3. T-cell restimulation medium 

Complete RPMI supplemented with 50 M β-mercaptoethanol (β-ME; #M3148-100ML, Sigma 

Aldrich), 50 ng/mL phorbol myristate acetate (PMA; #P1585, Sigma Aldrich), 500 ng/mL 

ionomycin (Iono; #I0634, Sigma Aldrich), and BD Golgi Stop (#554724, BD; 1:1500). 

 

3.1.4.4. Neuro2A (N2A) cell line 

Complete MEM: Eagle’s Minimum Essential Medium (EMEM; #P04-09500, Pan Biotech) 

supplemented with 10% fetal bovine serum that was heat-inactivated (1 h at 60 °C), 1X 

Antibiotic/Antimycotic Solution, 2 mM L-glutamine, 10 mM, 1 mM sodium pyruvate (#P04-

43100, Pan Biotech) and 1X non-essential amino acid solution (#P08-32100, Pan Biotech). 

 

3.1.4.5. Agonists, inhibitors and dyes 

Lipopolysaccharide (LPS) from E. coli O55:B5 (#L2880, Sigma Aldrich) was dissolved in sterile 

1X PBS (#PBS-1A, Capricorn Scientific) at stock concentration of 5 mg/mL; used for in vivo 

studies. 

LPS from E. coli O111:B4 (#L4391, Sigma Aldrich) was dissolved in sterile milliQ-H2O at stock 

concentration of 1 mg/mL; used for in vitro studies. 

Tumor necrosis factor (TNF; #12343014, ImmunoTools) was dissolved in sterile milliQ-H2O at 

stock concentration of 100 g/mL. 

Staurosporine (STS; #sc-3510, Santa Cruz) was dissolved in DMSO at stock concentration of 10 

mM. 

Cytochalasin D (Cyto D; #C8273, Sigma Aldrich) was dissolved in DMSO at stock concentration 

of 1 mM. 
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Carboxyfluorescein succinimidyl ester (CFSE; #65-0850-85, eBioscience) was dissolved in 

DMSO at stock concentration of 10 mM. 

PKH26 Red Fluorescent Cell Linker Kit for General Cell Membrane Labeling (#PKH26GL-1KT, 

Sigma Aldrich). 

CellTrace™ Far Red (#C34564, Invitrogen). 

 

3.1.5. Reagents for protein isolation and SDS-polyacrylamide gel electrophoresis (SDS-

PAGE) and western blot (WB) 

Radioimmunoprecipitation assay (RIPA) buffer for cell lysis: 50 mM Tris, 150 mM NaCl, 0.5% 

sodium deoxycholate (#D6750-10G, Sigma Aldrich), 1% Triton X-100; pH was adjusted to 8.0. 

RIPA buffer for protein isolation from tissues: 50 mM Tris, 150 mM NaCl, 1 mM EDTA, 0.5% 

sodium deoxycholate, 1% NP-40 (#85124, Thermo Scientific), 0.1% SDS; pH was adjusted to 8.0. 

10 mL of RIPA buffer was supplemented with 1 tablet of protease inhibitor cocktail (cOmplete ™, 

EDTA-free Protease Inhibitor Cocktail; #11873580001, Roche) and 1 tablet of phosphatase 

inhibitor cocktail (PhosSTOP™; #04906837001, Roche). 

4X Laemmli buffer: 217 mM Tris pH = 6.8, 35% glycerol, 9% SDS, bromophenol blue (#T116.1, 

Carl Roth); 8% β-ME was added freshly before use. 

Stacking gel: 125 mM Tris-HCl pH = 6.8, 5% acrylamide (#3030.1, Carl Roth), 0.1% SDS, 0.1% 

ammonium peroxydisulphate (APS; #9592.2, Carl Roth), 0.1% N,N,N’,N’-

tetramethylenthylenediamine (TEMED; #2367.3, Carl Roth). 

Separating gel: 375 mM Tris-HCl pH = 8.8, 10% or 8-16% (gradient) acrylamide, 0.1% SDS, 0.1% 

APS, 0.1% TEMED. 

10X SDS-running buffer: 250 mM Tris, 2 M glycine (#3908.4, Carl Roth), 1% SDS; diluted 1:10 

in dH2O. 

1X Transfer buffer: 25 mM Tris, 153 mM glycine, 20% methanol (#20847.295, VWR). 
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10X Tris-buffered saline (TBS): 248 mM Tris, 1.4 M NaCl, 27 mM KCl, pH was adjusted to 7.4; 

diluted 1:10 in dH2O. 

0.1% TBS-Tween-20 (TBS-T): 0.1% Tween-20 (#9055-64-5, J.T. Baker) in 1X TBS. 

Blocking buffer: 3% bovine serum albumin (BSA; #3854.3, Carl Roth) or 5% milk (#A0830,0500, 

AppliChem) in 0.1% TBS-T. 

Primary antibody probing solution: blocking buffer + 0.05% NaN3. 

Secondary antibody probing solution: blocking buffer. 

Other materials used: PageRuler™ Prestained Protein Ladder (10 to 180 kDa; #26616, Thermo 

Scientific), nitrocellulose membrane (0.2 mm pore size; #10600001, Cytiva), Lumi-Light Western 

Blotting Substrate (#12015200001, Roche), Supersignal West Femto Maximum Sensitivity 

Substrate (#34095, Thermo Scientific). 

 

3.1.6. Reagents for Enzyme-linked immunosorbent assay (ELISA) 

Wash buffer: 0.05% Tween-20 in 1X PBS. 

3,3′,5,5′-Tetrametilbenzidine (TMB; #ES001-100ML, Merck Millipore). 

STOP solution: 8.5% H3PO4 (#30417-1L-M, Sigma Aldrich). 

 

3.1.6.1. IFN- 

Coating buffer: 50 mM carbonate buffer (45 mM NaHCO3; #S5761-500G, Sigma Aldrich, 4.5 mM 

Na2CO3; #497-19-8, Merck Millipore), pH = 9.0  

Blocking buffer: 1% BSA in 1X PBS. 

 

3.1.6.2. IL-10 and TNF 

Mouse IL-10 DuoSet ELISA kit (#DY417-05, R&D Systems) and Mouse TNF alpha Uncoated 

ELISA Kit (#88-7324-88, Invitrogen). 
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Coating buffer: 1X PBS. 

 

3.1.7. Reagents for flow cytometry 

For flow cytometry we used FACS flow buffer (2% FBS, 0.05% NaN3 in 1X PBS), ammonium-

chloride-potassium (ACK) lysing buffer (#A1049201, Gibco), UltraComp eBeads™ 

Compensation Beads (#01-2222-42, Invitrogen), Perm/Wash Buffer (#554723, BD Pharmingen), 

Fixable Viability Dye eFluor450 (#65-0863-14, eBioscience; used 1:20 000 in  

1X PBS). 
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3.1.8. Antibodies 

3.1.8.1. Primary antibodies for western blot and immunofluorescence 

Table 4. List of primary antibodies used in western blot (WB) and immunofluorescence (IF). 

Antigen Host Catalog number Manufacturer Dilution 

-actin-HRP mouse A3854 Sigma Aldrich WB 1:25 000 

ChAT goat AB144P Sigma Aldrich IF 1:100 

GAPDH rabbit 5174S Cell Signaling WB 1:10 000 (tissues) 

GFAP goat ab53554 Abcam 
WB 1:1000 

IF 1:200 

Iba1 rabbit 019-19741 Wako 
WB 1:1000* 

IF 1:1000 

IB- rabbit sc-371 Santa Cruz WB 1:1000* 

NeuN mouse MAB377 Merck Millipore IF 1:200 

Optineurin 

(N-terminal) 
mouse sc-166576 Santa Cruz WB 1:1000* 

p-p65 rabbit 3033S Cell Signaling WB 1:1000 

TBK rabbit 3013S Cell Signaling WB 1:1000 

p-TBK1 rabbit 5483S Cell Signaling WB 1:1000 

TDP-43 

(N-terminal) 
rabbit 10782-2-AP Proteintech WB 1:1000 

TDP-43 

(C-terminal) 
rabbit 12892-1-AP Proteintech IF 1:200 

p-TDP-43 rabbit SAB4200223 Sigma Aldrich IF 1:200 

 

Information: Antibodies incubated in 5% milk-based solutions are marked with *, whereas others 

were incubated in 3% BSA-based solutions (only for WB). 
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3.1.8.2. Secondary antibodies for western blot and immunofluorescence 

Table 5. List of secondary antibodies used in western blot (WB) and immunofluorescence 

(IF). 

Antibody Conjugate Catalog number Manufacturer Dilution 

Anti-goat HRP 805-035-180 
Jackson 

ImmunoResearch 
WB 1:2500 

Anti-mouse HRP 115-035-174 
Jackson 

ImmunoResearch 
WB 1:2500 

Anti-rabbit HRP 111-035-144 
Jackson 

ImmunoResearch 
WB 1:2500 

Anti-goat Alexa Fluor 488 A11055 Invitrogen IF 1:500 

Anti-mouse Alexa Fluor 488 A21202 Invitrogen IF 1:500 

Anti-rabbit Alexa Fluor 488 A32731 Invitrogen IF 1:500 

Anti-rabbit Alexa Fluor 555 A31572 Invitrogen IF 1:500 

 

3.1.8.3. Antibodies used for IFN- ELISA 

Table 6. List of antibodies used for IFN- ELISA. 

Antibody Host Catalog number Manufacturer Dilution 

IFN- (capture) rat sc-57201 Santa Cruz 1:400 

IFN- (detection) rabbit 32400-1 PBL Assay Science 1:6000 

Anti-rabbit-HRP goat 111-035-144 Jackson ImmunoResearch 1:1500 
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3.1.8.4. Antibodies used for flow cytometry – surface markers 

Table 7. Antibodies used for staining surface markers by flow cytometry. 

Antibody Conjugate 
Catalog 

number 
Manufacturer 

Dilution 

for 

cells 

Dilution 

for 

beads 

B220 Alexa Fluor 700 103231 BioLegend 1:1000 1:1000 

CD4 APC-H7 560181 BD Pharmingen 1:1000 1:500 

CD8a BV605 100744 BioLegend 1:1000 1:1500 

CD11b APC 553312 BD Pharmingen 1:400 1:400 

CD11c PE 12-0114-82 eBioscience 1:200 1:100 

CD86 PE-Cy7 25-0862-80 eBioscience 1:200 1:1000 

CD90.2 

(Thy1.2) 
BV786 105331 BioLegend 1:2000 1:2000 

F4/80 PerCP-Cy5.5 45-4801-82 eBioscience 1:200 1:50 

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 

 
 

3.1.8.5. Antibodies used for flow cytometry – intracellular staining 

Table 8. Antibodies used for intracellular staining by flow cytometry. 

Antibody Conjugate 
Catalog 

number 
Manufacturer 

Dilution 

for 

cells 

Dilution 

for 

beads 

IFN- PE/Dazzle 505845 BioLegend 1:800 1:600 

IL-2 APC 17-7021-81 eBioscience 1:500 1:800 

IL-17A PE 12-7177-81 eBioscience 1:1000 1:1000 

TNF PE-Cy7 25-7321-82 eBioscience 1:2000 1:800 
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3.2. Methods 

3.2.1. Mouse models 

Mouse model of optineurin insufficiency (hereafter referred to as Optn470T) was generated as 

previously described (Munitic et al., 2013). Briefly, mice with flanked exon 12 by loxP-neoR-loxP 

cassette (subsequently deposited in Jackson Laboratory, #029708) were crossed with mice 

expressing Cre recombinase under the control of endogenous -actin promoter, which resulted in 

the whole-body truncation of the C-terminal ubiquitin-binding region of optineurin. More 

precisely, truncation led to the loss of the last 114 amino acids in the C-terminus, resulting in 

protein with 470 amino acids (instead of the full-size protein of 584 amino acids). Optn470T mice 

were backcrossed to the C57BL/6 (hereafter referred to as wild-type, WT; Jackson Laboratory) for 

9-11 generations. Homozygous Optn470T (Optn470T/470T) mice were used in this research and were 

compared to sex- and age-matched WT mice. 

To generate a new double-hit mouse model, Optn470T mice were crossed with transgenic mice 

overexpressing human TDP-43 mutation under its endogenous promoter (TDP-43G348C) (Swarup 

et al., 2011) to obtain double-mutant Optn470T/TDP-43G348C mice (Mohović, 2023). Optn470T/TDP-

43G348C mice of both sexes were compared to their age-matched WT, Optn470T and TDP-43G348C 

littermates. 

The mice were housed in the Laboratory of Mouse Engineering and Breeding Facility at the 

Medical Faculty of Rijeka on 12 h light/12 h dark cycle and had access to food and water ad 

libitum. For this research, we used four groups of either male or female mice according to age: 

young-adult (3-6-month-old), adult (6-10-month-old), middle-aged (11-15-month-old), and aged 

(16-24-month-old). Experiments were performed according to the European Communities Council 

Directive of 24th November 1986 (86/609/EEC) and were approved by the Ministry of Agriculture 

of the Republic of Croatia, Ethics Committees of the Medical Faculty and Faculty of 

Biotechnology and Drug Development. 
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3.2.2. Mouse genotyping 

3.2.2.1. DNA isolation from mouse tail 

A small piece of tail was digested in 400 L of DNA lysing buffer supplemented with 0.4 mg/mL 

proteinase K (#70663-4, Merck Millipore) overnight on a shaker at 55°C and 900 rpm, which was 

followed by centrifugation at 4°C, 12 000 rpm for 1 min to remove hair residues. Next, the 

supernatants (~400 L) were transferred to a new 1.5 mL Eppendorf tube where they were mixed 

with an equal volume (~400 L) of 100% isopropanol (#KE00.0906, LabExpert) and were 

vortexed to precipitate DNA. After the centrifugation at 4°C, 12 000 rpm for 10 min, the 

supernatants were discarded, and the pellet was washed with 1 mL of 70% ethanol and centrifuged 

again at 12 000 rpm for 10 min. The supernatants were discarded, and the DNA pellets were let to 

dry for 1 h at RT, resuspended in 50-200 L (depending on the pellet size) of sterile milliQ-H2O 

and dissolved by shaking at 55°C, 900 rpm for 1 h. The DNA concentration was determined on a 

BioDrop Duo spectrophotometer (#80-3006-61, Biochrom) based on the A260/280 ratio, which 

was ~1.8 (indicates for “pure” DNA). DNA concentration was set to approximately 0.1 – 0.15 

g/L. 

 

3.2.2.2. Polymerase chain reaction (PCR) 

WT, Optn470T, TDP-43G348C and Optn470T/TDP-43G348C mice were identified by polymerase chain 

reaction (PCR). Three PCR reaction mixes were prepared (Table 9.) and after 1 L of DNA was 

added, the reaction mixes were put in Mastercycler (#6345, Eppendorf), which was set to a specific 

program (Table 10.) to amplify the desired DNA by use of specific primers (Table 11.). 
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Table 9. PCR reaction mixes per one sample for amplification of WT and Optn470T and TDP-

43G348C DNA fragments. Note: The same calculation was used for preparation of mixes for 

amplification of WT and Optn470T DNA fragment, with different primers for each mix, as depicted 

below. 

PCR reaction mix for WT and Optn470T PCR reaction mix for TDP-43G348C 

Component Volume (L) Component Volume (L) 

2X EmeraldAmpGT PCR 

Master Mix 

10 2X EmeraldAmpGT PCR 

Master Mix 

10 

Forward primer (10 M) 0.4 Forward primer (20 M) 1 

Reverse primer (10 M) 0.4 Reverse primer (10 M) 1 

H2O 8.2 H2O 7 

Total volume 19 Total volume 19 

→ 19 L master mix + 1 L DNA 

 

Table 10. PCR programs for genotyping. 

Step Temperature Time Number of cycles 

Initial denaturation 95°C 30 s 1x 

Denaturation 95°C 30 s 

35x Primer annealing 
55°C (WT and Optn470T) 

59°C (TDP-43G348C) 
30 s 

Elongation 72°C 60 s 

Final elongation 72°C 60 s 1x 

Cooling 4°C ∞ / 
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Table 11. Primers used for PCR, ordered from Metabion at stock concentration of 100 M. 

Gene Primer Sequence (5’ → 3’) Final concentration 

OptnWT 
Forward GCTACCATGCTCAGCCAGAGTTTC 0.2 μM 

Reverse GGCTTCAGGGATGCATGAATC 0.2 μM 

Optn470T 
Forward GCAACACAGACCTGAACAGACG 0.2 μM 

Reverse ACTCCACCCATAAGTCATCAAAGC 0.2 μM 

TDP-43G348C 
Forward CTCTTTGTGGAGAGGAC 1 μM 

Reverse TTATTACCCGATGGGCA 0.5 μM 

 

3.2.2.3. Agarose gel electrophoresis 

The presence of the amplified DNA fragment was confirmed by electrophoresis on 2% agarose 

gel, which was prepared in 1X TAE with addition of 1 L of GelStar (#50535, Lonza) for band 

visualization. The electrophoresis was performed at 110 V, after loading 3 L of 100 bp DNA 

ladder (#N3231S, New England BioLabs) and 15 L of amplified DNA, until the front reached 

the edge of the gel. DNA was then visualized on ChemiDocTM MP Imaging System (Bio-Rad). 

The product sizes were detected at 363 bp (Optnwt), 288 bp (Optn470T) and at 365 bp (TDP-43G348C). 

 

3.2.3. Motor tests and cognitive tests 

3.2.3.1. Accelerating rotarod 

To check the motor coordination of mice, a rotarod test was performed on a rotating rod device 

(#47600, Ugo Basile). Mice were trained by giving them three trial sessions with fixed speed (1st 

and 2nd trial: 5 rpm for 4 min; 3rd trial: 8 rpm for 3 min) with at least 1 h of rest between the trials. 

