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1. Introduction 

 

1.1 Amyotrophic Lateral Sclerosis 

1.1.1 Overview 

Amyotrophic lateral sclerosis (ALS), in the United States also known as Lou Gehrig’s dis-

ease, was first described by Jean-Martin Charcot in the year 1869 and is nowadays the 

most common form of adult-onset motor neuron degeneration. The disease is hallmarked 

by a demise of neurons in the brain and its descending axons in the corticospinal tract as 

well as spinal motor neurons, which ultimately leads to muscle atrophy caused by sec-

ondary denervation. Gradually increasing muscle weakness is the most prominent feature 

of clinical manifestations which show a relentlessly progressing character often culminat-

ing in respiratory failure. Although efforts made to unravel the pathogenesis of the disease 

have been immense, fundamental aspects of driving mechanisms still remain enigmatic. 

This also accounts for the fact that no therapy with a striking effect has yet been estab-

lished and only a few drugs with mainly symptomatic effects are in use. Considering the 

urgent need for a better understanding of disease pathology, it is of great importance to 

extend the existing knowledge and develop the basis for future therapeutic options. 

 

1.1.2 Epidemiology 

In comparison to other major neurodegenerative diseases like Alzheimer’s disease (AD) 

and Parkinson’s disease (PD), case numbers of ALS are relatively low with an overall 

incidence of 0.6 - 3.8 cases per year per 100,000 individuals and a prevalence of 4.1 - 8.4 

per 100,000 people (Longinetti and Fang, 2019). Therefore, ALS is mostly described as a 

rare disease, which is consistent with the definition within the European Union that con-

siders diseases below a prevalence of 1 in 2000 people to be “rare” (Moliner and Waligora, 

2017). Nonetheless, the cross-gender lifetime risk of ALS is 1:400 (Ryan et al., 2019). 

This can be explained by an extremely short average time of survival with 24 to 50 months, 

which leads to a prevalence that only marginally exceeds disease incidence (Longinetti 
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and Wang, 2019). Men are affected more often and at a younger age than women 

(1.1 - 3:1) and most patients are diagnosed at an advanced age, with a maximum at ap-

proximately 62-67 years (Cacabelos et al., 2016; Chiò et al., 2013; Logroscino et al., 2010; 

Uenal et al., 2014). The majority of disease cases occur isolated in nature and are con-

sidered “sporadic”, while about 5-10 % have a clear family history (Talbott et al., 2016). 

 

1.1.3 Pathophysiology 

Overall, a clear understanding of disease mechanisms remains elusive. At the molecular 

level, a broad variety of underlying mechanisms were identified that drive disease onset 

and progression. Key contributors implicated in these processes are altered RNA metab-

olism, disturbed protein homeostasis and non-cell autonomous toxicity (Taylor et al., 

2016). In addition, an extensive number of genetic factors were identified to be associated 

with the disease during the last decades. 

One seminal finding was made in 2006, where TAR-DNA-binding protein 43 (TDP-43) 

was identified as the major component of neuronal inclusions in up to 97 % of sporadic 

and also some familial ALS cases (Arai et al., 2006; Neumann et al., 2006). This ground-

breaking discovery was essential not only for a better understanding of ALS 

pathophysiology but established a molecular link between sporadic and familial ALS 

forms. Besides post-mortem tissue from ALS patients, aggregated TDP-43 protein was 

found in sporadic and familial frontotemporal lobar degeneration with ubiquitin-positive 

inclusions (FTLD-U), the most common subtype of frontotemporal dementia (FTD) 

(Neumann et al., 2006). This underlined the pivotal role of TDP-43 in neurodegeneration 

and provided a molecular basis for the partial clinical overlap of ALS and FTD. Moreover, 

recent research has discovered TDP-43-positive inclusions in other neurodegenerative 

diseases like Alzheimer’s or Parkinson’s disease (Chanson et al., 2010; Lippa et al., 

2009). To account for the plethora of diseases involved in TDP-43 pathology, the term 

TDP-43 proteinopathy has been introduced and even recently recognized disease entities 

like limbic-predominant age-related TDP-43 encephalopathy (LATE) are named after this 

protein (Nelson et al., 2019). 
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For familial ALS-cases, a scientific milestone was the detection of an expanded GGGGCC 

(G4C2) hexanucleotide repeat in the first intron of chromosome 9 open reading frame 72 

(C9ORF72) in 2011 (DeJesus-Hernandez et al., 2011; Renton et al., 2011). Normally the 

maximum size of these repeats reaches a length of 23 units whereas in affected individu-

als it can expand to sizes of multiple hundreds and even thousands. This enlarged 

sequence leads to the generation of five distinct secondary-derived dipeptide repeats 

(DPRs) via an unusual repeat-associated non-ATG (RAN) translation of sense and anti-

sense C9ORF72-transcripts (Mori et al., 2013). This unconventional form of translation is 

initiated in the absence of an AUG codon and is probably due to secondary, hairpin-like 

structures formed by the expanded repeats (Zu et al., 2011). The five resulting dipeptides 

are proline-alanine (PA), proline-arginine (PR), glycine-alanine (GA), glycine-arginine 

(GR) and glycine-proline (GP). Especially the arginine-containing DPRs PR and GR pos-

sess toxic properties and are known to interfere with RNA processing (Lee et al., 2016). 

The detrimental effect of these peptides is still not fully understood, yet there is evidence 

that the C9ORF72-related subtype is the most common form of familial ALS cases with 

an overall proportion of about 40 % (Pliner et al., 2014). 

Besides an altered C9ORF72-gene, a broad variety of genetic mutations are known to 

cause familial ALS. In 1993, the first discovery was a mutation in the SOD1 gene, which 

encodes for a cytosolic, Cu/Zn-binding superoxide dismutase (Rosen et al., 1993). It phys-

iologically converts the toxic superoxide anion O–2 to O2 and H2O2 and is linked to free 

radical toxicity. The identification of many other mutations in ALS-related genes followed, 

with the most important ones being fused in sarcoma (FUS) and the already described 

TAR DNA-binding protein 43 (TARDBP) (Gitcho et al., 2008; Kabashi et al., 2008; Lattante 

et al., 2013; Sreedharan et al., 2008; T. J. Kwiatkowski et al., 2009; Vance et al., 2009). 

These findings underpinned the significance of a disturbed RNA metabolism in ALS path-

ophysiology, as both of the encoded proteins, together with some lesser-known examples, 

belong to the family of heterogeneous nuclear ribonucleoproteins (hnRNPs). Members of 

this protein family are able to interact with the RNA life cycle at basically all stages, thus 

impairment of their normal function results in a large range of potential complications 

(Lagier-Tourenne et al., 2012). Another shared hallmark of these nuclear proteins is the 

presence of low-complexity domains in their respective C-terminal regions. This enables 

them to interfere with each other and rearrange themselves in membrane-less granule-
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like compartments, a biochemical process which is known as liquid-liquid phase separa-

tion (LLPS) (Molliex et al., 2015). The same process occurs during the formation of stress 

granules, subcellular compartments that are built in critical metabolic states and are hy-

pothesized to be of special impact for the pathogenesis of neurodegenerative diseases 

including ALS (Li et al., 2013). 

 

1.1.4 Clinical manifestations and classification 

The defining pathological feature of ALS is the progressive loss of upper and lower motor 

neurons resulting clinically in a rapid and relentless decline of muscular functions. The 

distribution of affected motor neurons can vary and shows an overlap with other debilitat-

ing diseases, all of which can be termed motor neuron diseases (MNDs). ALS makes up 

for 80-90 % of MND cases, yet the different entities are difficult to distinguish, complicated 

by the fact that ALS is mainly a clinical diagnosis (Yedavalli et al., 2018). In the classical 

form of ALS, signs of an impaired first and second motor neuron are both prevalent, with 

mainly innocuous initial symptoms like asymmetric distal limb weakness, muscle cramps 

or slurred and nasal speech. Besides gradually increasing muscle weakness as the most 

prominent feature of ALS, a subset of patients can suffer from cognitive impairment and 

executive dysfunction, as well as behavioral changes. An important criterion for the dis-

tinction of these subtypes is their discriminative impairment of the primary and secondary 

motor neuron. On the one hand, this includes primary lateral sclerosis (PLS) with pure 

upper motor neuron (UMN) degeneration and progressive muscular atrophy (PMA) with 

isolated affection of the lower motor neuron (LMN). Located between these two forms is 

UMN-predominant ALS where also signs of LMN-degeneration are prevalent. On the other 

hand, regional distribution of involvement may vary, primarily affecting regions like the 

brain stem or the diaphragm (Masrori and Van Damme, 2020). As already mentioned, 

cognitive impairment is a common symptom for patients suffering from ALS, as mild cog-

nitive impairment can be found in about 50 % of cases (Mackenzie, 2007). On top of that, 

more severe dysfunctions, reaching the criteria for FTD, occur in as many as 10-15 %. 

Conversely, approximately 15 % of FTD patients show characteristics of motor neuron 

dysfunction (Ringholz et al., 2005). This overlap, as well as the fact that TDP-43-positive 

inclusions can be found in both ALS and FTD, established not only a clinical but also a 



12 
 

molecular connection between these two diseases entities. Therefore, ALS with fronto-

temporal dementia (ALS-FTD) as a specific subtype combining extra-motor 

manifestations like behavioral and cognitive deficits is increasingly recognized (Liscic et 

al., 2020).  

 

1.1.5 Diagnosis 

ALS is a clinical diagnosis. Several scores have been established to simplify and stand-

ardize diagnosis and a variety of diagnostic techniques help to diagnose ALS patients 

(Ludolph et al., 2021). These include electromyography (EMG), laboratory analysis of 

samples from blood or cerebrospinal fluid, magnetic resonance imaging (MRI) and genetic 

testing. Since none of these methods are fully specific, early symptoms of ALS can be 

ambiguous and a variety of ALS mimics and subtypes exist, a definite diagnosis is often 

delayed (Nzwalo et al., 2014). 

While elevated concentrations of TDP-43 can be detected in cerebrospinal fluid (CSF) of 

ALS patients, high protein levels could serve as a useful marker of the disease, similar to 

b-amyloid and tau protein in AD (Lee et al., 2019; Olsson et al., 2016; Vu and Bowser, 

2017). Elevated levels of TDP-43 protein were also found in the plasma of ALS-affected 

individuals (Ren et al., 2021; Verstraete et al., 2012). However, several open questions 

remain and future research is necessary (Verber and Shaw, 2020). 

 

1.1.6 Treatment options 

Disease modifying treatment options for ALS remain unsatisfactory and represent an im-

portant unmet need in the therapy of the disease (Ludolph et al., 2021). Riluzole, an 

antiglutamatergic substance which is thought to reduce excitotoxicity, is the only approved 

pharmaceutical drug capable to significantly ameliorate disease progression (Andrews et 

al., 2020; Miller et al., 2012). The effects of the antioxidant edaravone remain controver-

sial, thus the drug has no approval for the European Union (Abe et al., 2014; Writing Group 

et al., 2017). 
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Throughout the last decade, this limitation of treatment options resulted in an increasing 

investment of scientific resources by pharmaceutical companies into the development of 

new therapeutic options. By the end of 2021 over 120 clinical trials for potential ALS-drugs 

were ongoing, with 18 different agents tested in phase III (Global Data Plc, 2022). Despite 

these intensified efforts, the overwhelming majority of drugs demonstrated no significant 

clinical efficacy (Petrov et al., 2017). The effects shown by the newly developed com-

pounds are usually only symptomatic and do not modify the course of ALS. Many 

promising agents aim to mitigate neuronal cell death or prevent neuroinflammatory reac-

tions, while some strategies like autologous stem cell therapy with mesenchymal stromal 

cells (MSCs) or treatment with antisense oligonucleotides (ASOs) try to intervene on a 

genetic level (Oskarsson et al., 2018). Future clinical trials will reveal if these novel meth-

ods have a significant effect also for ALS pathology. Besides the urgent need of an 

effective treatment for current ALS patients, the importance of further research is strength-

ened by the fact that future case numbers are likely to rise due to a globally ageing 

population. Estimations project a rise of nearly 70 % until 2040, stating that continuously 

improving health care systems and better diagnosis standards could lead to even higher 

numbers (Arthur et al., 2016). For all the stated reasons it is mandatory to achieve a more 

profound understanding of ALS as a disease. 

 

1.2 TAR DNA-binding Protein 43 (TDP-43) 

TDP-43 protein is a highly conserved and widely expressed nuclear factor, which has a 

length of 414 amino acids and consists of two RNA recognition motifs and a glycine-rich 

C-terminal region (Ince et al., 2011; Kato et al., 2012). This C-terminal region acts as a 

low-complexity domain, thus interacting with various nuclear acids and proteins, a typical 

feature of proteins that belong to the group of hnRNPs (Lagier-Tourenne et al., 2012; 

Molliex et al., 2015). Under normal conditions TDP-43 is mainly a nuclear protein that, to 

some extent, shuttles between the cytoplasm and the nucleus (Ayala et al., 2008). In 

pathological state, this homeostasis is disturbed resulting in redistribution of TDP-43 pre-

dominantly to the cytoplasm and neurites of affected cells, where aggregates of mainly 

full-length and often ubiquitinated and fragmented protein are formed (Barmada et al., 

2010). Besides this sole deposition of misfolded protein aggregates, an often prion-like 



14 
 

propagation of these same aggregates throughout the central nervous system (CNS) is 

postulated, commonly termed “seeding”. Here, mostly insoluble and aberrantly aggre-

gated protein species gain pathological properties to seed cytosolic aggregation and cell-

to-cell transmissibility, which in turn leads to disease progression to primarily unaffected 

regions within the neuronal network (Nonaka et al., 2013; Walker et al., 2013). As a rele-

vant part of the TDP-43 protein consists of low-complexity domains, it is not surprising 

that TDP-43 is capable to induce seeding in a template-dependent manner (Furukawa et 

al., 2011; Maniecka and Polymenidon, 2015). 

 

 

Fig. 1: TDP-43 domain structure and mutations 

Schematic illustrating the relevant domains of the TDP-43 protein. It consists of a nuclear 
localization signal (NLS), two RNA recognition motifs (RRM1 and RRM2) with a nuclear 
export signal (NES) and a glycine-rich C-terminal region (GRR). Most mutations occur in 
the GRR. This graph is adapted from Jo et al. (2020) and Cohen et al. (2011). 