Latency to fall was measured on the test day (at least 24 h after the training), when the mice were 

given three trials with accelerating speed (from 5 to 50 rpm during 300 s) with rest such as in the 

training session. Average value was calculated from all three trials for each mouse. 
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3.2.3.2. Grid- and wire-hanging tests 

For grid- and wire-hanging motor coordination tests, the grid or 3-mm-thick wire were placed 30 

cm above the surface that was covered with soft bedding, respectively. Each mouse was placed in 

the center of the grid or wire and was given three trials of max 180 s, with at least 10 min rest 

between the trials. The average of three trials was calculated. 

 

3.2.3.3. Novel object recognition 

Novel object recognition test was performed to check for the cognitive capability of the mice, and 

was performed as previously described (Leger et al., 2013), with minor modifications. On the first 

day (habituation), the mouse was placed in an empty plexiglass box (42 cm × 26.5 cm × 15 cm) 

and on the second day (familiarization) two same objects were given. On the third (test) day, one 

familiar object was replaced with a novel one and the time of interaction with both objects was 

individually measured with a stopwatch. Each session lasted for 5 min. To assess cognitive 

capability, the percentages of time spent on interaction with familiar and novel object were 

determined and compared. 

 

3.2.4. Stimulation of mice with LPS and measurement of sickness behavior 

At 18 months of age, WT, Optn470T, TDP-43G348C and Optn470T/TDP-43G348C mice were stimulated 

with 1.5 mg/kg dose of LPS (from Escherichia coli O55:B5, #L2880, Sigma Aldrich) for three 

consecutive days, which represents a model of sepsis The sickness behavior was assessed 24 h 

after every dose by measurement of body weight and temperature. 

For stock preparation, LPS was dissolved in sterile 1X PBS (#PBS-1A, Capricorn Scientific) at 

concentration of 5 mg/mL, stored at -20°C and diluted in 1X PBS before injection. 

 

3.2.5. Mouse perfusion and fixation for isolation of tissue and serum 

Before tissue isolation, mice were anesthetized with a mixture of 100 mg/kg ketamine (#000786, 

Bioveta) and 20 mg/kg xylazine (#001338, Bioveta) prepared in sterile 1X PBS. After reaching 

deep anesthesia, the sternum was lifted with forceps and the thoracic cavity was opened with iris 
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scissors. Next, the ribs and the diaphragm were cut to expose the heart, where a small cut with iris 

scissors was made in the right atrium and the 25G butterfly needle was inserted into the left 

ventricle. The mice were perfused with 60 mL of ice-cold 1X PBS to remove erythrocytes (a source 

of autofluorescence) and contaminant leukocytes, and the spleen was isolated. Immediately after 

that, the mice were laid on their abdomen and decapitated. The skin on the head was pulled to 

expose the skull and the parietal bones were cut on both sides to enable removal of the occipital 

lobe. Then, another cut was made through the sagittal suture (located in-between parietal bones) 

to expose the brain, which was carefully removed with the spatula. The olfactory bulbs and 

cerebellum were removed. For the spinal cord isolation, the mice were laid on their abdomen and 

the skin was cut from the cervical to the sacral part. The excess of muscles was removed with iris 

scissors and the vertebrae were cut on each side of the spine. The whole spinal cord was extracted 

by scraping with spatula. The tissues were then flash frozen in liquid nitrogen and stored at -80°C 

or were processed for analysis on flow cytometer (see section 3.2.8.6.). 

For immunofluorescence studies, the mice were perfused with 60 mL of ice-cold 1X PBS and fixed 

with the same amount of 4% paraformaldehyde (PFA). The brain and the spinal cord were isolated 

with the help of spring scissors and post-fixed in 4% PFA for 24-72 h at 4°C. Next, the tissues 

were stored in a tissue preservation solution until they sank to the bottom of the 50 mL Falcon tube 

(min 72 h), which is an indication for successful dehydration. 

Serum isolation: before perfusion, the blood was drawn from the left ventricle with 21G needle, 

let to clot for 2 h at RT and centrifuged at 4°C, 1000 × g for 10 min. The sera (supernatants) were 

transferred to a new 1.5 mL Eppendorf tube and stored at -80°C. 

 

3.2.6. Cell culture 

All cells were maintained in an incubator with 5% CO2 and at 37°C. 

 

3.2.6.1. Isolation and cultivation of primary neonatal microglia 

For isolation of primary neonatal microglia, pups on postnatal day 0-3 (P0-3) were taken and 

decapitated with iris scissors. The skin on the head and skull was cut with micro dissecting scissors 

to expose the brain, which was carefully removed and transferred into a 6 cm Petri dish containing 
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3 mL of 1X HBSS-/-. Under the dissecting microscope (#SMZ-168, Motic) the meninges, olfactory 

bulbs and cerebellum were removed with Dumont forceps. After pooling three brains of the same 

genotype into one 6 cm Petri dish, they were chopped into small pieces with a blade and 3 mL of 

0.25% trypsin was added (to the final volume of 6 mL). After incubation at 37°C for 15 min, 

trypsin was neutralized by transferring 6 mL of suspension into a 15 mL Falcon tube containing 6 

mL of complete DMEM. After the tissue chunks reached the bottom of the tube, the supernatants 

were carefully removed with a 10 mL serological pipette. Another 3 mL of complete DMEM and 

375 L of DNase I were added to the tube and the tissues were triturated by pipetting up and down 

until a homogenous suspension was formed. The suspension was then passed through a 70 m 

filter (#542070, Greiner) into another 50 mL Falcon tube, which was centrifuged at 500 rpm for 5 

min. The supernatant was removed with a 10 mL serological pipette and the cells were resuspended 

in 10 mL of complete DMEM and seeded into a poly-L-lysine-coated T75 flasks. The medium was 

changed the next day and then every two to three days until the cell reached complete confluency 

(after 7-10 days). The culture resulted in a co-culture consisting of astrocytes and microglia. To 

detach microglia from the astrocyte layer, 500 L of 1 M HEPES was added to the culture medium, 

the cap was sealed with parafilm, and the flask was put on a shaker at 120 rpm, 37°C overnight. 

Next day, the cells were shaken for another 4 h at 300 rpm. The supernatants were collected (pooled 

for each genotype) and centrifuged at 1500 rpm for 5 min. The viable cells were counted by using 

trypan blue (#17-924E, Lonza), stained for phagocytosis assay (see section 3.2.8.6.4.) and plated 

in a poly-L-lysine-coated 24-well plates at a density of 200 000 cells/well. The cells were treated 

48 h after plating. 

 

3.2.6.2. Isolation and cultivation of bone marrow-derived macrophages (BMDMs) 

The mice were sacrificed by cervical dislocation, put on their backs and sprayed with 70% ethanol. 

The skin on the legs was removed and a cut above the hip joint was made. The legs containing 

tibia and femur were then transferred to an empty Petri dish, where the feet and residual muscles 

were removed. After the tibia and femur were separated, both ends of the bones were cut to expose 

the bone marrow and were put in a new Petri dish filled with 20 mL of complete RPMI. Next, the 

bone marrow was flushed using a 3 mL syringe (#309658, BD) and a 25G needle, and was filtered 

through a 70 m cell strainer into a 50 mL Falcon tube. The remaining bone marrow chunks left 
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on the strainer were mashed with a blunt end of a syringe, followed by washing with additional 5 

mL of complete medium. The suspension was centrifuged at 1500 rpm for 5 min and the 

supernatant was discarded. The cells were resuspended in 3 mL of freezing medium (10% 

FBS/90% DMSO) and frozen at -80°C in 1 mL aliquots. After thawing, the cells were washed with 

complete RPMI, centrifuged at 1500 rpm for 5 min and plated in 20 mL of complete BMDM 

medium (see section 3.2.6.2.1.). The cells were differentiated to macrophages for 5-7 days in 

culture. The cells were lifted with 10 mM EDTA/PBS, rinsed in complete RPMI and plated in 24-

well plates at a density of 150 000 cells/well in complete BMDM medium. The cells were treated 

24-48 h after plating. 

 

3.2.6.2.1. Complete BMDM medium preparation 

L929 cell line (a mouse fibroblast cell line that is a source of macrophage colony-stimulating factor 

or M-CSF, which is a trophic factor that drives macrophage differentiation from bone marrow 

precursors; a kind gift from Jonathan D. Ashwell) was thawed and expanded in a T75 flask until 

reaching 90-100% cell confluency. Then, the cells were trypsinized, centrifuged at 1500 rpm for 5 

min, resuspended in 5 mL of complete DMEM and split equally to five T125 flasks (100 mL of 

complete DMEM + 1 mL of cell suspension). When the cells reached 100% confluency, the culture 

was kept in an incubator for 10 days for enrichment of the medium with M-CSF. After 10 days, 

L929 medium was filtered through a 0.22 m filter unit (#15913307, Fisherbrand), aliquoted (10 

aliquots of 50 mL) and stored at -80°C. For BMDM differentiation, complete BMDM medium 

was prepared by mixing 35 mL of complete RPMI and 15 mL of L929 medium (30% L929 medium 

in complete RPMI). 

 

3.2.7. Functional and biochemical assays 

3.2.7.1. Immunoblotting 

3.2.7.1.1. Protein isolation and quantification for SDS-PAGE 

After the cell treatment, the wells were washed with 1 mL of ice-cold 1X PBS. The cells were 

lysed by addition of 110 L of RIPA buffer (supplemented with protease and phosphatase 

inhibitors) and subsequent scraping with the pipette tip. The lysates were transferred to a 1.5 mL 
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Eppendorf tubes, kept on ice for the next 30 min, and centrifuged at 4°C, 14 000 rpm for 10 min. 

Next, 90 L of lysate was transferred to a new 1.5 mL Eppendorf tube, where it was mixed with 

30 L of 4X Laemmli buffer. 

For protein isolation from tissues, ½ of the brain or the whole spinal cord were lysed in a glass 

homogenizer (#AA731, Thomas Scientific) for 2 min in 700 or 500 L of RIPA buffer 

(supplemented with protease and phosphatase inhibitors), respectively. The lysates were incubated 

on ice for 30 min and subsequently centrifuged at 13 000 rpm for 20 min. The supernatants were 

aliquoted and stored at -80°C. Before mixing with 4X Laemmli buffer, protein concentration was 

determined with Pierce BCA Protein Assay Kit (#23227, Thermo Scientific) according to the 

manufacturer’s instructions. Briefly, the BSA concentration range (from 2000 to 25 g/mL) and 

tissue lysates (diluted 1:40) were diluted in RIPA buffer and loaded (25 L/well) on a polystyrene 

flat-bottom 96-well plate. Then, 200 L of mixture of reagent A and B (reagent A:reagent B = 

50:1) was added to each well, the plate was sealed with parafilm and incubated in the dark at 37°C 

for 30 min. The absorbance was read on a spectrophotometer (#16039400, Tecan) at 570 nm. The 

final protein concentration per lysate was calculated to be 10 mg/mL after mixing with 4X 

Laemmli buffer. For SDS-PAGE, 5 g of protein was loaded into each lane. 

 

3.2.7.1.2. SDS-PAGE 

Mini-PROTEAN Tetra Vertical Electrophoresis Cell (#1658037, Bio-Rad) was used for protein 

separation based on size in 1X SDS-running buffer. Cell and tissue lysates were heated at 95°C for 

10 min and were loaded on 10% or 8-16% polyacrylamide gels. Prestained protein ladder was used 

for protein size assessment. The gels were first run at 110 V until the proteins reached the 

separating gel, when the voltage was increased to 130 V until the front reached the end of the 

separating gel. 

 

3.2.7.1.3. Western blot and antibody incubation 

After protein separation, the proteins were transferred to a nitrocellulose membrane by assembling 

a sandwich (from cathode (-) to anode (+): sponge – Whatman paper – gel – membrane – Whatman 

paper – sponge) in a cassette. The transfer was performed in a western blot tank filled with 1X 
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transfer buffer, and lasted for 95 min. The membranes were then cut according to the protein size, 

blocked with blocking buffer on a shaker for 1 h at RT and subsequently incubated with primary 

antibody at +4°C overnight (or 30 min at RT for incubation with -actin-HRP). Next day, the 

membranes were washed with 0.1% TBS-T (3 × 10 min), which was followed by 1 h incubation 

with a corresponding HRP-conjugated secondary antibody. After the next three washes, the bands 

were visualized with visualizing substrates (see section 3.1.5.) on ChemiDocTM MP Imaging 

System (Bio-Rad). 

 

3.2.7.1.4. Western blot band quantification 

The bands were quantified using ImageJ Fiji software (National Institutes of Health). Each band 

intensity was normalized to the intensity of the loading control (-actin or GAPDH). 

 

3.2.7.2. ELISA 

TNF and IL-10 ELISA were performed according to the manufacturer’s instructions, while IFN- 

ELISA was performed as previously described (Weinstein et al., 2000) with minor modifications. 

Flat-bottom polystyrene 96-well plates (#M9410-1CS, Nunc) were coated with capture antibody 

and incubated overnight at +4°C (for TNF and IFN-) or RT (for IL-10). Next day, the plates were 

washed with washing buffer and blocked with blocking buffer for 1 h at RT and washed again. 

Supernatants were loaded undiluted (for IFN-) or diluted (1:5 to 1:50 for TNF and IL-10) and 

were incubated for 2 h at RT. The plates were then washed and incubated with biotinylated HRP-

labeled (for TNF and IL-10) or unlabeled (for IFN-) detection antibody for 1 h at RT. The plates 

were washed and incubated with avidin-HRP conjugate (for TNF and IL-10) or HRP-labeled 

detection antibody (for IFN-) for 30 min or 1 h at RT, respectively. Next, the plates were washed 

again, incubated with TMB reagent and after 20 min incubation in the dark (until the blue color 

developed) the reaction was stopped with 8.5% H3PO4. The absorbance was read at 450 nm on a 

spectrophotometer. The standard curve and cytokine concentrations were analyzed on GraphPad 

Prism 8.0. 
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3.2.7.3. Immunofluorescence on tissue sections 

Post-fixed and dehydrated brains and spinal cords were embedded in O.C.T. medium on dry ice 

until completely frozen. The tissues were coronally cut on a cryostat (#CM1850, Leica) on which 

25 m thick slices were obtained, transferred to cryoprotectant solution and stored at -20°C until 

use. 

For staining, the slices were transferred to adherent slides, let to dry for 1 h at RT and encircled 

with hydrophobic pen. This was followed by permeabilization and blocking with perm/block 

buffer for 1 h at RT in a humid chamber (used for all subsequent incubations). After the buffer was 

removed, the slices were incubated with primary antibodies (Table 4.) overnight at RT. Next day, 

the slices were washed (3 × 10 min) with washing buffer, incubated with fluorophore-conjugated 

secondary antibodies (Table 5.) for 1 h at RT, and stained with 500 ng/mL DAPI for 15 min. The 

slices were washed again (3 × 10 min) and incubated with 1X TrueBlack for 30 s to quench 

autofluorescence. TrueBlack was omitted when autoflorescence caused by lipofuscin was imaged. 

After the last series of washing, the tissues were mounted and stored at 4°C. 

 

3.2.7.3.1. Imaging and image analysis 

The motor cortex (brain) and ventral horns (spinal cord) were imaged with Olympus IX83 

fluorescent microscope using 10X or 20X objective, respectively. Z-stacking (step number: 30, 

step size: 1 m) and subsequent EFI processing were done on cellSens Dimension software 

(Olympus) for analysis of Iba1+ and GFAP+ cells. Mean fluorescence intensity (MFI; integrated 

density) was normalized to and shown as % of one-year-old WT mice, which was used for 

assessment of microglial and astrocyte activation. Additionally, microglial morphology (cell body 

area and longest process length) was also analyzed in the context of activation. Analyses were 

performed using ImageJ Fiji software. 

 

3.2.7.4. Analysis of gene expression 

3.2.7.4.1. RNA isolation 

RNA isolation from cells was performed with RNeasy Mini Kit (#74106, Qiagen) according to the 

manufacturer’s instructions. Briefly, after treatment, the cells were washed with 1 mL of 1X PBS 
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and frozen at -80°C upon addition of 350 L of RLT buffer. On the day of isolation, the plate was 

brought to RT (until RLT buffer thawed completely) and 350 L of 70% ethanol (prepared in 

RNase-free water) was added to each well, and the cells were lysed by scraping with pipette tip. 

The suspension (~700 L) was transferred to RNeasy Mini spin column, centrifuged at 8000 × g 

for 1 min, and the flow-through was discarded. Next, 700 L of RW1 buffer was added to the 

column, which was subsequently centrifuged at 8000 × g for 1 min. Two washes with RPE buffer 

were performed at 8000 × g for 1 and 2 min, respectively. Lastly, the column was transferred to a 

new RNase-free 1.5 mL tube and 30 L of RNase-free water was added to the column, which was 

centrifuged at 8000 × g for 1 min to elute RNA. RNA concentration was determined on BioDrop 

Duo spectrophotometer based on the A260/280 ratio, which was ~2 (indicates for “pure” RNA). 

 

3.2.7.4.2. Synthesis of complementary DNA (cDNA) by reverse transcription 

Complementary DNA (cDNA) was synthesized from RNA by using High-Capacity cDNA Reverse 

Transcription Kit (#4368814, Applied Bioscience) and RNase Inhibitor (#N8080119, Applied 

Bioscience) following manufacturer’s instructions. Reverse transcription reaction mix was 

prepared (see Table 12.) and run on Mastercycler (see program in Table 13.). Synthesized cDNA 

was diluted in sterile milliQ H2O in 1:5 ratio, quantified on BioDrop Duo spectrophotometer and 

stored at -20°C. 

 

Table 12. Reverse transcription reaction mix. 