 

1.2.1 Isoforms and variants of TDP-43 protein 

In the context of neurodegeneration, TDP-43 protein exists in multiple different patholog-

ical species. On the one hand, these include shortened and fragmented forms in which 

the N-terminus becomes truncated, resulting in so-called C-terminal fragments (CTFs). 

On the other hand, numerous other posttranslational modifications (PTMs) can alter the 

full-length variant, leading to an ubiquitinated, phosphorylated, SUMOylated or acetylated 
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molecule prone for misfolding and aggregation (Berning and Walker, 2019). Lastly, a 

plethora of different mutations in the TARDBP gene exist, which account for up to 5 % of 

familial ALS cases (Ghasemi and Brown, 2018; Giannini et al., 2020). Early on, after the 

discovery of TDP-43 in neuronal inclusions, it became clear, that differently modified forms 

of TDP-43 are not evenly distributed throughout the CNS (Igaz et al., 2008). Most notably 

it was shown that CTFs are predominantly located in cortical and hippocampal areas, 

while motor neurons incorporate mainly full-length TDP-43 (Igaz et al., 2008). As motor 

neuron degeneration is the main feature in ALS pathology, it is not surprising that numer-

ous studies have shown that overexpression of full-length TDP-43 in mice can cause both 

a motor phenotype reminiscent of ALS and is highly toxic to neuronal cells regardless of 

whether the protein is aggregated or diffusely solubilized (Hergesheimer et al., 2019; 

Sasaguri et al., 2016; Walker et al., 2015). For TDP-43, the pathological effects of full-

length TDP-43 are additionally facilitated by the fact that PTMs can have an influence on 

aggregation propensity, protein functionality and distribution pattern, especially since 

many of them occur in the C-terminal region of the protein (Buratti, 2015; Prasad et al., 

2019). On top of that, the presence of PTMs is closely linked to cellular stress creating 

unbalanced elevated levels of reactive oxygen species or reactive nitrogen species which 

leads to a detrimental situation where prevalence and impact of both PTMs and cellular 

stress conditions mutually influence and provoke each other (Barber and Shaw, 2010; Li 

et al., 2013; Niedzielska et al., 2016). 

Of special relevance for the present work, PTMs and fragmentation of full-length TDP-43 

are not the only relevant aspects affecting its toxicity. A pivotal factor in many neurodegen-

erative diseases is the aggregation state of the relevant peptides (Chen et al., 2017; 

Ingelsson, 2016). Typically, the basis of protein aggregation is formed by monomers, 

whose aggregation continues via oligomers and protofibrils ultimately leading to the for-

mation of protein fibrils. In AD and PD, neurotoxic properties for the distinct aggregates of 

Amyloid-b (A-b) and a-synuclein vary significantly, revealing an inflammatory response 

especially towards oligomeric and protofibrillary forms (Alam et al., 2019; Lučiūnaitė et al., 

2020). For TDP-43 however, a comparable characterization has so far not been made. 

Yet this is of eminent importance, not only to determine the toxic properties of full-length 
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TDP-43 protein in more detail, but also to gain a deeper understanding of its toxicity in the 

context of an increasingly recognized pathological mechanism called neuroinflammation. 

 

1.3 Neuroinflammation 

A critical characteristic of nearly all neurodegenerative disorders is neuroinflammation 

(Guzman-Martinez et al., 2019). This is defined as an inflammatory response of the central 

nervous system (CNS). Here, an overactivation of resident immune cells can harm sur-

rounding tissue and result in a vicious cycle of dying neurons which again account for an 

increased inflammatory response. In recent years it became increasingly eminent that this 

process plays a key role not only in ALS pathology, but also other neurodegenerative 

diseases like Alzheimer’s or Parkinson’s disease and frontotemporal dementia (Heneka 

et al., 2014; Holbrook et al., 2021). 

 

1.3.1 Microglia in neuroinflammation 

Being the primary myeloid cell type of CNS parenchyma, microglial cells are widely impli-

cated in this self-amplifying mechanism of dying neurons and acute inflammation. As part 

of the innate immune system, microglia possess several classes of receptors, which ena-

ble them to sense and respond to their environment. These receptors can recognize 

certain patterns of binding molecules and are therefore also called pattern recognition 

receptors (PRRs) (Li and Wu, 2021). As an appropriate response to the respective stimuli 

has to account for endogenous as well as exogenous signals, these receptors are classi-

fied into membrane-bound and cytoplasmic PRRs depending on their cellular localization. 

Again, these can be divided into five well-defined families, one of them being Toll-like 

receptors (TLRs) as membrane-bound PRRs, thus playing a key role in the detection of 

stress signals by innate immune cells (Feldman et al., 2015; Olson and Miller, 2004). A 

broad variety of receptors belong to this group and the specificity of recognizing different 

ligands varies between subtypes (Vidya et al., 2018). Of all ten TLRs that have so far been 

identified in humans, TLR 4 was discovered first and, together with TLR 2, is particularly 

efficient (Fitzgerald and Kagan, 2020; Sameer and Nissar, 2021). While TLR 4 is activated 
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especially by microbial lipopolysaccharide (LPS), TLR 2 binds to lipopeptides and pepti-

doglycans (de Oliviera Nascimento et al., 2012; Lu et al., 2008). In addition, many TLR 

subtypes form heterodimers with one another, which increases ligand versatility (Yu et al., 

2010). As the basic tripartite structure of PRRs includes an effector domain, they are 

widely implicated in the initiation of signaling cascades (Li and Wu, 2021). One of the most 

important ones downstream of these receptors is NF-kB-dependent and leads to the as-

sembly of multimeric intracellular protein complexes referred to as inflammasomes (Boaru 

et al., 2015). As central signaling hubs for inflammation they are not only capable of a 

potent reaction towards exogenous microbial molecules called pathogen-associated mo-

lecular patterns (PAMPs), but also involved in sensing altered or non-physiological host 

molecules, known as damage-associated molecular patterns (DAMPs) (Strowig et al., 

2012). 

 

1.3.2 NLRP3 Inflammasome 

Inflammasomes are multimeric complexes with pivotal functions for the inflammatory re-

sponse of immune cells (Kelley et al., 2019). Various types of inflammasomes exist, with 

NOD-, LRR- and pyrin domain-containing 3 (NLRP3) inflammasome being the key im-

mune sensor for danger signals (Heneka et al., 2018). It consists of three essential 

components: a sensor, an adaptor as well as an effector molecule. All of these compo-

nents contain different domains enabling them to interact with each other and regulate 

their activation. The activation of the NLRP3 inflammasome generally requires both steps, 

priming and activation (McKee and Coll, 2020). The priming step is highly complex and 

initiates after the binding of PAMPs or DAMPs to specific receptors on the cell membrane 

that belong to the group of PRRs (Blevins et al., 2022). Consequently, a variety of intra-

cellular signaling cascades are initiated leading to an augmented production of NLRP3 

inflammasomal components and pro-inflammatory cytokines like pro-IL-1b and pro-IL-18 

(Liu et al., 2017). Upon binding of an adequate stimulus, the NLRP3 inflammasome is 

activated in a second step, where the previously formed components oligomerize and the 

pro-inflammatory cytokines are cleaved into their active forms (Voet et al., 2019). 
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NLRP3 inflammasome activity is tightly controlled. The sensor molecule NLRP3 is a tri-

partite molecule which consists of an N-terminal pyrin domain (PYD), a central NACHT 

domain (acronym of several NACHT-containing proteins) and a leucine-rich repeat do-

main (LRR) at its C-terminal end (Swanson et al., 2019). While the NACHT domain is 

important for NLRP3 oligomerization due to its ATPase activity, the role of LRR is contro-

versial as it is linked to both NLRP3 autoinhibition and activation (Duncan et al., 2007; 

Kelley et al., 2019; Niu et al., 2021). The PYD domain on the other hand serves as a 

recruiter for the bipartite adaptor protein ASC (apoptosis-associated speck-like protein 

containing a CARD) by homotypic PYD-PYD interaction, as ASC in turn contains two 

units: PYD and CARD (caspase recruitment domain) (Lu et al., 2014). This interaction 

nucleates the filamentous assembly of further ASC molecules into elongated helical struc-

tures which then condensate into very large macromolecules referred to as ASC specks 

(Hochheiser et al., 2022; Sborgi et al., 2015). ASC specks can reach a size of over one 

micrometer and are the basis for CARD-based and proximity induced autocatalysis of pro-

caspase-1 as the final effector molecule of the NLRP3 inflammasome (Heneka et al., 

2018; Masumoto et al., 1999). This interaction finally results in a catalytically active heter-

otetramer of cleaved caspase-1 p10 and p20 subunits which are particularly capable of 

processing pro-inflammatory cytokines of the IL-1b family (Sborgi et al., 2015). The de-

scribed process of ASC speck formation and inflammasome activation can trigger a feed-

forward cascade effect culminating in pyroptosis, a caspase-1 dependent pathway that 

alters ion fluxes and ultimately results in cell lysis (Bergsbaken et al., 2009). Moreover, it 

is one of the key mechanisms that account for ongoing inflammation in many devastating 

neurodegenerative diseases including ALS, AD and PD (Kwon and Koh, 2020). Recent 

studies have shown that TDP-43 protein can act as a stimulus to initiate this process, 

reflecting its substantial role in ALS pathology (Deora et al., 2020; Zhao et al., 2015). 

Given the prevalence of TDP-43-positive inclusions in the vast majority of ALS cases, the 

connection between TDP-43 and NLRP3 inflammasome-based neuroinflammation is of 

exceptional importance and at the center of this doctoral thesis. 
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Fig. 2: NLRP3 inflammasome activation in microglial cells 

Activation of the NLRP3 inflammasome requires two steps: priming and activation. First, 
NLRP3 inflammasome components are upregulated via a NF-kB-dependent pathway 
upon binding of DAMPs to TLRs on the cell surface. Second, after exposure to an ade-
quate stimulus, NLRP3 inflammasome components oligomerize and become activated. 
Finally, this leads to maturation of IL-1b and IL-18 to their active forms and release into 
the interstitium. 

 

1.3.3 Experimental models of the NLRP3 inflammasome 

For several neurodegenerative diseases a variety of scientific models exist to analyze 

neuroinflammation (Peng et al., 2021). In this context, the possible involvement of the 

NLRP3 inflammasome is particularly important, as it is one of its central players. While in 

vivo models are often limited by high costs, restricted availability and ethical constraints 

alternative sources are essential to study signaling pathways or mechanisms. Therefore, 

certain cell lines have proven to be particularly suitable for the study of the NLRP3 inflam-

masome. These include the murine macrophage cell lines RAW264 and J774, as well as 
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the human monocyte/macrophage cell line THP-1 (Zito et al., 2020). Of note, both murine 

cell lines differ in a very important aspect. While RAW264 cells are not able to produce 

ASC, J774 macrophages can (Hirano et al., 2017). On the other hand, THP-1 cells are 

originally derived from an acute monocytic leukemia patient which leads to genomic insta-

bility and a lack of several signaling cascades (Zito et al., 2020). Due to these aspects, 

but also because of their robust nature, murine J774 cells are often favored for studies of 

NLRP3 inflammasome stimulation and inhibition (Chang et al., 2015; Di et al., 2018; 

Marchetti et al., 2018). In addition to cell lines, primary microglial cells are one step closer 

to the live organism and offer the possibility to strictly control ante-mortem conditions, as 

they form a homogenous genetic population which is specific-pathogen free (Timmerman 

et al., 2018). This makes them the most widely used in vitro modality for microglial studies 

(Sabogal-Guáqueta et al., 2020). 

Regardless of the cell model used, screening studies represent the first step to investigate 

the NLRP3 inflammasome. For this purpose, the analysis of downstream effectors of in-

flammasomal activation such as IL-1b is suitable (Nizami et al., 2021). This can be 

combined with the use of specific NLRP3 inflammasome inhibitors such as CRID3, whose 

effect is directly visible and can thus consolidate NLRP3 inflammasome involvement. Con-

cerning experimental NLRP3 inflammasome activation itself, standard protocols typically 

proceed in two steps: priming and activation. Prototypically, this is done by sequential 

treatment with LPS and nigericin (Zito et al., 2020). Here, LPS causes priming, while ni-

gericin acts as a potassium ionophore, leading to K+ efflux and thus NLRP3 inflammasome 

activation (Muñoz-Planillo et al., 2013). Besides the classical sequence of priming and 

activation, current studies also reveal canonical NLRP3 inflammasome activation in the 

absence of priming (de Carvalho et al., 2019; Gritsenko et al., 2020). In this regard, an 

important finding was recently published relating to PD, where data showed that distinct 

a-synuclein forms were able to do both priming and activation of the NLRP3 inflam-

masome (Scheiblich et al., 2021). In the context of TDP-43 dependent NLRP3 

inflammasome activation, it is intriguing to speculate if the sole exposure of TDP-43 pro-

tein is also sufficient not only to prime but also to activate the NLRP3 inflammasome. 
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1.4 Aims of the study and research question 

Taken together, TDP-43 protein plays a pivotal role in many neurodegenerative diseases 

and is one of the hallmarks of ALS pathology. This is true for both its fragmented forms 

and especially for the much more widely prevalent wild-type full-length variant. Here, I 

aimed to elucidate the neuroinflammatory potential of this unaltered TDP-43 isoform and 

formulated my hypothesis that TDP-43 can act as a DAMP and activates the NLRP3 in-

flammasome, a multimeric complex of key importance for neuroinflammation. 