Reverse transcription master mix 

Kit component Volume (L) 

10X RT buffer 2 

25X dNTP mix (100 mM) 0.8 

10X Random primers 2 

RNase inhibitor (20 U/L) 1 

Reverse transcriptase (50 U/L) 1 

Nuclease-free H2O 3.2 

→ 10 L master mix + 10 L RNA 
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Table 13. Reverse transcription PCR program. 

Step Temperature Time 

Primer annealing 25°C 10 min 

Reverse transcription 37°C 125 min 

Enzyme inactivation 85°C 5 min 

Cooling 4°C ∞ 

 

3.2.7.4.3. Reverse transcription quantitative polymerase chain reaction (RT-qPCR) 

Analysis of gene expression was done by RT-qPCR by using qPCRBIO SyGreen Mix Lo-ROX 

(#PB20.11-20, PCR Biosystems), following manufacturer’s instructions. RT-qPCR master mix 

(Table 14.) with primers (Table 15.) was loaded into LightCycler 480 Multiwell Plate 

(#4729692001, Roche), with total volume of 20 L/well. The reactions were loaded in duplicates 

for each gene. RT-qPCR was performed on LightCycler® 96 Instrument (#05815916001, Roche) 

based on the program listed in Table 13. 

 

Table 14. RT-qPCR master mix. 

RT-qPCR master mix 

Component Volume (L) 

2X Master mix 10 

Forward primer (10 M) 0.8 

Reverse primer (10 M) 0.8 

H2O 3.4 

Total volume 15 

→ 15 L master mix + 5 L cDNA 
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Table 15. List of primers used for RT-qPCR ordered from Metabion at stock concentration 

of 100 M. 

Gene Primer Sequence (5’ → 3’) Final concentration 

GAPDH 
Forward (10 M) GGTGCTGAGTATGTCGTGGA 0.4 M 

Reverse (10 M) GTGGTTCACACCCATCACAA 0.4 M 

TNF 
Forward (10 M) TCTTCTCATTCCTGCTTG 0.4 M 

Reverse (10 M) GGTCTGGGCCATAGAACTGA 0.4 M 

IFN- 
Forward (10 M) CTGGCTTCCATCATGAACAA 0.4 M 

Reverse (10 M) AGAGGGCTGTGGTGGAGAA 0.4 M 

 

Table 16. RT-qPCR program. 

Step Temperature Time Number of cycles 

Preincubation 95°C 600 sec 1x 

3 step amplification 

95°C 10 sec 

45x 55°C 10 sec 

72°C 30 sec 

Melting 

95°C 10 sec 

1x 65°C 60 sec 

97°C 1 sec 

Cooling 37°C 30 sec 1x 

 

3.2.7.4.4. Analysis of RT-qPCR results 

Gene expression was analyzed in LightCycler® 96 software (Roche). The genes were first analyzed 

based on the melting peak. If more than one melting peak was present, the measurement was 

excluded because this indicates non-specific amplification. The mean value of cycle threshold (Ct) 

of a specific gene was subtracted from the mean Ct value of housekeeping gene, glyceraldehyde-

3-phosphate dehydrogenase (Gapdh), to obtain a difference in threshold cycles (ΔCT). Then, mean 

of ΔΔCT value was calculated by subtraction of mean ΔCT for each condition from mean ΔCT for 
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WT unstimulated cells. Relative gene expression was calculated from formula 2-ΔΔCT, normalized 

to WT cells treated with LPS for 2 h, and shown as % of WT. 

 

3.2.7.5. Flow cytometry 

3.2.7.5.1. Immune cell isolation from the spleen and in vitro T-cell restimulation 

After cervical dislocation or perfusion with 1X PBS, the spleens were taken and smashed with a 

blunt end of a syringe on a 70 m cell strainer (pre-wet with 1 mL of FACS flow buffer). The 

residual tissue was washed with 4 mL of FACS flow buffer. The suspensions were centrifuged at 

1500 rpm for 5 min and the supernatants were discarded. Pelleted splenocytes were resuspended 

in 1 mL of ACK lysis buffer (results in erythrocyte lysis) for 5 min on ice, which was then 

neutralized by addition of 10 mL of FACS flow buffer. The suspension was filtered, resuspended 

and enumerated on flow cytometer by using 123 count eBeads™ (#01-1234-42, Invitrogen) 

following manufacturer’s instructions. For staining, 106 cells were plated in a U-bottom 96-well 

plate (see section 3.2.8.6.3.). 

For in vitro restimulation, splenocytes were plated as mentioned above, centrifuged at 1500 rpm 

for 5 min and resuspended in T-cell restimulation medium (see section 3.1.4.3.). The plates were 

incubated in an incubator (5% CO2 and 37°C) for 4 h and were further processed for intracellular 

staining (see section 3.2.8.6.3.). 

 

3.2.7.5.2. Staining for flow cytometry 

After the cells were plated in U-bottom 96-well plates, the plates were centrifuged at 1500 rpm for 

5 min and the supernatants were discarded by inverting, and the remaining pellets were vortexed. 

To each well, 50 L of Fc block (anti-CD16/CD32, clone 2.4G2; #553142, BD Pharmingen; 

diluted 1:1000; blocks unspecific antibody binding via Fc receptor) was added and incubated for 

5 min on ice. The purpose of Fc block is to bind to Fc receptors on phagocytes to ensure the binding 

of fluorochrome-labeled antibodies to their specific antigen, and not the Fc receptor. Next, 50 L 

of 2X concentrated antibody mix for surface staining was added and incubated for 30 min at 4°C 

in the dark. Simultaneously, UltraComp Beads were stained with only individual antibodies from 

the mix for single color compensation. Afterwards, the cells and beads were washed twice with 
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FACS flow buffer and centrifuged at 1500 rpm for 5 min. The cells were stained with 500 ng/mL 

DAPI for 5 min in the dark, washed twice and centrifuged at 1500 rpm for 5 min. The cells and 

the beads were resuspended with 200 L of FACS flow buffer, transferred (and filtered through 70 

m filter – for cells only) to a FACS flow tube (already contained 200 L of FACS flow buffer) 

and kept on ice in the dark until flow cytometry analysis. 

For intracellular staining for cytokines Perm/Wash Buffer was used according to the 

manufacturer’s instructions. Briefly, after the cells were centrifuged upon isolation, they were 

washed once in 1X PBS and stained with Fixable Viability Dye eFluor450 (1:20 000 in 1X PBS) 

for 30 min at 4°C. The cells were washed with 1X PBS again, centrifuged and stained for 

extracellular markers (B220, CD90.2, CD4, and CD8) as mentioned above. This was followed by 

washing with FACS flow buffer, centrifugation and fixation in 4% PFA at RT for 20 min in the 

dark. The cells were washed twice with FACS flow buffer, permeabilized for 15 minutes at RT, Fc 

blocked and stained for cytokines for 30 min in the dark at 4°C. The cells were washed twice in 

FACS flow buffer, resuspended in 200 L of FACS flow buffer and filtered as mentioned above. 

 

3.2.7.5.3. Phagocytosis assay 

Phagocytosis assay was performed on BMDMs (derived from three- and 24-month-old mice) and 

primary neonatal microglia stained with PKH26 or CellTrace Far Red, respectively, following 

manufacturer’s instructions. The staining of these phagocytes was performed to distinguish 

intracellular from extracellular debris. Briefly, 3×106 BMDMs were washed twice in RPMI 

(without supplements), stained with PKH26 (1:1000 in 1X PBS) for 3 min at RT or CellTrace Far 

Red (1:5000 in 1X PBS) for 20 min at 37°C. Unincorporated dye was neutralized with complete 

RPMI medium. Microglia were washed once in PBS, stained with CellTrace Far Red, which was 

followed by dye neutralization with complete DMEM, washing with complete medium again and 

centrifugation at 500 × g for 5 min. After staining, BMDMs and microglia were seeded in a 24-

well plate at a density of 100 000 and 200 000 cells/well, respectively. Apoptotic N2A or E. coli 

bioparticles were used as phagocytic materials. N2A cells were treated with 2 M staurosporine 

(STS; an apoptosis-inducing bacterial toxin) for 24 h to generate apoptotic cell debris. N2A cell 

debris was collected, washed once in 1X PBS and stored at -80°C (in aliquots of 106 cells). On the 

day of the experiment, N2A cell debris was thawed and stained with 10 M CFSE for 20 min at 
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RT in the dark, following the manufacturer’s instructions. After washing and addition of CFSE-

stained N2A debris to phagocytes (in 3:1 ratio), the plate was centrifuged at 200 × g for 5 min, 

incubated for 5 h and processed for the flow cytometry analysis. BMDMs and microglia were 

treated with 500 ng/mL of LPS (24 h before addition of phagocytic material) to induce pro-

inflammatory polarization. Cytochalasin D (CytoD), an inhibitor of actin-mediated phagocytosis, 

was used as a control to show that detected CFSE signal came from phagocytosed material and 

not from debris stuck on the cell surface. The experimental setup for phagocytosis of CFSE-stained 

N2A debris is illustrated in Figure 12. 

 

Figure 12. Phagocytosis assay setup. BMDMs and microglia were stained with PKH26 or 

CellTrace Far Red to distinguish them from CFSE-stained apoptotically killed N2A (N2A debris). 

For some tests, phagocytes were pretreated for 24 h with 500 ng/mL LPS (to induce pro-

inflammatory polarization) or 30 min with 2 mM CytoD (to inhibit phagocytosis) before CFSE-

stained N2A debris was added. After 5 h co-incubation of stained phagocytes and dN2A debris, 

the cells were stained for DAPI (to distinguish between live and dead cells) and analyzed by flow 

cytometry. 
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3.2.7.5.4. Flow cytometry-based multiplex analysis of cytokine concentration 

3.2.7.5.4.1. Protein isolation for cytokine analysis 

The whole spinal cord and ½ of the brain were homogenized in 500 L of sterile-filtered 1X TBS 

(pH = 7.4) supplemented with protease and phosphatase inhibitors. Homogenization was done by 

using MagNALyser green beads (#3358941001, Roche) and MagNALyser instrument 

(#03358976001, Roche). The program was set at 6000 rpm and 30 seconds, and was repeated three 

times in total, with two minutes of cooling of the samples on ice between the sessions. The tubes 

were then centrifuged at 4°C and 13 000 rpm for 20 min. The supernatants were analyzed for 

protein concentration by BCA assay (see section 3.2.8.1.1.), aliquoted, and stored at -80°C.  

 

3.2.7.5.4.2. LEGENDplex procedure for cytokine analysis 

To analyze 13 different cytokines simultaneously, LEGENDplex MU Anti-Virus Response Panel 

(#740622, BioLegend) was used according to the manufacturer’s instructions. Upon kit receipt, 

the standard and matrix A were reconstituted in assay buffer, aliquoted and stored at -80°C until 

use. The procedure was performed in V-bottom plates (#BZ-740379, BioLegend). On the day of 

the experiment, the standard was serially diluted in an assay buffer (when analyzing cell 

supernatants or tissue homogenates) or matrix A (when analyzing sera). The sample wells were 

first loaded with 8 L of assay buffer, whereas the standard wells were loaded either with assay 

buffer or matrix A (as previously mentioned), and then 8 L of standard and samples were added 

to appropriate wells. The sera were diluted in 1:2 ratio in assay buffer, whereas the brain and spinal 

cord lysates were loaded undiluted or were diluted 1:10 in assay buffer if the concentration 

exceeded the standard curve. When 8 L of capture beads were added (total volume/well was 24 

L), the plate was incubated on a shaker at RT and 800 rpm for 2 h in the dark. The plate was then 

centrifuged at 500 × g for 5 min, slightly inverted and lightly pressed on paper. The wells were 

washed with 200 L of 1X wash buffer, which was followed by addition of 8 L of detection 

antibodies and incubation on shaker at RT and 800 rpm for 1 h in the dark. Without washing, 

another 8 L of streptavidin-phycoerythrin (SA-PE) conjugate was added (total volume/well was 

16 L) and the plate was incubated on shaker at RT and 800 rpm for 30 min in the dark. The plate 

was centrifuged at 500 × g for 5 min, resuspended in 150 L FACS flow buffer and transferred to 

FACS tube with additional 200 L of FACS buffer. The samples were then analyzed on a flow 
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cytometer. Quantification of cytokine concentration was done in Qognit software according to the 

manufacturer’s instructions. 

 

3.2.7.5.5. Analysis by flow cytometry 

Flow cytometry analysis was performed on BD FACSAria III flow cytometer equipped with BD 

FACSDiva software (both from BD). Unstained, single-color stained cells and beads were recorded 

to perform compensation to prevent fluorescent spillover because fluorochrome-emitted 

fluorescence may be detected with more than one detector. Approximately 3-5×105 (for extra- and 

intracellular staining) or 2.5-5×105 (for phagocytosis) cells were recorded with a flow rate ranging 

from 8 to 10. 

 

3.2.7.5.6. Analysis of flow cytometry data 

Data acquired by flow cytometry was analyzed in FlowJo software (TreeStar) as illustrated in 

Figures 13-15. Briefly, cell doublets exclusion was done based on FSC-A (area) and FSC-H 

(height) gating. Single live cells (negative for DAPI staining) were further gated based on 

positivity for B220 (B cells) and CD90.2 (T cells). For restimulation studies, TH cells were 

classified based on the positivity for certain cytokines, such as TH1 (CD4+TNF+IFN-+) and TH17 

(CD4+IL-17A+). Cytotoxic CD8+ T cells were defined based on positivity for TNF (CD8+TNF+), 

IFN- (CD8+IFN-+) or both. Proliferating/stimulated helper or cytotoxic T cells were defined 

based on positivity for IL-2. The cytokine content was analyzed based on the MFI for each 

cytokine in helper and cytotoxic T cell populations. For innate immune analysis, non-T/non-B 

(B220-CD90.2-) cells were further divided to classic or conventional dendritic cells (cDC; 

CD11c+MHC-IIhi), neutrophils (Ly6C+Ly6G+), macrophages/monocytes (Ly6G-Ly6C+CD11b+), 

and natural killer (NK) cells (NK1.1+). Macrophage and cDC activation was assessed based on the 

MFI of activation markers such as CD11c, CD86 and MHC-II. For phagocytosis assay, single and 

live cells (negative for Fixable Viability Dye eFluor450) were distinguished as phagocytes 

(BMDMs or primary neonatal microglia) and were analyzed for the percentage of cells that 

performed phagocytosis and amount of phagocytic material (phagocytic capacity) based on CFSE 

MFI. 
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Figure 13. Gating strategy for in vitro T cell restimulation. Splenocytes were isolated from 

spleens of three- 12- and 24-month-old WT and Optn470T mice and were restimulated for 4 h with 

PMA/Ionomycin in the presence of inhibitor of degranulation (BD Golgi Stop). After the main cell 

population gated, live cells were gated, and cell aggregates were removed. B and T cells were 

distinguished based on B220 and CD90.2 (THY1.2) positivity, respectively. T cells were further 

divided into CD4 and CD8 populations. CD4+ cells were analyzed for positivity for TNF, IFN-, 

IL-2 and IL-17A. CD8+ cells were analyzed in the same manner, but without IL-17A. The amount 

of cytokine per cell was quantified based on the MFI for each cytokine. Representative gating is 

shown for restimulation of splenocytes isolated from 24-month-old WT male mouse without (A) 

and with (B) restimulation. 

 

 

Figure 14. Gating strategy for analysis of spleens upon consecutive LPS stimulation. 

Splenocytes were isolated from spleens of 18-month-old WT, Optn470T, TDP-43G348C and 

Optn470T/TDP-43G348C mice 24 h after the last LPS dose (stimulation with 1.5 mg/kg LPS for three 

consecutive days). After the main cell population gated, live cells were gated, and cell aggregates 

were removed. B and T cells were distinguished based on B220 and CD90.2 (THY1.2) positivity, 

respectively. Non-T/non-B cells (CD90.2-B220-) were further classified as classic or conventional 

dendritic cells (cDC; CD11c+MHC-II+), natural-killer cells (NK; NK1.1+), neutrophils 
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(Ly6C+Ly6G+) and macrophages (Ly6C+Ly6G-CD11b+). Activation of cDC and macrophages was 

assessed based on MFI for CD11c, CD86 and MHC-II. Representative gating is shown for 

splenocytes isolated from LPS-stimulated 18-month-old WT mouse. 

 

 

Figure 15. Gating strategy for phagocytosis assay. The main cell population was gated based on 

forward (FSC) and side (SSC) scatter; cells negative for DAPI were gated as live cells; cell 

aggregates were excluded based on FSC-A and FSC-H gating; BMDMs or primary neonatal 

microglia were detected as cells positive for PKH26 or CellTrace Far Red; the percentage of 

phagocytosed CFSE-stained N2A debris (dN2A) as well as the phagocytic capacity were 

quantified. 
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3.2.8. Statistical analysis 

Statistical analysis was performed in GraphPad Prism Software 8.0.1. The data was first tested for 

normality by Shapiro-Wilk normality test. For comparisons between two individual groups, 

unpaired Student’s t-test (for normal distribution) or Mann-Whitney test (for non-normal 

distribution) was used. For comparisons between multiple groups, one- or two-way ANOVA with 

Tukey’s post-hoc test (for normal distribution), or Kruskal-Wallis test with Dunn’s multiple 

comparisons test (for non-normal distribution) was used. A p-value of < 0.05 was considered as 

statistically significant. 
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4. Results 

4.1. Analysis of the role of optineurin during aging in the central nervous system 

4.1.1. Optn470T mice showed similar motor coordination, cognitive functions, and lipofuscin 

accumulation as WT mice during aging 

Aging is considered a major risk factor for all neurodegenerative diseases, therefore Optn470T mice 

were aged up to 18 and 24 months and their neurological functions were compared to WT mice. 