 

 

Fig. 3: Involvement of TDP-43 protein species in neuroinflammation 

Schematic showing the proposed signaling cascade after exposure of microglial cells to 
TDP-43 protein species. The key question of this work is whether full-length TDP-43 var-
iants can activate microglia and, if so, whether this occurs in a NLRP3 inflammasome-
dependent manner. Besides the involvement of the NLRP3 inflammasome, the role of 
Toll-like receptors is of special interest. 
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As the full-length variant of TDP-43 is intrinsically aggregation-prone, possible differences 

between monomers and fibrils were determined. This discrimination is of major im-

portance, as the neurotoxicity of TDP-43 aggregation is still not described in sufficient 

detail (Hergesheimer et al., 2019). To test my hypothesis, I followed a three-step approach 

and conducted experiments using cell lines and primary microglia. These functional ex-

periments were supplemented by structural studies of human origin. To conclude with, I 

aimed to examine other contributing signaling pathways, including TLRs as central players 

in stimulatory processes of immune cells. 
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2. Material and methods 

 

2.1 Animals 

All mice used for this study were bred on a C57BL/6 genetic background. The treatment 

and breeding of animals were in accordance with the German Animal Welfare Act and 

was approved by the local ethics committee. For this study wild-type mice of mixed gender 

were used and housed with continuous access to food and water at a temperature of 

22 °C in a 12 h light-dark cycle. Performed procedures met the requirements of the state 

agency for nature, environment and consumer protection of North Rhine-Westphalia 

(LANUV). 

 

2.2 Cell culture 

Experiments were performed using either J774.2 macrophages, a murine monocytic cell 

line originally derived from BALB/c mice, or primary microglia isolated from postnatal 

C57BL/6 mice. 

J774.2 macrophages were cultured under standard conditions in Dulbecco’s modified Ea-

gle’s medium (DMEM) complemented with 10 % heat-inactivated Fetal Bovine Serum 

(iFBS) and 1 % Penicillin/Streptomycin (P/S). 

Primary microglia were isolated as described by Giulian and Baker (1986). In brief, brains 

were collected from male and female mouse pups at postnatal day 0-2 and were carefully 

stripped off their meninges. Tissue was dissociated by gentle trypsinization and the re-

sulting homogenous cell suspension consisting of mixed glial cells was seeded into poly-

L-lysine coated T75 culture flasks (1-2 brains per flask) and left overnight to adhere. At 

the next day cells were washed with Dulbecco’s Phosphate Buffered Saline (DPBS) to 

remove remaining cell debris and cultured for another 7-10 days in DMEM supplemented 

with 10 % iFBS, 1 % P/S and 1 % L-929 cell supernatant to provide growth factors. By the 

end of the cultivation period loosely attached microglial cells were softly shaken off the 

confluent astrocytic monolayer and used for the respective experiments. 
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Preceding all experiments, primary microglia or J774.2 macrophages respectively were 

seeded into well plates using DMEM containing 1 % of serum-free N-2 supplement and 

left overnight to adhere. 

 

2.3 Human tissue samples 

Post-mortem brain sections of two TDP-43 positive sporadic ALS patients were provided 

by the DZNE Brain Bank Bonn. Paraffin-embedded brain material from three different 

neuronal areas (precentral gyrus, cerebellum and ventral horn of the spinal cord) was 

sliced using a microtome into sections with a thickness of 5 µm. For analysis, relevant 

ethical regulations were followed and all patients consented to the use of their brain ma-

terial for medical research. 

 

2.4 TDP-43 protein samples 

The proteins used for the experiments were kindly provided by our collaborators from the 

Lashuel Laboratory at EFPL in Lausanne, Switzerland. Proteins were aliquoted at a con-

centration of 3.3 µM (monomers) or 4.5 µM (fibrils) and solubilized in a Tris-buffer of 50 

mM Tris, 200 mM NaCl and 1 mM DTT at pH 7.4. Monomers were stored at a temperature 

of -80 °C, fibrils at 4 °C. 

 

2.5 Electron microscopy 

For morphological identification of protein samples negative staining electron microscopy 

was used. Preparation of TDP-43 samples and acquisition of pictures was performed in 

collaboration with the AG Geyer from the Institute of Structural Biology Biomedical Center 

(BMZ) in Bonn. Protein solutions were applied onto a glow discharged copper grid and 

incubated for one minute. After a following washing step, samples were negatively stained 

with a dilute electron-opaque solution of 2 % uranyl acetate for 30 seconds. Remaining 
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fluids were removed and grids were air-dried. Immediately, imaging of samples was per-

formed with a JEOL JEM-2200FS 200 kV Transmission Electron Microscope (TEM) using 

a CMOS-based Camera. 

 

2.6 Measurement of cytokine secretion 

As a marker for NLRP3 inflammasome activation by monomeric and fibrillary TDP-43 pro-

tein, the concentration of secreted IL-1b into cell supernatants was measured using the 

Mouse IL-1 beta/IL-1F2 DuoSet ELISA Kit. For the generation of samples, cells were 

plated at a density of 7.5 x 104 cells/well in 96-well plates or 2 x 106 cells/well in 6-well 

plates, left overnight to attach and then treated with the stimuli to be tested or under control 

conditions. To inhibit the NLRP3 inflammasome specifically, cells were incubated with 

Cytokine Release Inhibitory Drug 3 (CRID3; also known as MCC950), or IFM-2384 30 min 

before and during the treatment both at a concentration of 1 µM. Thereafter, cell superna-

tants were collected and assayed according to manufacturer’s protocol. Briefly, 

microplates were coated with a capture antibody for IL-1b and left overnight to adhere. At 

the next day plates were blocked and then incubated with the pre-generated protein sam-

ples or standards respectively. Subsequently the detection antibody was added and 

further incubation steps with Streptavidin-HRP and substrate solution followed. The reac-

tion was stopped by addition of a stop solution and optical density was measured using a 

microplate reader. To quantify the respective concentrations of the samples, a standard 

curve was used for interpolation. 

For experiments with Toll-like receptor inhibition, anti-mouse TLR2 antibody, anti-mouse 

TLR5 antibody and anti-mouse TLR4/MD-2 Complex antibody were used. Each of them 

was co-incubated at a concentration of 5 µg/mL with the respective stimulatory agents. 

For quantification of a broad spectrum of cytokine secretion by primary microglia the Pro-

teome Profile Mouse Cytokine Array Panel A was used, able to simultaneously detect 40 

cytokines, chemokines and acute phase proteins. Supernatant of primary microglial cells 

was analyzed as per manufacturer’s protocol. Briefly, the kit’s membranes were blocked 

and then incubated overnight with the respective samples, array buffers as well as an 
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antibody cocktail. After three washing steps membranes were incubated with IRDye® 

800CW Streptavidin (1:20.000) for 30 min and subsequently imaged. Images were taken 

with an Odyssey® CLx Imaging System, followed by data analysis with Image Studio soft-

ware. 

 

2.7 Cell viability and Cytotoxicity assays 

To assess cell viability either the XTT Cell Viability Kit or the MTT Cell Proliferation Kit I 

were used according to manufacturer’s protocols. Briefly, primary microglia or murine 

J774.2 cells were plated with a density of 7.5 x 104 cells/well in 96-well plates and left 

overnight to adhere. After treatment with various stimuli either an XTT or MTT assay was 

performed. For the XTT assay DMEM was mixed with an XTT reagent and an Electron 

Coupling Solution and added to the cells, whereas for the MTT assay an MTT labeling 

reagent and a solubilization solution were added successively. Incubation times complied 

with the respective protocols. Absorbance was measured at 450 nm (XTT) or 630 nm 

(MTT) using a microplate reader, with acquired results reflecting the metabolic activity of 

the treated cells. 