We have previously tested motor coordination by rotarod and found no differences between the 

genotypes (Mohović, 2023), so potentially more delicate defects in motor coordination were 

analyzed by wire-hanging test. No aging-induced decline was found between 12- and 24-month-

old males in any of the genotypes (Fig. 16 A). In contrast, females showed a strong aging-induced 

decline in motor coordination, which was similar between the genotypes (Fig. 16 B). Since 

optineurin mutations were also found in FTD (Pottier et al., 2018), we have assessed cognitive 

function by the novel object recognition test. In 18-month-old WT and Optn470T males and females 

a higher preference for the novel object over the familiar one was observed (Fig. 16 C and D), 

which was more pronounced in males. This demonstrated preserved cognitive functions in 

Optn470T mice. At 24 months the preference for the novel object was lost in both sexes without a 

major difference between the genotypes, which indicated a similar aging-mediated memory loss 

(Fig. 16 C and D). In conclusion, aging did not enhance the impairment of motor and cognitive 

functions of Optn470T mice. 
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Figure 16. Aging did not accelerate motor and cognitive decline in Optn470T mice. Motor 

coordination was tested by wire-hanging test and an average of three measurements is shown for 

12-month-old (8 WT, 6 Optn470T) and 24-month-old (10 WT, 11 Optn470T) males (A), and 12-

month-old (6 WT, 4 Optn470T) and 24-month-old (8 WT, 10 Optn470T) females (B). Cognitive 

function was tested by novel object recognition test and is shown as percentages of interaction 

with familiar and novel object for 18- (20 WT, 19 Optn470T) and 24-month-old (9 WT, 12 Optn470T) 

males (C) and females (6 WT, 9 Optn470T and12 WT, 10 Optn470T) (D). The data is shown as 

average ± SEM and was analyzed by Kruskal-Wallis test (A) and two-way ANOVA (B-D); ** p < 

0.01, ** p < 0.001, *** p < 0.001, **** p < 0.0001. 

 

4.1.2. Optn470T mice did not develop ALS-like neuropathology during aging 

ALS symptoms occur after ≥ 50% of motor neurons in the spinal cord are lost (Hardiman et al., 

2017). So, even though Optn470T mice did not develop pronounced motor deficits, we analyzed the 

signs of ALS-like neuropathology (neuronal loss and TDP-43 aggregation) to check if they are 

already present but yet insufficient to lead to the development of ALS symptoms. Therefore, we 
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analyzed the lumbar spinal cord and the motor cortex of 12- and 24-month-old mice for (motor) 

neuron loss. During aging, WT and Optn470T mice have shown a preserved number of ChAT-

positive motor neurons in the lumbar spinal cord (Fig. 17 A, C). In contrast, in the motor cortex 

we found a 10% neuronal loss in Optn470T mice during aging that did not reach the statistical 

significance, whereas the 20% loss in WT mice reached statistical significance (Fig. 17 B, D). 

Notably though, no statistical difference was found between the genotypes at 24 months, 

suggesting that optineurin insufficiency did not affect neuronal numbers in the motor cortex. 

Interestingly, Kurashige et al. reported TDP-43 cytoplasmic aggregation in 24-month-old Optn-/- 

mice, without development of motor deficits (Kurashige et al., 2021). Therefore, we analyzed the 

presence of TDP-43 pathology with the use of two antibodies: anti-C-terminal TDP-43 and anti-

phospho-TDP-43Ser409; the latter was used since TDP-43 aggregates were reported to be 

hyperphosphorylated (Neumann et al., 2006). The lumbar spinal cord (Fig. 17 E) and motor cortex 

(Fig. 17 F) sections of 12- and 24-month-old WT and Optn470T mice revealed that most of TDP-43 

was in the nucleus with a substantially lesser amount in the cytoplasm, without the presence of 

cytoplasmic aggregates. To corroborate the absence of TDP-43 cytoplasmic aggregates, we 

performed the staining with an antibody against phospho-TDP-43Ser409 (Fig 17 G, H). We observed 

similar results since the localization of phospho-TDP-43Ser409 was mostly nuclear, without 

cytoplasmic aggregates in the lumbar spinal cord (Fig. 17 G) and motor cortex (Fig. 17 H) of WT 

and Optn470T mice. Lipofuscin, an undegraded lipid-containing cargo, accumulates during aging 

(Nakanishi & Wu, 2009) and can be measured as autofluorescence in the red channel (Eichhoff et 

al., 2008). Indeed, we observed a significant lipofuscin accumulation during aging in the lumbar 

spinal cord (Fig. 17 I, K) and motor cortex (Fig. 17 J, L), which was unaffected by optineurin 

insufficiency. In conclusion, we have shown that optineurin insufficiency did not lead to intensified 

neuronal loss, the development of TDP-43 pathology or altered aging-mediated lipofuscin 

accumulation in the motor cortex and lumbar spinal cord.  
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Figure 17. Aging did not trigger ALS-like neuropathology in Optn470T mice. Ventral horn of 

the lumbar spinal cord (left column) and motor cortex (right column) sections of 12- and 24-month-

old male mice were stained for ChAT (A; motor neuron marker in the spinal cord; quantification 

shown in C), NeuN (B; neuronal marker, used for staining of the motor cortex, quantification 

shown in D), C-terminal TDP-43 (E, F) and phospho-TDP-43Ser409 (G, H). Lipofuscin 

accumulation was measured by autofluorescence in the red channel of the ventral horn of the 

lumbar spinal cord (6-7 WT and Optn470T 12- and 24-month-old males) (I, K), and motor cortex 

(3-7 WT and Optn470T 12- and 24-month-old males) (J, L). MFI was normalized and shown as % 

of 12-month-old WT. The data is shown as average of 6-7 (left column) or 3-7 (right column) mice 

± SEM and was analyzed by two-way ANOVA (C, D, K, L); * p < 0.05. 

 

4.1.3. Aging increased wild-type optineurin levels in the spinal cord, but its insufficiency did 

not exacerbate aging-induced microgliosis 

Neuroinflammation, characterized as astrocytosis (increase in astrocyte activation) and 

microgliosis (increase in microglial activation), was found to be a prominent sign of aging (Sikora 

et al., 2021) and a hallmark of neurodegenerative diseases, including ALS (Wilson et al., 2023). 
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We analyzed the ventral horns of the lumbar spinal cord tissue sections of 12- and 24-month-old 

WT and Optn470T male mice for astrocytosis and microgliosis by staining for GFAP (Fig. 18 A, B) 

and Iba1, respectively (Fig. 18 C-F). We observed a slight but non-significant increase in GFAP 

MFI in Optn470T mice during aging (Fig. 18 B), similar to WT mice. The Iba1 MFI did not change 

during aging and was similar in both genotypes (Fig. 18 D). However, we observed a similar aging-

mediated decrease in the longest process length (Fig. 18 E) and an increase in cell body area (Fig. 

18 F) in Optn470T and WT mice, indicating the presence of microgliosis in both genotypes. Since 

the changes in neuroinflammation markers were not very prominent between 12- and 24-month-

old mice, we also used young-adult (3-4-month-old) mice for comparison by western blot. 

Specifically, we compared the whole spinal cord lysates between 3-4- and 18-20-month-old mice 

(Fig. 18 G). We analyzed the expression of optineurin by using an N-terminal optineurin antibody 

to measure the levels of WT and truncated form during aging and observed a ~40% increase in the 

expression of WT but not the truncated form of optineurin during aging (Fig. 18 G, H). GFAP 

levels dropped during aging (Fig. 18 G, I), whereas Iba1 levels significantly increased (Fig. 18 G, 

J), without a difference between the genotypes. We measured the TNF concentration in the spinal 

cord homogenates by ELISA and showed no differences between WT and Optn470T mice (Fig. 18 

K). To conclude, in both genotypes aging between 12 to 24 months revealed a trend of an increased 

GFAP expression in the lumbar spinal cord when analyzed by immunofluorescence, however, in 

western blot analysis of the whole spinal cord homogenates we found a decrease in GFAP 

expression between 3-4- and 18-20-month-old mice. These conflicting results need to be further 

clarified by immunofluorescence analysis of the lumbar spinal cords of mice of the same age 

groups. Regarding microgliosis, we observed aging-induced microglial activation by 

immunofluorescence and western blot analyses in both genotypes. Additionally, were the first to 

show that optineurin levels substantially increased during aging, without that effect on the 

expression of the truncated form. Lastly, WT and Optn470T mice showed similar TNF levels in the 

spinal cords.  
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Figure 18. Optineurin levels increased during aging in the spinal cord, but its insufficiency 

did not increase microgliosis. The ventral horns of the lumbar spinal cord sections of 12- and 24-

month-old WT and Optn470T males were stained for GFAP (A) and Iba1 (C). MFI of GFAP and 

Iba1 (B and D; shown as % of 12-month-old WT mice), microglial longest process length (E) and 

cell body area (F) are shown. Western blot analysis (G) of optineurin (H; marked as Optn), GFAP 

(I) and Iba1 (J) expression in the whole spinal cord homogenates; results were normalized to 

GAPDH as the loading control and shown as % of 3-4-month-old WT mice; two representative 

mice of each genotype are shown. The non-specific band in (G) is marked with *. TNF ELISA (K) 

of the whole spinal cord homogenates (shown as % of 18-20-month-old WT mice). The data is 

shown as average ± SEM of 6-7 (A-F) and 10-11 male mice (G-K) and was analyzed by Kruskal-

Wallis test (B, D), two-way ANOVA (E, F, H-J) and Mann-Whitney test (K); * p < 0.05, ** p < 

0.01, *** p < 0.001, **** p < 0.0001. 

 

4.1.4. Optineurin insufficiency led to increased microgliosis in the whole brain lysates of 

aged mice, but did not affect TNF and IFN- levels  

To check the signs of neuroinflammation in the brain, we performed similar analyses as in the 

spinal cord (see section 4.1.3.). Briefly, motor cortex sections of WT and Optn470T 12- and 24-

month-old male mice were stained for Iba1 (Fig. 19 A). We observed no change in Iba1 MFI (Fig. 

19 B) and longest process length (Fig. 19 C) between 12- and 24-month-old mice, with a tendency 

of an increase in the cell body area (Fig. 19 D) in both genotypes. To compare 3-4- and 18-20-

month-old mice, we performed western blot analysis of the whole brain homogenate (Fig. 19 E). 

We observed a strong aging-induced increase (~50%) in WT optineurin levels, but not in the 

truncated form (Fig. 19 E, F). GFAP levels did not change during aging and were unaffected by 

the genotype (Fig. 19 E, G). Iba1 levels increased during aging in both genotypes, but this was 

more prominent in Optn470T brains compared to the WT (Fig. 19 E, G). However, the 

concentrations of TNF (Fig. 19 I) and IFN- (Fig. 19 J) in the brain homogenates were similar in 

both genotypes. In conclusion, we showed that optineurin levels increased during aging in the 

brain, similar to our observation in the spinal cord. In contrast to the spinal cord, optineurin 

insufficiency in the whole brain led to a stronger aging-induced Iba1 increase, although this 
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difference was not present in the motor cortex. Finally, the concentrations of TNF and IFN- in 

the brains were unaffected by optineurin insufficiency. 
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Figure 19. Optineurin insufficiency led to an increase of aging-induced Iba1 expression in 

the brain homogenates, but similar cytokine profiles. The motor cortex sections of 12- and 24-

month-old WT and Optn470T males were stained for Iba1 (A). MFI of Iba1 (B; shown as % of 12-

month-old WT mice), microglial longest process length (C) and cell body area (D) are shown. 

Western blot analysis (E) of optineurin (F; marked as Optn), GFAP (G) and Iba1 (H) expression in 

the whole brain homogenates; results were normalized to GAPDH as the loading control and 

shown as % of 3-4-month-old WT mice; two representative mice of each genotype are shown. 

TNF (I) and IFN- (J) ELISA of the whole brain homogenates (shown as % of 18-24 or 24-month-

old WT mice). The data is shown as average ± SEM of 3-7 (A-D), 10-11 (E-H), 19-23 (I) and 8-

13 (J) male mice and was analyzed by two-way ANOVA (B-D, F-H), unpaired Student’s t-test (I) 

and Mann-Whitney test (J); * p < 0.05, ** p < 0.01 , **** p < 0.0001. 

 

4.2. Analysis of the role of optineurin in phagocytosis 

4.2.1. Basal and inflammatory phagocytosis in BMDMs during aging and in primary 

neonatal microglia were unaffected by optineurin insufficiency 

It was reported that phagocytosis was decreased in both microglia-like cells derived from ALS 

patients (Quek et al., 2022) and the primary microglia derived from the spinal cord of the 

SOD1G93A ALS mouse model (Barreto‐Núñez et al., 2024), thus we assessed phagocytosis in 

BMDMs and primary neonatal microglia derived from Optn470T mice. We first analyzed 

phagocytosis in BMDMs derived from three- (young-adult) and 24-month-old (aged) mice in the 

basal state under pro-inflammatory polarization with LPS (Fig. 20 A, B). The percentage of 

phagocytic BMDMs was ~60% and did not differ between the genotypes. In contrast, aging led to 

an almost 50% decrease in phagocytosis (Fig. 20 A). The amount of phagocytosed material per 

cell was measured based on the CFSE MFI (Fig. 20 B). CytoD, a phagocytosis inhibitor, was used 

to test if the fluorescent signal came from the phagocytosed material rather than from the material 

attached to the cell surface. It reduced CFSE MFI by approximately 50%, showing a partial 

inhibition of phagocytosis (Fig. 20 B). In basal conditions, the amount of phagocytosed material 

remained the same between the genotypes. We also tested phagocytosis upon pro-inflammatory 

polarization with LPS to check if inflammation will affect the phagocytosis of Optn470T BMDMs. 

The amount of phagocytic material increased upon pro-inflammatory polarization, especially in 



77 
 

BMDMs derived from aged mice (Fig. 20 B). To assess BMDM function during aging in more 

detail, we analyzed the secretion of TNF (Fig. 20 C) and IL-10 (Fig. 20 D) under basal and LPS-

stimulated conditions in the presence of phagocytic material. The secretion of TNF (a pro-

inflammatory cytokine) was almost undetectable in the basal state phagocytosis, whereas its levels 

increased in LPS-stimulated conditions. In contrast, TNF secretion from BMDMs derived from 

aged mice was significantly decreased. IL-10 secretion was detectable in basal conditions (~130 

pg/mL) and increased by ~20-fold in BMDMs derived from young-adults and to a substantially 

lesser extent in those from aged mice (Fig. 20 D). Therefore, we have shown that the percentage 

of phagocytic BMDMs and cytokine secretion were reduced in BMDMs derived from aged mice, 

but without an effect of optineurin insufficiency. 

We next analyzed phagocytosis in primary neonatal microglia, since microglia are more relevant 

for neurodegeneration. In the basal and LPS-stimulated state, we observed a high percentage 

(~90%) of phagocytic microglia, which was similar between the genotypes (Fig. 20 E). The 

amount of phagocytosed material was comparable between the genotypes in the basal and LPS-

stimulated conditions, whereas LPS stimulation led to a ~70% increase in the CFSE signal (Fig. 

20 F). The function of microglia was further analyzed for TNF (Fig. 20 G) and IL-10 (Fig. 20 H) 

in the presence of phagocytic material. Both TNF and IL-10 were almost undetectable in the basal 

state, whereas LPS stimulation led to a prominent secretion of both cytokines, which was similar 

between the genotypes. In conclusion, phagocytosis of primary neonatal microglia derived from 

Optn470T mice was similar to microglia derived from WT mice. 
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Figure 20. Optineurin insufficiency did not affect basal and inflammatory phagocytosis 

neither in BMDMs during aging nor in primary neonatal microglia. BMDMs derived from 

three- or 24-month-old mice and primary neonatal microglia were left unstimulated (Unst.) or were 

pretreated for 24 h with 500 ng/mL of LPS before the addition of the CFSE-stained N2A debris. 

Some samples were pretreated for 30 min with 2M of CytoD to block phagocytosis, as indicated. 

The percentage of phagocytic BMDMs (positive for CFSE-stained N2A debris) is shown in (A). 

The quantity of phagocytosed material (B) is shown as CFSE MFI (normalized to WT untreated 
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cells and shown as % of WT). TNF (C) and IL-10 (D) ELISA for unstimulated and LPS-stimulated 

BMDMs are shown. Primary neonatal microglia were left untreated or stimulated with LPS and 

incubated with CFSE-stained N2A debris, as indicated for BMDMs. The percentage of phagocytic 

microglia (E), the quantity of phagocytosed material (F), and ELISA for TNF (G) and IL-10 (H) 

are shown. The data is shown as average ± SEM of 3-6 (A-D; BMDMs) and 2-4 (E-H; primary 

neonatal microglia) independent experiments and was analyzed by unpaired Student’s t-test; * p < 

0.05, ** p < 0.01, *** p < 0.001. 

 

4.3. Analysis of the role of optineurin on splenic T cell function during aging 

4.3.1. Similar TH1, but decreased TH17 CD4+ T cell polarization during aging was observed 

in male but not female Optn470T compared to WT mice 

Even though the ALS/FTD disease spectrum affects the central nervous system, impairments in 

various subsets of peripheral immune cells, including T cells, are commonly present (Béland et al., 

2020). Also, it was shown that optineurin plays a role in immune signaling (Markovinovic et al., 

2017), so it might affect T-cell polarization. We first analyzed helper T cell (TH, CD4+) 

subpopulations in young-adult (three-month-old), middle-aged (12-month-old), and aged (24-

month-old) males after a short-term in vitro stimulation with PMA/Ionomycin. We observed a 

decrease in CD4+TNF+ cells in aged Optn470T mice compared to aged WT mice, and young-adult 

and middle-aged Optn470T mice (Fig. 21 A). CD4+IFN-+ cell percentage increased significantly in 

aged mice of both genotypes compared to young adults, and almost significantly compared to 

middle-aged mice (Fig. 21 B), and we showed the similar for the CD4+TNF+IFN-+ (TH1) cell 

population (Fig. 21 C). CD4+IL-2+ T cell percentage peaked in middle-aged and was reduced in 

aged mice, but was still higher when compared to young adults, without a difference between 

genotypes (Fig. 21 D). The CD4+IL-17A+ (TH17) cell population significantly increased in aged 

WT mice compared to WT young adults and was significantly higher compared to aged Optn470T 

mice (Fig. 21 E), suggesting that optineurin enhances TH17 polarization. The amount of each 

cytokine per cell was calculated based on the MFI value for each cytokine. We found almost no 

differences between the genotypes at any age point in the level of production of TNF (Fig. 21 F), 

IFN- (Fig. 21 G), IL-2 (Fig. 21 H), and IL-17A (Fig. 21 I). The exceptions were in IFN- with a 

tendency of higher production in aged Optn470T mice compared to WT mice (Fig. 21 G) and IL-
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17A where we observed 9% lower production in young-adult Optn470T compared to WT mice (Fig. 

21 I). In females, CD4+TNF+ percentage did not change during aging (Fig. 21 J), whereas CD4 

+IFN-+ and CD4+TNF+IFN-+ percentages significantly increased during aging (Fig. 21 K, L), 

without differences between the genotypes. CD4 +IL-2+ (Fig. 10 M) and CD4 +IL-17A+ (Fig. 10 N) 

cell percentage did not change during aging and between the genotypes. The production of TNF 

(Fig. 21 O), IFN-Fig. 21 P), IL-2 (Fig. 21 R) and IL-17A (Fig. 21 S) was comparable between 

WT and Optn470T mice. To conclude, a strong increase in the percentage of CD4+IFN-+ and 

CD4+TNF+IFN-+ cells was observed in both genders and genotypes during aging. Additionally, 

an increase in CD4+IL-2+ and CD4+IL-17A+ was more prominent in males compared to females. 

Finally, we also found a decreased percentage of CD4+IL-17A+ cells in aged Optn470T compared 

to WT males. 
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Figure 21. Male Optn470T, but not female mice, had similar TH1 but decreased TH17 CD4+ T 

cell polarization during aging compared to WT mice. Analysis of CD4+ T cells for the positivity 

for TNF (A, J), IFN- (B, K), both TNF and IFN- (C, L), IL-2 (D, M) and IL-17A (E, N) upon 

splenocyte restimulation with PMA/Ionomycin for 4 h is shown. The cytokine content per cell was 

analyzed based on MFI for each cytokine (F-I, O-S) and was expressed as % of WT for each age 

group independently. The data is shown as average ± SEM of 4-7 (A-I, males) and 2-7 (J-S; 

females) mice and was analyzed by two-way ANOVA (A-E, J-N), unpaired Student’s t-test (F-H, 

O-R) and Mann-Whitney test (I, S); * p < 0.05, ** p < 0.01, *** p < 0.001. 

 

4.3.2. Aged Optn470T male mice showed an increased percentage of CD8+ T cells positive for 

TNF, whereas positivity for IFN- and IL-2 remained similar compared to WT mice 

We analyzed CD8+ T cell polarization in the same fashion as in CD4+ T cells. We first analyzed 

male mice and observed an increase in CD8+TNF+ cell percentage between young-adult and aged 

mice, which was more prominent in Optn470T mice compared to WT mice (Fig. 22 A), in contrast 

to what we found in CD4+ cells. Interestingly, aged Optn470T mice had an increased percentage of 

CD8+TNF+ cells compared to WT mice. A strong increase during aging was found in CD8+IFN-+ 

(Fig. 22 B) and CD8+TNF+IFN-+ (Fig. 22 C) cell percentage and was similar in both genotypes. 

CD8+IL-2+ cell percentage was significantly higher in aged mice compared to young-adult and 

middle-aged mice and was similar between genotypes (Fig. 22 D). The production of TNF (Fig. 

22 E), IFN- (Fig. 22 F), and IL-2 (Fig. 22 G) in Optn470T mice was comparable to WT mice at all 

age points. In females, we found an aging-induced increase in CD8+TNF+ (Fig. 22 H) and 

CD8+IFN-+ (Fig. 22 I) cell percentage, similar in both genotypes, whereas the increase in 

CD8+TNF+IFN-+ (Fig. 22 J) and CD8+IL-2+ (Fig. 22 K) cell percentage was not so prominent or 

even absent. The amount of TNF (Fig. 22 L), IFN- (Fig. 22 M) and IL-2 (Fig. 22 N) production 

was comparable between the genotypes at any age point. Here, we have shown that aging resulted 

in a stronger increase in CD8+ T cells positive for TNF, IFN-, both TNF and IFN-, and IL-2 in 

males compared to females and was similar between Optn470T and WT mice. However, a 

conclusion cannot be made for females since the analysis of young adults is missing, and a higher 

number of mice for TNF measurements is needed.  
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Figure 22. Aging induced an increase in CD8+ T cells positive for TNF in Optn470T male mice, 

whereas IFN- and IL-2 were similar to WT mice. Analysis of CD8+ T cells for the positivity 

for TNF (A, H), IFN- (B, I), both TNF and IFN- (C, J), and IL-2 (D, K) upon splenocyte 

restimulation with PMA/Ionomycin for 4 h is shown. The cytokine content per cell was analyzed 

based on MFI for each cytokine (E-G, L-N) and was expressed as % of WT for each age group 

independently. The data is shown as average ± SEM of 4-7 (A-G, males) and 2-7 (H-N; females) 

mice and was analyzed by two-way ANOVA (A-D, H-K) and unpaired Student’s t-test (E-G, L-N) 

* p < 0.05, ** p < 0.01, *** p < 0.001. 

 

4.4. Characterization of a new double-hit Optn470T/TDP-43G348C mouse model during aging 

and upon LPS stimulation 

4.4.1. Characterization of a new Optn470T/TDP-43G348C mouse model 

Due to the lack of an overt ALS/FTD-like phenotype in Optn470T mice during aging (Mohovic, 

Peradinovic et al., 2023), we crossed Optn470T mice with mice that harbor a patient mutation in 

TDP-43 (human TDP-43G348C transgene), which has been shown to develop cytoplasmic TDP-43 

aggregation, neuroinflammation, and motor and cognitive deficits from 7 months of age onwards 

(Swarup et al., 2011). Briefly, we first crossed Optn470T/470T to OptnWT/WT TDP-43G348C mice, both 

of which were of C57BL/6 background, and obtained heterozygous mice for optineurin 

(OptnWT/470T), approximately half of which were TDP-43G348C positive. The latter were crossed 

with Optn470T/WT mice resulting in a potential double-hit ALS/FTD mouse model harboring mouse 

Optn470T truncation and a human TDP-43G348C transgene (Optn470T/TDP-43G348C; (Mohović, 

2023)). All mice were genotyped by PCR amplification and subsequent gel electrophoreses, where 

we used specific primers to detect the presence of bands for OptnWT (~363 bp), Optn470T (~288 

bp), and TDP-43G348C (~365 bp) (Fig. 23 A). Optineurin and TDP-43 levels were analyzed by 

western blotting of whole brain homogenates from mice genotyped as WT, TDP-43G348C, Optn470T, 

and Optn470T/TDP-43G348C (Fig. 23 B). We observed a ~5-fold lower expression of truncated 

optineurin compared to full-length (wild-type, WT) optineurin, with a similar expression pattern 

between Optn470T/TDP-43G348C and TDP-43G348C mice (Fig. 23 B, C). When analyzing TDP-43 

expression, we found a ~20-fold higher expression in TDP-43G348C transgene compared to WT 

mice (Fig. 23 B, D). However, we observed a 30% decrease in TDP-43 expression in 
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Optn470T/TDP-43G348C compared to Optn470T mice, suggesting that optineurin insufficiency may 

have a protective function by downregulating TDP-43 levels (Fig. 23 B, D). To conclude, a new 

double-hit ALS/FTD Optn470T/TDP-43G348C was successfully generated and characterized by PCR 

and western blot. Additionally, the presence of TDP-43G348C transgene did not affect optineurin 

expression, whereas optineurin insufficiency reduced TDP-43 expression.  

 

Figure 23. Characterization of a new Optn470T/TDP-43G348C double-hit mouse model. PCR 

confirmation on the agarose gel for the presence of OptnWT, Optn470T and TDP-43G348C transgene 

(A) in the indicated mice. Western blot analysis (B) of Optn (C) and TDP-43 (D) expression in the 

whole brain homogenates of young adult mice (3-4 months); results were normalized to GAPDH 

as the loading control and shown as % of WT (C) or TDP-43G348C (D) mice; two representative 
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mice of each genotype are shown. Non-specific band in (B) is marked with *. The data is shown 

as average ± SEM of 3-5 WT, Optn470T, TDP-43G348C and Optn470T/TDP-43G348C male mice, and 

was analyzed by one-way ANOVA; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 

 

4.4.2. NF-B and TBK1 signaling activation between TDP-43G348C and WT BMDMs was 

comparable 

Swarup et al have shown hyperactivation of the NF-B signaling in TDP-43G348C primary neonatal 

microglia on western blot and in TDP-43WT BMDMs on RT-qPCR (Swarup et al., 2011b). 

Nevertheless, the detailed NF-B signaling analysis was not done, so we performed it on three 

levels: western blot, RT-qPCR and ELISA. First, we measured NF-B signaling activation by IB-

 degradation and p65 phosphorylation at serine 536 (Fig. 24 A). LPS stimulation of WT BMDMs 

led to almost complete IB- degradation 15 min after stimulation, after which it started to 

reaccumulate at 30 min and reached basal levels by 60 min (Fig. 24 A, B). Phosphorylation of p65 

in WT BMDMs peaked at 15 min upon stimulation, retained its levels at 30 min, and slightly 

started to decrease at 60 min (Fig. 24 A, C). Therefore, the pattern of NF-B activation in TDP-

43G348C BMDMs was similar to WT BMDMs. We subsequently analyzed the mRNA expression 

(Fig 24 D) and protein secretion (Fig. 24 E) of TNF, a major pro-inflammatory cytokine expressed 

upon NF-B activation. Tnf mRNA expression, measured by RT-qPCR, peaked at 2 h upon LPS 

stimulation of WT BMDMs and then dropped, but remained a bit higher at 24 h compared to the 

basal levels (Fig. 24 D). A similar pattern of Tnf mRNA expression was observed in TDP-43G348C 

BMDMs. TNF secretion from WT BMDMs, measured by ELISA, was detected 2 h after LPS 

stimulation, continued to rise at 4 h, and peaked at 24 h (Fig. 24 E). TDP-43G348C BMDMs secreted 

a comparable amount of TNF upon LPS stimulation. Therefore, unlike Swarup et al., we showed 

that NF-B signaling was unaffected by overexpression of TDP-43G348C transgene, meaning that 

TDP-43 did not regulate activation of the NF-B signaling. 

Another signaling pathway activated by LPS stimulation is TBK1 signaling, which results in the 

production of IFN- (Perry et al., 2004). However, the role of TDP-43 in TBK1 signaling 

activation is still unknown. TBK1 phosphorylation at serine 172, a sign of TBK1 activation, was 

analyzed by western blot (Fig. 24 F). In WT BMDMs, it peaked 0.5 h upon LPS stimulation and 
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then started to diminish from 1 h to 4 h (Fig. 24 F, G). The same TBK1 activation pattern was 

observed in TDP-43G348C BMDMs. IFN- mRNA expression (Fig 24 H) and protein secretion (Fig. 

24 I) were subsequently measured. RT-qPCR analysis revealed a peak of Ifn- mRNA expression 

at 2 h upon LPS stimulation, which returned to basal levels by 24 h in WT BMDMs (Fig. 24 H), 

with a slightly lower induction of Ifn- mRNA in TDP-43G348C BMDMs, without reaching 

statistical significance due to a low number of repetitions (n = 2). IFN- secretion in WT BMDMs 

was detectable at low levels in the basal state, increased at 2 h, peaked at 4 h, and dropped by 24 

h after LPS stimulation (Fig. 24 I). IFN- secretion from TDP-43G348C BMDMs was slightly 

decreased compared to WT BMDMs, except at 24 h where the concentrations were similar. To 

conclude, TBK1 signaling activation was not affected by TDP-43G348C overexpression. 
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Figure 24. TDP-43G348C and WT BMDMs showed comparable NF-B and TBK1 pathway 

activation upon LPS stimulation. BMDMs were generated from the bone marrow of 3-5-month-

old WT and TDP-43G348C mice and stimulated with 500 ng/mL of LPS at the indicated time points. 

NF-B signaling was analyzed by western blot (A) for IB- degradation (B) and p65 

phosphorylation (C); results were normalized to GAPDH as the loading control and shown as % 

of WT unstimulated cells (B) or cells treated for 15 minutes with LPS (C). Tnf mRNA was analyzed 

by RT-qPCR, normalized to the housekeeping gene (Gapdh) and shown as % of WT cells treated 

for 2 h with LPS (D). TNF protein secretion was analyzed by ELISA (D). TBK1 signaling was 
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analyzed by western blot (F) for TBK1 phosphorylation (G); results were normalized to GAPDH 

as the loading control and shown as % of WT cells treated for 0.5 h with LPS. Ifn- mRNA was 

analyzed by RT-qPCR, normalized to the housekeeping gene Gapdh and shown as % of WT cells 

treated 2 h with LPS (H). IFN- protein secretion was analyzed by ELISA (I) and was shown as 

% of WT cells treated for 4 h with LPS. The data is shown as average ± SEM (B, C, E, G, I) or SD 

(D, H) from 2-3 independent experiments and was analyzed by two-way ANOVA. 

 

4.4.3. LPS stimulation of Optn470T/TDP-43G348C led to a similar NF-B, but reduced TBK1 

activation compared to TDP-43G348C BMDMs 

To test if the presence of Optn470T truncation in TDP-43G348C BMDMs will affect activation of the 

NF-B and TBK1 signaling, we generated BMDMs from TDP-43G348C and Optn470T/TDP-43G348C 

mice, stimulated them with LPS and analyzed by western blot, RT-qPCR and ELISA. NF-B 

signaling activation was measured by IB- degradation and p65 phosphorylation by western blot 

(Fig. 25 A). In TDP-43G348C BMDMs, IB- degradation started 0.5 h after LPS stimulation, 

reaccumulated at 1 h to 60% of its basal level, and remained the same at 3 h (Fig. 25 A and B). 

Interestingly, IB- expression in the basal state of Optn470T/TDP-43G348C BMDMs was higher by 

45% compared to TDP-43G348C BMDMs. However, after its degradation 0.5 h after stimulation, it 

reaccumulated to the same levels as observed in TDP-43G348C BMDMs. Phosphorylation of p65 in 

TDP-43G348C BMDMs peaked at 0.5 h upon stimulation, slightly dropped at 1 h, and further 

decreased at 3 h (Fig. 25 A, C). Tnf mRNA levels peaked at 2 h upon LPS stimulation and markedly 

dropped by 24 h in TDP-43G348C BMDMs, with the same kinetics in Optn470T/TDP-43G348C 

BMDMs. (Fig. 25 D). TNF protein secretion from TDP-43G348C BMDMs started 2 h upon LPS 

stimulation, peaked at 6 h and remained at a similar level up to 24 h (Fig. 25 E), with an unaffected 

secretion pattern in Optn470T/TDP-43G348C BMDMs. Thus, we have shown that optineurin 

truncation in TDP-43G348C BMDMs increased basal IB- levels, but without affecting the NF-B 

signaling activation and TNF production. 