Cellular cytotoxicity was determined with the Cytotoxicity Detection Kit (LDH) as LDH re-

lease into cell supernatants is proportional with a damaged plasma membrane. Following 

the manufacturer’s protocol, a reaction mixture of Dye Solution and a Catalyst were added 

to 50 µl of respective supernatants. Afterwards the concentration of LDH was photometri-

cally quantified at 490 nm with a microplate reader. 

 

2.8 Western Blot 

J774.2 macrophages or primary microglia were seeded (2 x 106 cells/well in 6-well plates 

or 1 x 106 cells/well in 12-well plates) and stimulated either under control conditions or 

with the stimuli to be tested. Following the respective simulation periods, cell supernatant 

was collected and the remaining cells were lysed on ice with radioimmunoprecipitation 

assay (RIPA) lysis buffer (50 mM Tris-HCl, 1 % Triton X-100, 0.5 % sodium deoxycholate, 



27 
 

0.1 % sodium dodecyl sulfate (SDS), 150 mM NaCl, pH 7.2) containing 1X phosphatase 

inhibitor cocktail. 

In order to yield a sufficient protein concentration in cell supernatants, samples were pre-

cipitated using chloroform-methanol precipitation as described by Scheiblich et al. (2017). 

In brief, 500 µl of ice-cold methanol and 125 µl chloroform were added to 500 µl of cell 

supernatant. Samples were then vortexed and centrifuged vigorously at 13.000 x g for five 

minutes, obtaining two separate phases of which the upper phase was discharged. Once 

again 500 µl methanol were added and samples were vortexed and centrifugated (13.000 

x g, 5 min). The supernatant was cautiously removed and the remaining protein pellet was 

dried for five minutes in a vacuum concentrator at 45 °C. The dried pellet was then resus-

pended in 2X Loading Buffer and denatured for five minutes at 95 °C, after which the 

samples were ready for Western Blot analysis. 

Cell lysates and precipitated supernatant samples were separated using a NuPAGE® 4–

12 % Bis-Tris Gel and then transferred onto nitrocellulose membranes. These membranes 

were blocked with 3 % BSA in Tris-buffered saline supplemented with Tween-20 (TBST; 

10 mM Tris-HCl, 150 mM NaCl, 0.05 % Tween-20, pH 8.0) for one hour and subsequently 

incubated overnight with the following antibodies against components of the NLRP3 in-

flammasome: rat anti-caspase-1, rabbit anti-ASC, mouse anti-NLRP3 and mouse anti-α-

tubulin. All antibodies used were diluted 1:1000 in blocking solution (3 % BSA in TBST). 

Detection of primary antibodies was performed with IRDye® 680RD goat anti-rabbit IgG, 

IRDye® 800CW goat anti-rat IgG and IRDye® 680RD goat anti-mouse IgG in a dilution of 

1:20.000. For visualization of secondary antibodies, an Odyssey® CLx Imaging System 

was used, followed by data analysis with Image Studio software. 

 

2.9 FLICA assay 

To detect active Caspase-1 as the main effector of NLRP3 inflammasome activation, the 

FAM-FLICA Caspase-1 Assay (FLICA = Fluorochrome-Labeled Inhibitors of Caspases) 

was used according to manufacturer’s protocol. Briefly, FAM-FLICA inhibitor reagent 

(FAM-YVAD-FMK) was added to the supernatant of treated cells and incubated for one 

hour. Ten minutes before the end of the incubation period 0.5 % of Propidium Iodide (PI) 
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was added. Three washing steps of ten minutes each with Apoptosis Wash Buffer followed 

to allow the diffusion of unbound FLICA reagent out of the cells. Thereafter, cells were 

trypsinized (0.25 %) for ten minutes, washed again and then collected. After generation 

of the respective compensation controls, the samples were analyzed using a BD 

FACSCantoTM II Flow Cytometer. For detailed analysis and quantification FlowJo software 

was used. 

 

2.10 Immunohistochemistry 

Paraffin slices were deparaffinated and rehydrated using consecutive washing steps in 

xylene and decreasing concentrations of ethanol and were finally placed in distilled water. 

For antigen retrieval rehydrated tissue was boiled for ten minutes in 10 mM sodium citrate 

buffer (pH 6.0) and subsequently allowed to cool down at room temperature for 30 

minutes. Following three washing steps in distilled water, sections were incubated for ten 

minutes with 3 % hydrogen peroxide at 4 °C to block endogenous peroxide activity. After 

another two washing steps in distilled water and five minutes in PBST (0.1 % Triton), slices 

were blocked with 5 % normal donkey serum (NDS) in PBST for one hour. Blocking buffer 

was removed, replaced with primary antibodies solution and incubated overnight at 4 °C. 

Primary antibodies used were rat anti-TDP-43 as well as goat anti-AIF-1/Iba-1 and were 

diluted in blocking buffer 1:300 (anti-TDP-43) or 1:500 (Iba-1). Following three washing 

steps of five minutes each in PBST, sections were incubated with the secondary antibod-

ies donkey anti-rat-Alexa Fluor 488 and donkey anti-goat-Alexa Fluor 555 (both 1:250) for 

two hours. The tissue was nuclear counter-stained with DAPI (0.1 mg/mL). For imaging of 

stained sections, a Zeiss LSM 800 microscope was used. Processing and analyzation of 

taken images was done using Fiji ImageJ software. 3D reconstruction of taken images 

was performed with Imaris - Microscope Image Analysis Software. 
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2.11 Statistical analysis 

Statistical analysis was performed using GraphPad Prism software version 9. In all graphs 

data is presented as mean ± standard errors of the mean (SEM) of at least three inde-

pendent experiments with up to three replicates and is analyzed for a Gaussian 

distribution. When normality tests were passed, a one-way analysis of variance (ANOVA) 

followed by Tukey’s post hoc test was used to compare between control and treatment 

groups. If a Gaussian distribution was not followed, data were analyzed as non-parametric 

with the Kruskal-Wallis test and Dunn’s post hoc test. P-values were considered statisti-

cally significant below a value of 0.05. Significance levels are indicated as *p < 0.05; **p 

< 0.01; ***p < 0.001 and ****p < 0.0001. Specific statistical procedures used are mentioned 

in the figure legends. 

 

2.12 Resources 

Tab. 1: Antibodies 

Antibodies Source Identifier 

alpha Tubulin Monoclonal 

Antibody (DM1A) 

Thermo Fisher Scientific, 

Waltham, MA, USA 

Cat# 62204, 

RRID:AB_1965960 

anti-Asc pAb (AL177) anti-

body 

Adipogen, San Diego, CA, 

USA 

Cat# AG-25B-0006, 

RRID:AB_2490440 

Anti-mTLR5-IgG, 100 µg 

antibody 

Invivogen, San Diego, CA, 

USA 

Cat# mabg-mtlr5, 

RRID:AB_11124926 

anti-NLRP3/NALP3 mAb 

(Cryo-2) antibody 

Adipogen, San Diego, CA, 

USA 

Cat# AG-20B-0014, 

RRID:AB_2490202 

Donkey anti-Goat IgG 

(H+L), Alexa FluorTM Plus 

555 

Thermo Fisher Scientific, 

Waltham, MA, USA 

Cat# A32816, 

RRID:AB_2762839 

Donkey anti-Rat IgG (H+L), 

Alexa FluorTM 488 

Thermo Fisher Scientific, 

Waltham, MA, USA 

Cat# A-21208, 

RRID:AB_2535794 



30 
 

FITC anti-mouse IgG1 anti-

body 

Biolegend, San Diego, CA, 

USA 

Cat# 406605, 

RRID:AB_493292 

Iba1 Antibody Novus Biologicals, Little-

ton, CO, USA 

Cat# NB 100-1028, 

RRID:AB_521594 

IRDye® 680RD Goat anti-

Mouse IgG antibody 

LI-COR Biosciences, Lin-

coln, NE, USA 

Cat# 926-68070, 

RRID:AB_10956588 

IRDye® 680RD Goat anti-

Rabbit IgG antibody 

LI-COR Biosciences, Lin-

coln, NE, USA 

Cat# 926-68071, 

RRID:AB_10956166 

IRDye® 800CW Goat anti-

Rat IgG antibody 

LI-COR Biosciences, Lin-

coln, NE, USA 

Cat# 926-32219, 

RRID:AB_1850025 

MAb-mTLR2, 100 µg anti-

body 

Invivogen, San Diego, CA, 

USA 

Cat# mab-mtlr2, 

RRID:AB_763722 

PE anti-mouse IgG1 anti-

body 

Biolegend, San Diego, CA, 

USA 

Cat# 406607, 

RRID:AB_10551439 

Purified (azide-free) anti-

TDP43 antibody 

Biolegend, San Diego, CA, 

USA 

Cat# 808301, 

RRID:AB_2564740 

Rat anti-Caspase-1 (clone 

4B4) antibody 

Genentech, South San 

Francisco, CA, USA 

Cat# CASP-1(mu):4175 

TLR4/MD-2 Complex Mon-

oclonal Antibody (MTS510) 

Thermo Fisher Scientific, 

Waltham, MA, USA 

Cat# MA5-16210, 

RRID:AB_2537728 

 

Tab. 2: Biological samples and experimental models 

Material Source Identifier 

C57BL/6 mice Charles River Laborato-

ries, Wilmington, MA, USA 

RRID: IMSR_JAX:000664 

Human post-mortem brain 

sections 

DZNE Brain Bank Bonn N/A 

J774.2 Cell Line from 

mouse 

Sigma-Aldrich, St. Louis, 

MIS, USA 

Cat# 85011428 

NCTC clone 929 (L929 

cells), strain: C3H/An 

ATCC, Manassas, VA, 

USA 

Cat# CCL-1, 

RRID:CVCL_0462 
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Tab. 3: Chemicals and peptides 

Reagents and Resources Source Identifier 

1-Step™ Ultra TMB-ELISA 

Substrate Solution 

Thermo Fisher Scientific, 

Waltham, MA, USA 

Cat# 34028 

4’,6-Diamidino-2’-phenylin-

dol-dihydrochloride (DAPI) 

Thermo Fisher Scientific, 

Waltham, MA, USA 

Cat# 62247 

Bovine Serum Albumin - 

Fraction V 

Rockland Immunochemi-

cals, Pottstown, PA, USA 

Cat# BSA-1000 

CRID3 (MCC950) Invivogen, San Diego, CA, 

USA 

Cat# inh-mcc 

Dulbecco‘s Modified Ea-

gle‘s Medium 

Thermo Fisher Scientific, 

Waltham, MA, USA 

Cat# 31966047 

Dulbecco‘s Phosphate-

Buffered Saline 

Thermo Fisher Scientific, 

Waltham, MA, USA 

Cat# 14190169 

Fetal Bovine Serum Thermo Fisher Scientific, 

Waltham, MA, USA 

Cat# 10270106 

IFM-2384 IFM Therapeutics, Boston, 

MA, USA 

N/A 

IRDye® 800CW Streptavi-

din 

LI-COR Biosciences, Lin-

coln, NE, USA 

Cat# 926-32230 

Lipopolysaccharide from 

Escherichia coli K12 

Invivogen, San Diego, CA, 

USA 

Cat# tlrl-eklps 

N2-Supplement Thermo Fisher Scientific, 

Waltham, MA, USA 

Cat# 17502048 

Nigericin Invivogen, San Diego, CA, 

USA 

Cat# tlrl-nig 

Normal Donkey Serum Abcam, Cambridge, UK Cat# ab7475 

NuPAGE® MES SDS Run-

ning Buffer (20X) 

Thermo Fisher Scientific, 

Waltham, MA, USA 

Cat# NP0002 

Orange G Carl Roth, Karlsruhe, Ger-

many 

Cat# 0318.2 
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PageRuler™ Plus Pres-

tained Protein Ladder, 10 

to 250 kDa 

Thermo Fisher Scientific, 

Waltham, MA, USA 

Cat# 26619 

Penicillin/Streptomycin Thermo Fisher Scientific, 

Waltham, MA, USA 

Cat# 15070063 

Poly-L-lysine hydrobromide Sigma-Aldrich, St. Louis, 

MIS, USA 

Cat# P1524 

Protease/Phosphatase In-

hibitor Cocktail 

Cell Signaling, Danvers, 

MA, USA 

Cat# 5872 

Sodium dodecyl sulfate 

(SDS) 

Carl Roth, Karlsruhe, Ger-

many 

Cat# CN30.2 

TDP-43 Protein Hilal Lashuel Group, EPFL, 

Lausanne 

N/A 

Triton™ X-100 Sigma-Aldrich, St. Louis, 

MIS, USA 

Cat# T8787 

Trypan Blue Solution,  

0.4 % 

Thermo Fisher Scientific, 

Waltham, MA, USA 

Cat# 15250061 

Trypsin-EDTA (0.5 %), no 

phenol red 

Thermo Fisher Scientific, 

Waltham, MA, USA 

Cat# 15400054 

TweenTM 20 Surfact-

AmpsTM Detergent 

Thermo Fisher Scientific, 

Waltham, MA, USA 

Cat# 85113 

 

 

 

 

 

 



33 
 

Tab. 4: Commercial assays and kits 

Assay/Kit Source Identifier 

Mouse IL-1 beta/IL-1F2 

DuoSet ELISA 

R&D Systems, Minneapo-

lis, MN, USA 

Cat# DY401 

Proteome Profiler Mouse 

Cytokine Array Kit, Panel A 

R&D Systems, Minneapo-

lis, MN, USA 

Cat# ARY006 

Pierce™ BCA Protein As-

say Kit 

Thermo Fisher Scientific, 

Waltham, MA, USA 

Cat# 23225 

XTT Cell Viability Kit Cell Signaling, Danvers, 

MA, USA 

Cat# 9095 

Cell Proliferation Kit I 

(MTT) 

Roche, Basel, Switzerland Cat# 11465007001 

Cytotoxicity Detection Kit 

(LDH) 

Roche, Basel, Switzerland Cat# 11644793001 

FAM-FLICA® Caspase-1 

(YVAD) Assay Kit 

Immunochemistry Techno-

logies, Davis, CA, USA 

Cat# 97 
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Tab. 5: Expendable material 