We have previously shown that optineurin plays a role as a positive regulator of TBK1 signaling 

and IFN- production (Markovinovic et al., 2018; Munitic et al., 2013), so we wanted to check if 

the presence of a high level of human TDP-43G348C transgene will additionally affect it. TBK1 
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phosphorylation peaked at 0.5 h, retained its levels at 1 h, and dropped at 3 h in TDP-43G348C 

BMDMs (Fig. 25 F). In contrast, the phosphorylation of TBK1 was decreased in Optn470T/TDP-

43G348C BMDMs. Ifn- mRNA peaked at 2 h upon LPS stimulation and dropped to basal levels at 

24 h in TDP-43G348C BMDMs (Fig. 25 H). In Optn470T/TDP-43G348C BMDMs, a reduced Ifn- 

mRNA expression at 2 h was observed, although this was not statistically significant due to a 

limited number of repetitions (n = 2). IFN- secretion from TDP-43G348C BMDMs started 2 h upon 

LPS stimulation, peaked at 6 h, and was markedly reduced by 24 h (Fig. 25 I). On the contrary, 

IFN- levels were significantly reduced in Optn470T/TDP-43G348C BMDMs at 2 h and 6 h. By this, 

we confirmed that optineurin has retained its function as a positive regulator of the TBK1 signaling 

in the presence of TDP-43G348C transgene, but the potential proteotoxic stress exerted by the latter 

did not further affect the signaling. 
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Figure 25. Optn470T/TDP-43G348C BMDMs showed similar NF-B but diminished TBK1 

activation upon LPS stimulation compared to TDP-43G348C BMDMs. BMDMs were generated 

from bone marrow of 3-5-month-old TDP-43G348C and Optn470T/TDP-43G348C mice and stimulated 

with 500 ng/mL LPS at the indicated time points. NF-B signaling was analyzed by western blot 

(A) for IB- degradation (B) and p65 phosphorylation (C); results were normalized to GAPDH 

as the loading control and shown as % of WT unstimulated cells (B) or cells treated for 0.5 h with 

LPS (C). Tnf mRNA was analyzed by RT-qPCR, normalized to the housekeeping gene (Gapdh) 

and shown as % of WT cells treated for 2 h with LPS (D). TNF secretion was analyzed by ELISA 
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(D). TBK1 signaling was analyzed by western blot (F) for TBK1 phosphorylation (G); results were 

normalized to GAPDH as the loading control and shown as % of WT cells treated for 0.5 h with 

LPS. Ifn- mRNA was analyzed by RT-qPCR, normalized to the houskeeping gene Gapdh and 

shown as % of WT cells treated 2 h with LPS (H). IFN- protein secretion was analyzed by ELISA 

(I) and was shown as % of WT cells treated for 6 h with LPS. The data is shown as average ± SEM 

(B, C, E, G, I) or SD (D, H) from 2-4 independent experiments and was analyzed by two-way 

ANOVA; * p < 0.05, ** p < 0.01, **** p < 0.0001 

 

4.4.4. Optn470T/TDP-43G348C mice had lower body weight, and improved motor and 

cognitive functions compared to TDP-43G348C mice 

We let the mice of all four genotypes (WT, Optn470T, TDP-43G348C and Optn470T/TDP-43G348C) age 

up to 18 months to analyze the effect of TDP-43G348C on ALS and FTD-like pathology. At that 

time, we observed a ~10% decrease in the body weight of Optn470T/TDP-43G348C mice compared 

to Optn470T and TDP-43G348C mice (Fig. 26 A). To check for motor coordination, we performed 

rotarod (Fig. 26 B) and grid-hanging tests (Fig. 26 C). On the rotarod, we observed a prominent 

age-induced decline in motor function. More precisely, the time spent on rotarod dropped by 30-

40% in middle-aged mice (11-15M), and by 50% in aged mice (15-18M), compared to young adult 

mice (6-10M). Surprisingly, this was similar for all the genotypes (Fig. 26 B), even though TDP-

43G348C were reported to have ALS symptoms from 7 months onwards (Swarup et al., 2011). 

However, when we performed a more sensitive grid-hanging test at 18 months of age, we observed 

a 40% increase in time spent on a grid for Optn470T/TDP-43G348C compared to TDP-43G348C mice, 

without a difference between other genotypes (Fig. 26 C). We then tested the cognitive function 

by a novel object recognition test and observed a 16% lower preference for the novel object in 

TDP-43G348C compared to WT mice (Fig. 26 D). Surprisingly, in Optn470T/TDP-43G348C we 

observed a 10% rescue of cognitive function compared to TDP-43G348C mice (Fig. 26 D). In 

conclusion, the presence of optineurin truncation in TDP-43G348C mice decreased the body weight, 

and improved motor and cognitive functions, even though we expected worsened phenotype due 

to the coexistence of two ALS-linked mutations. This suggests an unexpected protective effect of 

optineurin in TDP-43G348C mice.  
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Figure 26. Optn470T/TDP-43G348C mice had improved motor and cognitive functions and 

lower body weight compared to TDP-43G348C mice at 18 months of age. Male and female mice 

of both sexes were analyzed at the indicated age for body weight (A; WT: 28, Optn470T: 33, TDP-

43G348C: 17, Optn470T/TDP-43G348C: 39 mice), motor coordination on accelerating rotarod (B; WT: 

20, 20, 19; Optn470T: 18, 21, 28; TDP-43G348C: 31, 22, 16; Optn470T/TDP-43G348C: 25, 40, 32 mice) 

and grid-hanging test (C; WT: 22, Optn470T: 29, TDP-43G348C: 17, Optn470T/TDP-43G348C: 35 mice), 

and cognitive function by novel object recognition test (D; WT: 32, Optn470T: 34, TDP-43G348C: 

25, Optn470T/TDP-43G348C: 39 mice). The results were first separated according to the sex and 

normalized to WT mice of the same sex, and then pooled (A-C), whereas in (B) the results were 

expressed as % of 6-10M WT. In (D) % of preference for the familiar and novel object are shown. 

The data is shown as average ± SEM and was analyzed by Kruskal-Wallis test (A, C) or two-way 

ANOVA (B, D); * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 

 

4.4.5. LPS-mediated body weight loss and death were rescued by the presence of Optn470T 

truncation in TDP-43G348C mice 

It was shown that two-month-old Optn470T mice had chemokine disbalance in the brain upon 

intraperitoneal LPS stimulation (Markovinovic et al., 2018) and that 10-month-old TDP-43G348C 

mice had increased mRNA expression of various pro-inflammatory cytokines (Swarup, et al., 
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2011). In addition, our in vitro results have shown that a single dose of LPS induced neither TDP-

43 cytoplasmic mislocalization (Marošević, 2022) nor cytokine disbalance in TDP-43G348C 

BMDMs (Fig. 27). Therefore, we administered 18-month-old WT, Optn470T, TDP-43G348C and 

Optn470T/TDP-43G348C mice with 1.5 mg/kg LPS for three consecutive days to try to induce TDP-

43 cytoplasmic mislocalization and cytokine disbalance to aggravate the ALS/FTD phenotype. 

The sickness behavior was checked 24 h after each LPS administration and included measurements 

of the body weight (Fig. 27 A) and temperature (Fig. 27 B). We observed a gradual body weight 

loss upon each LPS dose in all genotypes. Mice with optineurin truncation (Optn470T and 

Optn470T/TDP-43G348C) have shown increased body weight loss compared to mice with WT 

optineurin (WT and TDP-43G348C) on the first and second day upon LPS administration (Fig. 27 

A). However, on the third day, the body weight loss was still increased in Optn470T mice compared 

to WT mice, whereas Optn470T/TDP-43G348C and TDP-43G348C became equal, suggesting the 

protective effect of optineurin in the latter (Fig. 27 A). The temperature dropped slightly in every 

genotype on the first day of LPS administration, additionally dropped on the second day, and was 

kept similar on the third day, without a difference between the genotypes (Fig. 27 B). All WT and 

Optn470T mice survived two doses of LPS, whereas ~73% of mice survived by the third day. In 

contrast, TDP-43G348C mice started dying on the second day, and only 53% of mice survived by 

the third day, showing that they were most vulnerable to LPS-induced sepsis (Fig. 27 C). 

Interestingly, Optn470T/TDP-43G348C mice showed the best survival with ~88% surviving by the 

third day, suggesting the protective effect of optineurin truncation in TDP-43G348C mice. In 

conclusion, Optn470T/TDP-43G348C mice have shown decreased body weight loss and the highest 

survival rate by the third day upon LPS administration. Altogether, optineurin truncation showed 

a protective effect upon three-day LPS administration of TDP-43G348C mice. 
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Figure 27. The presence of Optn470T truncation in TDP-43G348C mice had a protective effect 

against LPS-induced body weight loss and death. WT, Optn470T, TDP-43G348C and 

Optn470T/TDP-43G348C at the age of 18 months were intraperitoneally stimulated with 1.5 mg/kg of 

LPS for three consecutive days. Body weight (A; shown as change compared to weight measured 

before stimulation), temperature (B) and survival were checked 24 h after each dose. The data is 

shown as average ± SEM of the indicated number of mice (starting number of mice: 17 WT, 26 

Optn470T, 13 TDP-43G348C and 26 Optn470T/TDP-43G348C) and was analyzed by two-way ANOVA 

(A, B) and Log-rank (Cox-Mantel) test; * p < 0.05, ** p < 0.01, *** p < 0.001. 

 

4.4.6. The spleens of LPS-treated Optn470T/TDP-43G348C mice had reduced B cell percentage 

and number compared to Optn470T mice 

To investigate how three-day LPS administration affected the major splenocyte populations (T and 

B cells), we performed a flow cytometry analysis. The splenocyte numbers were comparable 

between WT, Optn470T and TDP-43G348C mice (Fig. 28 A). In contrast, we have observed 

substantially decreased splenocyte numbers in Optn470T/TDP-43G348C mice compared to Optn470T 
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mice. The percentages and numbers of non-T/non-B (T-/B-; Fig. 17 B, E) and T cells (Fig. 28 C, 

F) remained similar between the genotypes. B cell percentage was slightly decreased in Optn470T 

and TDP-43G348C mice compared to WT mice, but this did not reach statistical significance. In 

contrast, Optn470T/TDP-43G348C mice had ~20% decreased B cell percentage and ~50% decreased 

absolute B cell number compared to Optn470T mice. No differences were found in absolute B cell 

number between WT and TDP-43G348C mice (Fig. 28 G). Therefore, we have shown here that the 

decreased splenocyte number in Optn470T/TDP-43G348C mice was largely due to the decreased 

presence of the B cell population. However, in future experiments, the spleens need also to be 

analyzed in the basal state to elucidate the reason for decreased B cell population in Optn470T/TDP-

43G348C mice.  

 

Figure 28. The decreased splenocyte number in Optn470T/TDP-43G348C compared to Optn470T 

mice upon three-day LPS stimulation was accounted for by the loss of B lymphocytes. WT, 

Optn470T, TDP-43G348C and Optn470T/TDP-43G348C at the age of 18 months were intraperitoneally 

administered with 1.5 mg/kg for three consecutive days, the spleens were isolated 24 h after the 

last dose and analyzed by the flow cytometry. The number of splenocytes (A), frequencies (%) of 

non-T/non-B cells (B; T-/B-), T lymphocytes (C), B lymphocytes (D), and the absolute numbers of 
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these subsets (E-G) are shown. The data is shown as average ± SEM of the indicated number of 

mice (10 WT, 15 Optn470T, 6 TDP-43G348C and 16 Optn470T/TDP-43G348C) and was analyzed by 

Kruskal-Wallis test (A, B, E-G) and one-way ANOVA (C, D); * p < 0.05, ** p < 0.01. 

 

4.4.7. The spleens of LPS-treated Optn470T/TDP-43G348C mice had lower numbers of 

classical dendritic and NK cells compared to Optn470T mice 

We further analyzed the non-T/non-B population to characterize innate immune cells upon three-

day LPS administration. The percentage of macrophages in Optn470T, TDP-43G348C and 

Optn470T/TDP-43G348C mice was slightly higher compared to WT mice, although this did not reach 

statistical significance due to substantial mouse-to-mouse variability. The absolute numbers of 

macrophages were similar between all genotypes (Fig. 29 A, B). The expression of activation 

markers CD86 and CD11c on macrophages was slightly lower in Optn470T, TDP-43G348C and 

Optn470T/TDP-43G348C mice compared to WT mice, whereas MHC-II expression was slightly 

increased in the presence of TDP-43G348C transgene, but without statistical significance between 

the genotypes (Fig. 29 C). The percentages of classical dendritic cells (cDC) were comparable 

between the genotypes (Fig. 29 D), whereas the number was significantly lower in Optn470T/TDP-

43G348C mice compared to Optn470T mice (Fig. 18 E). CD86 and MHC-II expression were similar 

between the genotypes (Fig. 29 F). The percentage of neutrophils was higher in Optn470T mice 

compared to WT mice, with a similar trend between TDP-43G348C and Optn470T/TDP-43G348C mice 

(Fig. 29 G) whereas the number was lower in transgenic compared to non-transgenic mice (Fig. 

29 H). The natural killer (NK) cell percentage was similar between the genotypes (Fig. 29 I), but 

the absolute numbers were lower in transgenic compared to non-transgenic mice (Fig. 29 J). In 

conclusion, Optn470T/TDP-43G348C mice had lower cDC and NK cell numbers upon consecutive 

LPS stimulation compared to Optn470T mice. 
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Figure 29. Optn470T/TDP-43G348C mice had a lower number of classical dendritic and NK cells 

compared to Optn470T mice upon three-day LPS administration. WT, Optn470T, TDP-43G348C
, 

and Optn470T/TDP-43G348C at the age of 18 months were intraperitoneally stimulated with 1.5 

mg/kg for three consecutive days, the spleens were isolated 24 h after the last dose and analyzed 

by flow cytometry. Frequencies (%) of macrophages (A), classical dendritic cells (D; cDC), 

neutrophils (G), NK cells (I), and their numbers (B, E, H, J) are shown. Macrophage and cDC 

activation were assessed by the MFI of CD86, MHC-II and CD11c activation markers (C, F). The 

data is shown as average ± SEM of indicated number of mice (10 WT, 15 Optn470T, 6 TDP-43G348C
, 

and 16 Optn470T/TDP-43G348C) and was analyzed by Kruskal-Wallis test (A, B, C: MHC-II and 

CD86, D-H, J) and one-way ANOVA (C: CD86, I); * p < 0.05. 

  



99 
 

4.4.8. Three-day LPS administration led to increased serum CCL2 and IL-10 levels in TDP-

43G348C and Optn470T/TDP-43G348C mice, respectively 

To evaluate if the differences in the cytokine profiles correlated to body weight loss and survival, 

we measured the concentration of cytokines (IL-10, IFN-) and chemokines (CXCL10, CCL2 and 

CXCL1) in the sera, and in the homogenates of the whole brain and the spinal cord. C-X-C motif 

chemokine ligand 10 (CXCL10) levels were very high in the serum, brain, and spinal cord (Fig. 

30 A-C), without a difference between the genotypes. Chemokine (C-C motif) ligand 2 (CCL2) 

levels in the sera were significantly increased in TDP-43G348C mice compared to WT mice, with a 

similar but non-significant trend between Optn470T and Optn470T/TDP-43G348C mice (Fig. 30 D). In 

contrast, there were no differences between the genotypes in CCL2 concentrations in the brain 

(Fig. 30 E) and spinal cord (Fig. 30 F). Serum CXCL1 concentrations were low for most mice 

(Fig. 30 G), whereas it was highly abundant in the brains (Fig. 30 H). IL-10 was detectable only 

in the serum and we observed that the presence of TDP-43G348C transgene increased its 

concentration, which was almost significant between Optn470T and Optn470T/TDP-43G348C mice 

(Fig. 30 I). Additionally, the presence of Optn470T truncation decreased IL-10 levels, but not to a 

significant extent. Lastly, IFN- serum levels were low and comparable between the genotypes 

(Fig. 30 J). To conclude, the concentrations of the analyzed cytokines and chemokines were 

comparable between the genotypes, except for CCL2 and IL-10 in the serum, where they were 

found to be higher in TDP-43G348C and Optn470T/TDP-43G348C mice compared to non-transgenic 

mice, respectively. Although IL-10 is potentially neuroprotective and could explain increased 

survival of Optn470T/TDP-43G348C, further analyses are necessary to test if it is protective in this 

particular case.  
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Figure 30. Three-day LPS administration increased CCL2 and IL-10 concentrations in the 

serum of TDP-43G348C and Optn470T/TDP-43G348C mice, respectively. WT, Optn470T, TDP-

43G348C and Optn470T/TDP-43G348C at the age of 18 months were intraperitoneally stimulated with 

1.5 mg/kg for three consecutive days. The sera, brains and spinal cords were isolated 24 h after the 

last dose and analyzed by Legendplex. The concentrations for CXCL10 (A-C), CCL2 (D-F), 

CXCL1 (G, H), IL-10 (I) and IFN- (J) in the sera (left column), brain (middle column) and the 
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spinal cord (right column) are shown. Note: final cytokine concentrations in the brain and the 

spinal cord were divided with the total protein concentration per sample and are depicted as mg/pg 

of total protein. The data is shown as average ± SEM of mice (serum: 11 WT, 18 Optn470T, 6 TDP-

43G348C and 15 Optn470T/TDP-43G348C; brain and spinal cord: 8 WT, 12 Optn470T, 3 TDP-43G348C 

and 13 Optn470T/TDP-43G348C) and was analyzed by one-way ANOVA (A) and Kruskal-Wallis test 

(B-J); ** p < 0.01. 

 

  



102 
 

5. Discussion 

5.1. The role of optineurin in the central nervous system during aging 

5.1.1. Optn470T mice did not show ALS/FTD-like neuropathology during aging 

Optineurin mutations that directly affect UBR (E478G and Q398X) were reported to be pathogenic 

in ALS patients, and it was proposed that excessive inflammation was the mechanism of the 

disease (Maruyama et al., 2010). Subsequently, it was also shown that patients bearing these 

mutations also develop FTD (H. Ito et al., 2011; Kamada et al., 2014). Here, we have utilized 

Optn470T mouse model, which mimics Q398X patient mutation, to study if aging could act as a 

potential second hit for the development of ALS/FTD-like phenotype. We found that aging-

mediated loss of motor and cognitive abilities was not exaggerated in Optn470T mice, which we 

confirmed by several motor and cognitive tests shown here and in our recent publication (Mohovic, 

Peradinovic et al., 2023). This is consistent with the absence of ALS-like motor deficits in aged 

Optn-/- (Kurashige et al., 2021; Moharir & Swarup, 2022) and OptnD477N mice (Gleason et al., 

2011). The only neurological deficits in Optn-/- mice were reported by Ito et al., who found a 

decreased vertical rearing activity (i.e. lesser use of the hindlimbs) in three-month-old Optn-/- mice 

(Y. Ito et al., 2016). However, this phenotype was very mild and did not show a typical ALS 

progression. Moreover, when an open-field test was conducted by the same group, no differences 

in motor activity were found between WT and Optn-/- mice, further corroborating that the 

neurological phenotype, if any, is mild (Y. Ito et al., 2016). Surprisingly, an interesting result was 

recently reported by a study done in mice with conditional OPTN UBR truncation in glutamatergic 

neurons (named OPTNf/f::Vglut2-Cre, hereafter called “glutamatergic neuron-specific Optn470T”). 

They have observed the signs of motor and cognitive decline present already at three months of 

age (D. Liu et al., 2025). To point out, the same OPTNf/f floxed mouse model was generated by 

Munitic et al. (Munitic et al., 2013) and was used to generate whole body Optn470T truncation 

analyzed in our study. For this reason, it is not immediately clear why the glutamatergic neuron-

specific Optn470T truncation would lead to ALS, while the whole-body Optn470T truncation would 

not (Mohovic, Peradinovic et al., 2023). There are several potential reasons for this finding. Firstly, 

it is important to address the role of the genetic background, since Munitic et al. have previously 

reported that Optn470T truncation in mice with mixed C57BL/6 × 129 background was 

embryonically lethal in majority of pups, with only 3% instead of 25% of homozygous mice born 
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to Optn470T heterozygous parents (Munitic et al., 2013). This effect of embryonic lethality with 

incomplete penetrance was lost upon further backcrossing to the C57BL/6J background (Munitic 

et al., 2013). Liu et al., crossed the OPTNf/f mice to V-glut2-Cre mice, where the latter were of 

mixed C57BL/6;FVB;129 background (D. Liu et al., 2025), with pure FVB and 129 mice being 

reported to spontaneously develop diseases such as blindness, cancer and diabetes (001800 - FVB 

Strain Details; 002448 - 129S1 Strain Details). Secondly, Liu et al. primarily focused on 

glaucoma, while we performed an extensive analysis of motor functions and related pathology. 

Their motor function analysis was conducted on a small number of mice with limited 

neuropathological evaluation, unlike our more detailed analysis. Additionally, Liu et al. combined 

male and female mice for their motor coordination analysis and performed neuropathological 

analysis at only one time point (three months), without assessing disease progression with age. 

Furthermore, ChAT+ lower motor neuron number in WT mice reported by the authors was much 

lower than typically reported in the literature. It is also unclear how the lower motor neurons in 

glutamatergic neuron-specific Optn470T mice would be affected, as these neurons are cholinergic, 

not glutamatergic. Finally, an additional reason for the discrepancy between the findings in 

glutamatergic neuron-specific and whole body Optn470T truncation could be that in the latter the 

truncation in the surrounding microglia may have a protective effect. Given that some other 

findings in this thesis argue for a protective effect of Optn470T truncation in some settings 

(discussed below), this needs to be tested in future studies. 

Optineurin and TBK1 act on the same signaling axis, so the mouse models carrying mutations in 

these genes can be compared. Of particular importance is a Tbk1+/- mouse model, which is a mouse 

model of TBK1 haploinsufficiency that represents ALS/FTD-linked loss-of-function mutations 

(Freischmidt et al., 2015). Tbk1+/- mice also did not develop motor and cognitive deficits during 

aging (Bruno et al., 2020), whereas the additional presence of TAK1 deletion in microglia 

precipitated the disease phenotype (Xu et al., 2018). This group suggested that Tbk1+/- mice did 

not develop ALS/FTD-like phenotype due to the compensation of TBK1 function by TAK1. These 

findings could mean that the presence of additional genetic mutations or instabilities may cause 

ALS, strengthening the hypothesis that ALS requires multiple steps to develop (Al-Chalabi et al., 

2014). 
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It was reported that death ≥ 50% of motor neurons is required for ALS manifestation (Hardiman 

et al., 2017). Thus, we also examined Optn470T mice for potential early neuropathological changes. 

We found preserved neuronal numbers and absence of TDP-43 pathology in the lumbar spinal 

cords and the brains of Optn470T mice, which is in line with the absence of motor and cognitive 

deficits. The absence of neurodegeneration and/or TDP-43 pathology was also reported for Optn-

/- (Y. Ito et al., 2016; Dermentzaki et al., 2019), Tbk1+/- (Bruno et al., 2020) and TBK1E696K 

(Brenner et al., 2024) mice during aging. The exceptions were Kurashige et al. and D. Liu et al. 

with the findings in the spinal cord of Optn-/- and glutamatergic neuron-specific Optn470T mice, 

respectively. The former showed neurodegeneration and TDP-43 aggregation in the spinal cord, 

whereas the latter showed only neurodegeneration (Kurashige et al., 2021; D. Liu et al., 2025). It 

is worth mentioning that both of these mouse models are of mixed genetic backgrounds, which are 

susceptible to certain diseases, as described above. Regarding the TDP-43 pathology, Kurashige 

et al. have used N-terminal TDP-43 antibody, for which we have shown an unusual diffuse 

cytoplasmic staining of motor neurons (Mohovic, Peradinovic et al., 2023). For this reason, we 

have additionally looked at potential pathology by using a C-terminal-specific TDP-43 antibody 

and an antibody against phospho-TDP-43Ser409, with the latter being specific for TDP-43 

aggregates. TDP-43 was also not detected in insoluble fractions of Optn470T brains (Mohovic, 

Peradinovic et al., 2023). Our experiments thus showed the absence of TDP-43 pathology by 

several complementary methods. Similar to optineurin and TBK1, mutations in C9ORF72 were 

found to be loss-of-function (DeJesus-Hernandez et al., 2011). Since ALS affects motor neurons, 

mice with C9orf72-specific knockout in neurons were generated (Koppers et al., 2015). In contrast 

to glutamatergic neuron-specific Optn470T, the neuron-specific deletion of C9orf72 in mice did not 

result in neurodegeneration and TDP-43 pathology, possibly suggesting a distinct disease 

mechanism. We have also measured the aging-induced accumulation of lipofuscin in the motor 

cortex and the lumbar spinal cord and have shown no differences between WT and Optn470T mice. 

In conclusion, many physiological ALS mouse models carrying mutations in Tbk1, Optn or 

C9orf72, unlike the models with transgenic overexpression (ex. SOD1-G93A model) do not 

recapitulate typical ALS/FTD neuropathology in terms of TDP-43 aggregation and 

neurodegeneration. This suggests that presence of mutations in other ALS-linked genes and/or 

stressors is needed to precipitate the disease in mice. 
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Since neuroinflammation is one of the major hallmarks of ALS and inflammatory signaling was 

proposed to be directly affected by OPTN mutations, we analyzed astrocyte and microglial 

activation in the spinal cords and the brains of Optn470T mice during aging. In the spinal cord of 

Optn470T mice we observed a slight aging-induced increase in GFAP expression by 

immunofluorescence, but a decrease on western blot, whereas in the brain no differences were 

found. In aged mice and rats, astrocyte activation increases with aging, which is usually measured 

by GFAP expression and cell number (Sandhir et al., 2008; Boisvert et al., 2018; Tsesmelis et al., 

2023). The discrepancy in GFAP expression for the spinal cord obtained by western blot and 

immunofluorescence could not be explained at the moment and should be further studied by 

comparing three- and 24-month-old mice. To analyze astrocyte activation in more depth, 

combination of GFAP, glutamine synthetase and Ki67 will be used, since those represent markers 

of proliferative astrocytes (Escartin et al., 2021). For the brain, the lack of difference in GFAP 

expression during aging may be caused by the region-specific GFAP expression induced by aging 

(Boisvert et al., 2018). This could be improved by using homogenate of a specified brain region, 

instead of the whole brain homogenate. The next sign of neuroinflammation that we analyzed is 

microgliosis, which was increased during aging in the spinal cord and the brain and was more 

prominent when three-month-old mice were compared to 24-month-old mice, which is in line with 

previous findings in mice and rats (Xie et al., 2013; Bruno et al., 2020; Jin et al., 2021). Optineurin 

insufficiency did not alter astrocyte and microglial activation during aging. The absence of 

exaggerated neuroinflammation was previously reported in Optn-/- mice (Slowicka et al., 2016b) 

and other mouse models such as Tbk1+/- (Bruno et al., 2020; Brenner et al., 2024) and mice with 

neuron-specific knockout of C9orf72 (Koppers et al., 2015), suggesting that loss-of-function 

mutations in immune-regulating genes are not sufficient to alter aging-induced neuroinflammation 

in mice. We have also analyzed the levels of TNF and IFN- and found that their secretion was 

not impaired in Optn470T mice. However, the opposite was found for TNF levels in spinal cords of 

Optn-/- mice, where its level was increased by 15% compared to WT mice (Y. Ito et al., 2016), 

which may be the result from different optineurin mutation. Indeed, the differences between results 

obtained from Optn470T and Optn-/- could suggest that protein insufficiency and deficiency may 

have a distinct impact on the disease pathogenesis. However, the direct reason for discrepancies 

between optineurin deficiency and insufficiency mouse models cannot be made since different 

analyses were performed in those mice. In addition, some groups derived their own Optn-/- mouse 
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by deleting different exons (e.g. Kurashige et al. vs Ito et al.), which may be the reason for 

differences between those groups. For example, the previous study has shown that floxing of exons  

2 and 3 did not lead to optineurin deletion, but rather N-terminal truncation Optn157 due to the 

presence of an alternative open reading frame (Meena et al., 2016). Notably, we were the first who 

analyzed optineurin levels during aging. The levels of WT protein increased during aging, whereas 

the truncated form (Optn470T) did not. This may be due to aging-induced inflammation, since an 

increase in optineurin levels were reported upon inflammatory stimulation (Sudhakar et al., 2009; 

J. Wang et al., 2021). This increase in WT optineurin protein levels could perhaps suggest its 

protective function in terms of preventing cytokine and chemokine imbalance, reported for its 

insufficiency (Markovinovic et al., 2018). 

 

5.1.2. Optineurin insufficiency did not alter phagocytosis in primary myeloid cells 

Here we have shown that optineurin insufficiency did not impair phagocytosis in primary BMDMs 

and primary neonatal microglia in basal conditions and upon LPS-induced inflammation. The 

similar was shown by Frakes et al., where they have shown that primary neonatal microglia from 

SOD1G93A mice did not exhibit toxic ALS-linked features, whereas adult microglia did (Frakes et 

al., 2014). We observed a decreased percentage of phagocytic cells during aging, which is 

consistent with previous findings (Natrajan et al., 2015; Wong et al., 2017), but optineurin 

insufficiency did not additionally affect it. LPS led to an increased accumulation of phagocytosed 

material, which was more pronounced in aged BMDMs. During phagocytosis in LPS-induced 

inflammatory conditions, TNF and IL-10 secretion were increased, whereas their concentration 

dropped during aging, which was more pronounced for TNF. In contrast, monocyte‑derived 

microglia‑like cells from sporadic ALS patients have shown decreased phagocytosis (Quek et al., 

2022). In line with that study, primary adult microglia isolated from SOD1G93A spinal cords at 

symptomatic stage also showed decreased phagocytosis (Barreto‐Núñez et al., 2024). Therefore, 

decreased phagocytosis may represent a novel ALS hallmark. Although our data suggest no effect 

of optineurin in phagocytosis, the drawback of our study is the lack of data on primary microglia 

isolated from aged Optn470T mice due to a technical problem of high autofluorescence of aged 

microglia, which precluded the flow cytometry-based microglia sorting (Mohovic, Peradinovic et 
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al., 2023). We plan to overcome this problem by isolating adult microglia by anti-CD11b beads, a 

specific marker of microglia in the brain. 

 

5.1.3. The role of optineurin in splenic T cell polarization during aging 

Pro-inflammatory T cell polarization was reported in the blood of ALS patients (Béland et al., 

2020), so we performed analysis of T cell populations in the peripheral lymphoid tissues (spleens) 

of Optn470T mice during aging. We have previously reported a similar number and percentages of 

CD4+ and CD8+ T cells in the spleens of aged Optn470T and WT mice (Mohovic, Peradinovic et 

al., 2023). Here, we analyzed different T cell subsets based on cytokine production upon 

stimulation with PMA/Iono. We have observed an aging-induced increase in CD4+IFN-+ and 

CD4+TNF+IFN-+ in WT mice, which was unaffected in Optn470T male mice. However, although 

the CD4+TNF+ cell percentages were similar at all time points in WT male mice, we found an 

aging-induced decline in CD4+TNF+ cells in 24-month-old Optn470T males. CD4+IL-17A+ T cell 

percentage was also significantly lower in 24-month-old Optn470T males compared to WT males. 

In ALS patients and SOD1G93A mice, it was reported that the presence of TH1 (that produce TNF 

and IFN-) and TH17 (that produce IL-17A) cells was increased (Beers et al., 2011; Saresella et al., 

2013). Here, such proinflammatory T cell polarization was absent, which is in line with the absence 

of ALS disease phenotype. In contrast, the decrease of TH17 cells in Optn470T males is in line with 

the study in which optineurin was specifically deleted in dendritic cells (OptnDC), where the 

phenotype was proposed to be linked to lower expression of co-stimulatory molecules (CD80, 

CD86 and MHC-II) (J. Wang et al., 2021). However, we have shown an increased expression of 

CD86 and MHC-II in cDC in Optn470T males during aging (Mohovic, Peradinovic et al., 2023), 

therefore the exact link between T cell priming from DC cells in Optn470T mice is still inconclusive. 

Additionally, the amounts of produced TNF, IFN- and IL-17A were generally unaffected by 

optineurin insufficiency. The prominent cytokine produced upon T cell stimulation with PMA/Iono 

is IL-2 (Brignall et al., 2017). The production and percentages of CD4+IL-2+ cells were unaffected 

by optineurin insufficiency in male mice, suggesting normal response to T cell activation. In 

females, an increase in CD4+IFN-+ and CD4+TNF+IFN-+ cell percentage was present in both 

genotypes, whereas a decrease in CD4+TNF+ and CD4+IL-17A+ cells was absent, suggesting 

differences between sexes. 
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In contrast to CD4 T cells, an increase in CD8+TNF+ cell percentage was observed in Optn470T 

male mice, whereas a strong aging-induced increase in CD8+IFN-+ and CD8+TNF+IFN-+ cell 

percentage was similar to WT males. The latter is in line with increased CD8+IFN-+ cell 

percentage during aging (Yi et al., 2019). CD8+IL-2+ T cell percentage increased during aging and 

was not altered in Optn470T mice. The amount of cytokines on the per cell basis was unaffected in 

Optn470T males. In females, similar findings were observed, with less pronounced increase in 

CD8+TNF+IFN-+ cell percentage, probably due to sex differences and low number of replicates. 

In future studies we need to include additional female mice to be enable us to conclude this issue. 

The role of CD8+ T cells in the blood of ALS patients is still controversial, with opposing findings 

reported (De Marchi et al., 2021). However, in SOD1G93A mouse model, depletion of CD8+ T cells 

was linked to decreased motor neuron death, without an effect on survival (Coque et al., 2019). In 

addition, they have found a similar IFN- secretion between SOD1G93A and WT mice, suggesting 

that alteration in cytokine profile of CD8 T cells is not affected in ALS. Altogether, Optn470T mice 

did not develop an altered cytokine profile of CD8+ T cells, which was reported in other ALS 

mouse models. 

 

5.2. Characterization of a novel double-hit ALS/FTD mouse model during aging and upon 

inflammation 

5.2.1. Optineurin insufficiency reduces TDP-43 levels in the brains of TDP-43G348C mice 

Due to the absence of an ALS/FTD-like phenotype in Optn470T mice, we crossed them with TDP-

43G348C, and we successfully obtained a novel model that carries two mutations (Optn470T/TDP-

43G348C mice). We successfully confirmed all the genotypes by PCR. Next, we analyzed optineurin 

expression and confirmed the presence of WT and Optn470T bands, whose expression was not 

affected by the presence of TDP-43G348C transgene. Perhaps surprisingly, we found that TDP-43 

levels were reduced in the brains of 3-4-month-old Optn470T/TDP-43G348C mice. This contrasts our 

findings in individual cell subsets isolated from Optn470T mouse brains, where we have shown 

increased TDP-43 levels in primary neonatal microglia and embryonic neurons (Prtenjaca et al., 

2022; Mohović, 2023). It is important to note that those primary cells did not overexpress TDP-

43. This may be in line with findings reported by Brenner et al., where they have reported that 



109 
 

TBK1 haploinsufficiency in SOD1G93A mouse model (SOD1G93A/Tbk1+/- mice) had toxic effects at 

the early stage, which transformed to a protective one at the late stage of the disease (Brenner et 

al., 2019). In more detail, the authors proposed that the reasons behind this were defective 

autophagy in the early stage and decreased neuroinflammation in the late stage of the disease in 

SOD1G93A/Tbk1+/- mice. This could explain the differences between CNS-derived primary cells 

from embryonic or neonatal stage compared to adult brains. Additionally, the in vivo and in vitro 

results may differ due to the lack of complex cell-to-cell communication in the latter. This will be 

further tested by immunofluorescence analysis of TDP-43 expression and aggregation in the 

brains, primary cells and organotypic brain slices derived from TDP-43G348C and Optn470T/TDP-

43G348C mice. We speculate to find increased TDP-43 levels in embryonic/neonatal primary cells 

but decreased levels at the adult CNS tissue level of Optn470T/TDP-43G348C mice. Notably, the 

lower levels of TDP-43 transgene in Optn470T/TDP-43G348C mice could perhaps explain their 

improved cognitive functions during aging, and their resistance to death during the LPS challenge 

(further discussed below).  

 

5.2.2. Optineurin insufficiency decreased LPS-induced TBK1 signaling in TDP-43G348C 

BMDMs and led to increased baseline IB- levels without affecting LPS-induced 

NF-B signaling 

Prior to testing the role of optineurin in TDP-43G348C BMDMs, we first wanted to test the effect of 

TDP-43G348C transgene alone on the NF-B and TBK1 signaling. The NF-B pathway has been 

previously analyzed in that mouse model, but TBK1 pathway has not been studied (Swarup et al., 

2011b). We have shown similar NF-B activation and TNF production in TDP-43G348C and WT 

BMDMs. This contrasts the findings of Swarup et al., since they have shown that TDP-43 acts as 

a co-activator of p65. Specifically, they demonstrated that an overexpression of WT or mutant 

TDP-43 in BV2 cells and primary myeloid cells (neonatal microglia and BMDMs) resulted in 

increased activation of the NF-B signaling upon LPS stimulation (Swarup et al., 2011b). The 

reason may be genetic background, since these mice were of mixed C57BL/6, ICR and C3H 

genetic background, and the number of backcrossing on C57BL/6 background was unmentioned. 

Additionally, C3H mice were reported to have a mutation in TLR4 (PRR that senses LPS), making 

those mice more resistant to stimulation. Therefore, the effect of C3H background on primary cells 
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may be the reason for the difference in signaling. Another potential reason may be due to analysis 

of different time points. Here we performed more detailed analyses by western blot, RT-qPCR and 

ELISA, which strengthens our conclusions. For TBK1 signaling, we have also shown normal 

TBK1 activation and IFN- production in BMDMs derived from TDP-43G348C mice compared to 

WT. This is in contrast to findings obtained from MEF and THP-1 (human monocyte cell line) 

cells overexpressing other TDP-43 mutants, such as TDP-43WT or TDP-43Q331K, where an 

increased IFN- production was observed due to mitochondrial DNA-mediated activation of 

stimulator of interferon genes (STING) (Yu et al., 2020). This was also corroborated in the brains 

of transgenic TDP-43A315T mouse model by the same group. Overproduction of IFN- was also 

reported in an SOD1G85R mice due to STING overactivation, strengthening the toxic effect of high 

IFN- levels (Tan et al., 2022). Therefore, the difference in mutated gene may result in a different 

phenotype and related neuropathology. Also, the effect may be cell-specific, so the analysis of IFN-

 expression in the CNS or isolated primary cells (microglia, embryonic neurons) from TDP-

43G348C mice are needed to corroborate these results.  

Next, we performed the same analyses in TDP-43G348C and Optn470T/TDP-43G348C BMDMs, where 

we have found increased basal levels of IkB-. IkB- has an inhibitory effect on the NF-B 

activation (Beg et al., 1992) and its increased expression was shown to correlate with decreased 

microglial activation after stroke in mice (Lalancette-Hébert et al., 2007). However, LPS-

stimulated NF-B activation and TNF production were not affected in Optn470T/TDP-43G348C 

BMDMs, suggesting that increased IkB- levels in the basal state did not affect overall signaling, 

at least not in this setting. In TBK1 signaling pathway, optineurin insufficiency led to a decreased 

TBK1 signaling activation (measured by its autophosphorylation on serine 172) and IFN- 

production, which is consistent with other findings in primary cells derived from Optn-/-, OptnD477N 

and Optn470T (Gleason et al., 2011; Munitic et al., 2013; Obaid et al., 2015; Pourcelot et al., 2016; 

Slowicka et al., 2016b; Markovinovic et al., 2018), confirming the role of optineurin as a positive 

regulator of TBK1 signaling. Therefore, BMDMs generated from double-mutant Optn470T/TDP-

43G348C mice exhibited activation of TBK1 signaling similar to cells from Optn470T mice. 

Altogether, TDP-43G348C overexpression did not affect the role of optineurin in inflammatory 

signaling. 
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5.2.3. Optn470T/TDP-43G348C mice showed decreased body weight, but improved motor and 

cognitive functions compared to TDP-43G348C mice 

Optn470T/TDP-43G348C mice have shown decreased body weight compared to Optn470T and TDP-

43G348C mice of the same age. We have recently shown that the body weight of Optn470T at 12 

months of age was lower compared to WT mice, whereas the difference was lost at 24 months 

(Mohovic, Peradinovic et al., 2023). The loss of difference in aging mice can perhaps explain the 

lack of significance between WT and Optn470T mice in this study, which was done in 18-month-

old mice. For TDP-43G348C mice, no data about weight was reported (Swarup et al., 2011) and we 

observed no significant difference in body weight compared to WT mice. In contrast, TDP-43A315T 

started to lose body weight from 4.5 months of age onwards and had shorter survival, which was 

attributed to neurodegeneration in the myenteric plexus (Herdewyn et al., 2014; Wegorzewska et 

al., 2009). The exact reason for lower body weight of Optn470T/TDP-43G348C mice is still unknown 

and presents an interesting observation for further studies. Notably, it was shown that the 

downregulation of TDP-43 and TBK1 affected metabolism in mice (Chiang et al., 2010; Cruz et 

al., 2018). Since TBK1 activation is decreased in cells with optineurin truncation, we may expect 

a similar effect to TBK1 deletion on metabolism in mice carrying Optn470T truncation. 

Additionally, the presence of Optn470T and TDP-43G348C mutations alone might not have an effect, 

whereas while present in the same mouse, a synergistic effect on metabolism may be achieved. 

This effect will be further investigated by metabolic screening including analysis of blood or urine 

glucose levels and liver histology. When tested on rotarod, neither Optn470T/TDP-43G348C mice nor 

TDP-43G348C mice developed motor deficits. This is in contrast with a previous finding where 

TDP-43G298S/Tbk1+/- have shown increased motor impairment compared to TDP-43G298S mice, but 

only in several time points (Sieverding et al., 2021). The explanation for our findings may be that 

we tested our mice at 18 months of age, the time point at which TDP-43G298S/Tbk1+/- mice also did 

not show impaired motor capabilities, meaning that our mice may have had a phenotype in other 

time points, which we missed. Other explanations may include different microbiome in our mouse 

facility and genetic background. On the contrary, grid-hanging test revealed that Optn470T/TDP-

43G348C mice had increased time of hanging, which indicates improvement of motor functions. On 

the other hand, this is surprising because we expected that the presence of two ALS-linked 

mutations would aggravate motor function. The possible rescue of phenotype may be due to the 

decrease of TDP-43G348C protein levels in the brains of Optn470T/TDP-43G348C mice reported in 
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figure 23, but this needs to be confirmed in aged mice. Improved hanging time of Optn470T/TDP-

43G348C mice may have also resulted from lower body weight. Another explanation may be a 

decreased denervation at the NMJ levels, which will be analyzed in the tibialis anterior muscle.  

We have also analyzed FTD signs by novel object recognition test and observed a decrease in 

cognitive function of TDP-43G348C mice, which is consistent with previous finding (Kumar et al., 

2021). Surprisingly, we have observed improved cognition of Optn470T/TDP-43G348C mice 

compared to TDP-43G348C mice. This unexpected finding has to be further explored by the analysis 

of neuronal number, TDP-43 pathology and neuroinflammation in the hippocampus, a region 

responsible for memory. Notably, these results are in line with findings by Brenner et al., where 

they have reported that TBK1 haploinsufficiency had toxic effect at early stage, which transformed 

to protective one later in the disease course of SOD1G93A mice (Brenner et al., 2019). To test this, 

we will assess motor and cognitive abilities of young Optn470T/TDP-43G348C mice. 

 

5.2.4. Compared to TDP-43G348C mice, Optn470T/TDP-43G348C mice had prolonged survival 

and decreased splenocyte number, without difference in innate immune cell activation 

and cytokine profiles upon in vivo three-day LPS administration  

We have performed a three-day intraperitoneal LPS stimulation of 18-month-old Optn470T/TDP-

43G348C mice due to two reasons: 1) single intraperitoneal dose of LPS revealed a disbalance in 

inflammatory marker expression in the brains of Optn470T mice, without a difference in microglial 

activation (Markovinovic et al., 2018); 2) TDP-43G348C mice have shown the signs of 

neuroinflammation and increased pro-inflammatory marker expression in the spinal cords at 10 

months of age (Swarup et al., 2011). Therefore, we expected that consecutive LPS administration 

would result in the breakdown of immune regulation in Optn470T/TDP-43G348C mice. We opted for 

a three-day LPS stimulation, since it was reported that chronic LPS stimulation led to nuclear loss 

of TDP-43 (Correia et al., 2015). We observed a stronger body weight loss in mice with optineurin 

truncation, whereas Optn470T/TDP-43G348C mice were more resistant to weight loss on the third 

day. However, an LPS-induced temperature drop of Optn470T/TDP-43G348C mice was not altered 

compared to other genotypes. TDP-43G348C mice showed higher mortality and weight loss upon 

LPS administration, which was rescued in Optn470T/TDP-43G348C mice. The increased death rate 

of TDP-43G348C mice may be explained by already reported increased levels of pro-inflammatory 
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markers (Swarup et al., 2011) and higher TDP-43G348C protein levels, as well by our observation 

of increased IL-6 levels in the brains and sera (data not shown), a cytokine associated with 

mortality (Baune et al., 2011). These cytokines could have been affected by optineurin 

insufficiency. 

To study the reasons behind the increased survival of Optn470T/TDP-43G348C mice, we have 

analyzed splenic immune cell populations. We have observed unchanged T cell numbers in 

Optn470T/TDP-43G348C mice but found a significant decrease in B cells. This likely also explains 

the decreased number of splenocytes observed in those mice given that the B cells normally 

comprise the largest spleen cell subset. Since the mice were stimulated with LPS (stimulator of 

innate immune cells) and not bacteria, we did not expect such a large effect on the adaptive immune 

cells. It is possible that the B cell numbers were affected even prior to LPS treatment, so in future 

experiments spleens from Optn470T/TDP-43G348C mice will be analyzed in the basal state over time. 

We next analyzed innate immune cells and their activation, where we observed unchanged 

macrophage number and activation marker expression in the spleens of Optn470T/TDP-43G348C 

mice compared to Optn470T and TDP-43G348C mice. In contrast, cDC numbers were lower in 

Optn470T/TDP-43G348C mice, which was also reported in ALS patients (Rusconi et al., 2017). 

Nevertheless, the activation marker expression was unchanged. Neutrophil numbers and 

percentages were unchanged in Optn470T/TDP-43G348C mice, whereas NK cell numbers were 

decreased. These findings differ to findings in ALS patients, where increased numbers of 

neutrophils and NK cells were found (Murdock et al., 2016, 2017). It is important to note that the 

reason for discrepancies found between LPS-stimulated mice and ALS patients may be because 

ALS patients were analyzed in the absence of inflammation induced by bacterial agents. Overall, 

our results suggest that three-day LPS administration of Optn470T/TDP-43G348C mice recapitulated 

ALS-like innate immune profile only for dendritic cell number, whereas other cell types remained 

unaffected. However, to make a final conclusion, analysis of unadministered mice will be done to 

see how and if LPS administration made a change in immune cell repertoire. 

To additionally address the potential reasons for prolonged survival of Optn470T/TDP-43G348C mice 

upon three-day LPS challenge, we analyzed cytokine and chemokine concentrations in the sera, 

brains and spinal cords upon three-day LPS administration. We did not find an alteration in 

concentrations of CXCL10, CXCL1 and IFN-. It was unexpected that CXCL10 and CXCL1 
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levels were not dysbalanced in the brains and spinal cords of Optn470T mice, since their levels were 

reported to be down- and upregulated upon LPS stimulation, respectively (Markovinovic et al., 

2018; Markovinović, 2019). The reason may be the difference in time points, since Markovinovic 

et al. have analyzed CXCL10 and CXCL1 24 h after LPS stimulation. Therefore, in future 

experiments, an analysis of those cytokines will be performed at an earlier time point as well. 

CCL2, was found to be elevated in the sera of TDP-43G348C mice, but not Optn470T/TDP-43G348C 

mice. In SOD1G85R mouse model was shown that the administration of an antibody against CCL2 

prolonged survival (Tan et al., 2022). Therefore, elevated CCL2 levels may be the reason for earlier 

LPS-induced mortality of TDP-43G348C mice. Lastly, IL-10 was detected only in the serum and 

slightly increased in the presence of TDP-43G348C transgene but decreased in the presence of 

Optn470T truncation. The former recapitulates increased IL-10 levels in SOD1G93A mouse model 

upon LPS administration (Gravel et al., 2016), whereas the latter confirms the finding of decreased 

IL-10 levels in Optn470T primary neonatal microglia (Markovinovic et al., 2018). In conclusion, 

three-day LPS administration led to a disbalance of only CCL2 and IL-10 in the serum, whereas 

other cytokines and chemokines remained unaffected. Therefore, an ALS-like cytokine profile was 

not fully recapitulated. We will perform analyses of cytokines and chemokines at earlier time 

points because the peak of cytokine concentrations (e.g. TNF, IL-6, IFN-), which regulate 

chemokine expression, usually occurs 1.5 to 3 h upon LPS stimulation and by 24 h their impact 

may be missed. Therefore, current cytokine analyses did not answer our question for the prolonged 

survival of Optn470T/TDP-43G348C mice. Other reasons for prolonged survival could be the 

decreased levels of TDP-43G348C protein expression, which will be confirmed by 

immunofluorescence of the brain and the spinal cord slices. 
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6. Conclusions 

1) Optn470T mice have shown similar motor and cognitive functions to WT mice during aging. 

2) Aging of Optn470T mice did not trigger ALS-like neuropathology, such as exacerbated loss of 

(motor) neurons, TDP-43 cytoplasmic aggregation and increased lipofuscin accumulation. 

3) Aging led to an increase of WT, but not truncated form of optineurin. 

4) Aging-induced neuroinflammation (measured by microglial and astrocyte activation and 

cytokine content) in the spinal cord and brain was unaffected by optineurin insufficiency. 

5) Optineurin insufficiency did not affect phagocytosis of primary BMDMs and neonatal 

microglia. 

6) Aged Optn470T male mice had increased CD4+ TH17 cell polarization and decreased percentage 

of CD8+ TNF+ T cells. 

7) TDP-43G348C protein levels were decreased in Optn470T/TDP-43G348C mice compared to TDP-

43G348C mice. 

8) Upon LPS stimulation TDP-43G348C BMDMs showed normal NF-B and TBK1 signaling, 

whereas Optn470T/TDP-43G348C mice showed unaffected NF-B and decreased TBK1 

signaling; the latter is reminiscent to the findings in primary Optn470T BMDMs, BMDCs and 

microglia, suggesting the absence of an effect of TDP-43G348C transgene on these signaling 

pathways. 

9) Optineurin insufficiency resulted in decreased body weight and improved motor and cognitive 

functions of TDP-43G348C mice. 

10) Optineurin truncation ameliorated sickness behavior and improved survival of TDP-43G348C 

mice upon LPS administration. 

11) LPS-administered Optn470T/TDP-43G348C mice had lower numbers of splenic B cells, and 

classical dendritic and NK cells compared to Optn470T mice. 

12) CCL2 and IL-10 serum levels were increased in TDP-43G348C and Optn470T/TDP-43G348C mice 

upon LPS administration, respectively. 
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ex5; deletion of exon 5 

aa; amino acids  

ALS; amyotrophic lateral sclerosis 

Arg1; arginase 1 

BMDC; bone marrow dendritic cells 
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BV2; mouse microglial cell line 

CC; coil-coiled 

CCL; chemokine (C-C motif) ligand 

cDC; classical dendritic cells 

CNS; central nervous system 

ChAT; choline acetyltransferase 

CSF1; colony-stimulating factor 1 

CSF1R; colony-stimulating factor 1 receptor 

CXCL; C-X-C motif chemokine ligand 

CYLD; cylindromatosis 

C9ORF72; chromosome 9 open reading frame 72 

DAMPs; danger-associated molecular patterns 

DC; dendritic cells 

DI; discrimination index 

FDA; U.S. Food and Drug Administration Agency 

FIP-2; 14.7K-interacting protein 2 
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FTD; frontotemporal dementia 

FUS; fused in sarcoma 

GFAP; glial fibrillary acidic protein 

HEK293; human embryotic kidney 293  

Htt; huntingtin 

IFN; interferon 

IGF-1; insulin growth factor-1 

IB-; inhibitor of B- 

IKK; inhibitor of B kinase 

IL: interleukin 

IRF; interferon regulatory factor 

J774.1; mouse macrophage cell line 

K; lysine 

LIR; LC3-interacting domain 

LPS; lipopolysaccharide 

LUBAC; linear ubiquitin chain assembly complex 

M; methionine 

MAPT; microtubule-associated protein tau 

MEFs; mouse embryonic fibroblasts 

MFI; mean fluorescence intensity 

mGluR1a; metabotropic glutamate receptor type 1a 

MYPT1; myosin phosphatase target subunit 1 

NEMO; NF-κB essential modulator 
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NES; nuclear export signal 

Neuro2A; mouse neuroblastoma cell line 

NF-κB; nuclear factor-B 

NK; natural killer cells 

NLS; nuclear localization signal 

NSC-34; mouse motor neuron-like cell line 

NTG; normal tension glaucoma 

OPTN; optineurin 

PAMPs; pathogen-associated molecular patterns 

POAG; primary open angle glaucoma 

PRRs; pattern recognition receptors 

RANKL; receptor activator of nuclear factor κB ligand 

RIPK1; receptor-interacting serine/threonine protein kinase 1 

RGC-5; mouse retinal ganglion cell line 

RPE; human retinal pigment epithelium cells 

RRM; RNA recognition motif 

SOD1; superoxide dismutase 1  

STAT; signal transducer and activator of transcription 

STING; stimulator of interferon genes 

TAK1; transforming growth factor β-activated kinase 1 

TBK1; TANK-binding kinase 1 

TDP-43; TAR DNA-binding protein 43 

TFIIIA-intP; transcription factor IIIA 
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TGF-; transforming growth factor β 

Th; helper T cells 

TLR; Toll-like receptor 

TNF; tumor necrosis factor 

TNFR1; tumor necrosis factor receptor 1 

TRAF; tumor necrosis factor receptor-associated factor 

TRIF; TIR-domain-containing adapter-inducing IFN-β 

TRAM; TRIF-related adaptor molecule 

Treg; regulatory T cells 

UBAN; ubiquitin-binding region of ABIN proteins and NEMO 

UBR; ubiquitin-binding region 

UPS; ubiquitin-proteasomal system 

Q/N; glutamine/asparagine-rich region 

WT; wild-type 

ZF; zinc finger 
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