Material Source 

96-Well ELISA-Microplates Greiner Bio-One, Kremsmünster, Austria 

96-Well Plates for Pierce™ BCA-RAC As-

say 

Thermo Fisher Scientific, Waltham, MA, 

USA 

CELLSTAR® Cell culture flasks Greiner Bio-One, Kremsmünster, Austria 

CELLSTAR® Cell culture plates Greiner Bio-One, Kremsmünster, Austria 

Eppendorf Tubes® Eppendorf, Hamburg, Germany 

Falcon® Conical Centrifuge Tubes Corning, Corning, NY, USA 

Nitrocellulose Membrane, 0.2 µm Bio-Rad Laboratories, Hercules, CA, USA 

NuPAGE® 4–12 % Bis-Tris gel Thermo Fisher Scientific, Waltham, MA, 

USA 

Pipette Tips Sarstedt, Nümbrecht, DE 

Stripette™ Serological Pipets Corning, Corning, NY, USA 

Trans-Blot® Turbo Mini Nitrocellulose 

Transfer Packs 

Bio-Rad Laboratories, Hercules, CA, USA 
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Tab. 6: Laboratory equipment 

Resource Source 

BD FACSCantoTM II Flow Cytometer BD, Franklin Lakes, NJ, USA 

Centrifuge 5424 R Eppendorf, Hamburg, Germany 

Centrifuge 5430 R Eppendorf, Hamburg, Germany 

CO2 incubator ICO240 Memmert, Schwabach, Germany 

Consort EV series power supplies Sigma-Aldrich, St. Louis, MIS, USA 

DURAN® borosilicate glass tubing Schott, Jena, Germany 

Eppendorf Easypet® 3 Eppendorf, Hamburg, Germany 

Eppendorf Research® plus Pipette Eppendorf, Hamburg, Germany 

Eppendorf ThermoMixer® C Eppendorf, Hamburg, Germany 

Eppendorf® Multipette® M4 pipette Eppendorf, Hamburg, Germany 

Infinite M200 Pro TECAN, Männedorf, Switerland 

JEM-2200FS Field Emission Electron Mi-

croscope 

Jeol, Tokyo, Japan 

MediLine Lab Fridge Liebherr, Kirchdorf, Germany 

Megafuge 40R Thermo Fisher Scientific, Waltham, MA, 

USA 

ODYSSEY CLx Imaging System LI-COR Biosciences, Lincoln, NE, USA 

Ohaus Adventurer™ Analytical Scale Ohaus, Parsippany, NJ, USA 

Primovert Inverted Microscope Carl Zeiss, Oberkochen, Germany 

Rocking platform shaker, VWR® Avantor, Radnor, PA, USA 

Safe 2020 Class II Biological Safety Cabi-

net 

Thermo Fisher Scientific, Waltham, MA, 

USA 

TemCam-F416 CMOS based Camera TVIPS, Gauting, Germany 

Trans-Blot Turbo Transfer System Bio-Rad Laboratories, Hercules, CA, USA 

Transferpette® S Brand, Wertheim, Germany 

Unimax 1010 Shaker Heidolph, Schwabach, Germany 

V86-500i Freezer Ewald, Rodenburg, Germany 

Vortex-Genie 2 Scientific Industries, Bohemia, NY, USA 

Water Bath 1012 GFL, Burgwedel, Germany 
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XCell4 SureLock™ Midi-Cell Thermo Fisher Scientific, Waltham, MA, 

USA 

Zeiss Laser Scan Microscope 800 Carl Zeiss, Oberkochen, Germany 

 

Tab. 7: Software and algorithms 

Software Source Identifier 

Adobe Illustrator Adobe, San José, CA, 

USA 

v27.2 

Excel Microsoft, Richmond, WA, 

USA 
v16.63.1 

Fiji ImageJ Wayne Rusband, National In-

stitute of Health, Bethesda, 

MD, USA 

v2.3.0/1.53q 

FlowJo BD, Franklin Lakes, NJ, 

USA 

v10.8.1 

Graph Pad Prism Graphpad Software Inc., 

CA, USA 

v9.3.1 

Image Studio LI-COR Biosciences, Lin-

coln, NE, USA 

v5.2 

Imaris Oxford Instruments, Abing-

don, UK 

v9.2.1 

NIS-elements Nikon, Tokyo, Japan v4.2 
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3. Results 

 

3.1 Monomeric TDP-43 dose-dependently induces inflammatory response in J774.2 mac-

rophages 

In order to test common pathways in the activation of innate immune cells the effect of 

differently aggregated TDP-43 proteins was investigated on murine J774.2 macrophages 

in vitro. Prior to these experiments, the morphology of proteins under consideration was 

confirmed by electron microscopy (Figure 4A+B) and Western blot (Figure 4C). 

 

Fig. 4: Examination of TDP-43 morphology 

Electron microscopy images of TDP-43 monomers (A) and fibrils (B). Scale bar 400 nm. 
(C) Western blot analysis of TDP-43 protein stock using TDP-43 specific antibody. 
 

Monomers and fibrils showed their typical appearance of either small protein aggregates 

or well-defined fibrils, some of which partially bundled, and a strong and clearly visible 

Western blot band at the eponymous molecular weight of 43 kDa confirmed the presence 

of TDP-43 protein. 

To allow for a standardized experimental approach, a continuous procedure was imple-

mented (Figure 5). For this purpose, J774.2 macrophages were seeded into the well 

plates prior to each experiment and left overnight to adhere. At the next day a 24-hour 

stimulation with either TDP-43 monomers or fibrils was performed. The analogous regime 

was used for the later described experiments with primary microglia (for details, see be-

low). 
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Fig. 5: Methodological Approach 

Schematic showing the experimental setup used in this project. 
 
For evaluation of sufficiently stimulating protein concentrations, cells were treated with 

monomeric or fibrillary TDP-43 forms in rising doses, after which inflammasomal activity 

was determined in cell supernatants using ELISA-based quantification of IL-1b protein as 

the main product of NLRP3 inflammasome activation (Figure 6A). 

 

Fig. 6: Dose-response of TDP-43 peptide treatment in J774.2 macrophages 

Stimulation of J774.2 cells (7.5 x 104 cells/well) with TDP-43 monomers/fibrils (24 h) with 
or without NLRP3-inflammasome inhibitor (CRID3, 1 µM). LPS (L; 3 h, 100 ng/ml) and 
Nigericin (N; 1 h, 5 µM) were used as positive control. IL-1b ELISA of supernatant (A) and 
XTT-assay of stimulated cells (B). Data is shown from four independent experiments 
(n = 4) with triplicate measurements (N = 12). Graphs are presented as mean ± SEM and 
analyzed by one-way ANOVA with post hoc Tukey’s test. Levels of significance are indi-
cated as *p < 0.05; **p < 0.01; ***p < 0.001 and ****p < 0.0001; ###p < 0.001 and ####p < 
0.0001 vs. uninhibited concentration. 
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Monomeric TDP-43 protein strongly and dose-dependently induced IL-1b secretion, even 

exceeding the effect of a sequential treatment with LPS and Nigericin. Interestingly, fibril-

lary TDP-43 was not able to cause a similar effect in this setting. 

To further probe the underlying molecular mechanism, stimulated cells were co-treated 

with the NLRP3 inflammasome inhibitor CRID3 which resulted in significantly diminished 

levels of IL-1b secretion compared to treatment with sole TDP-43 monomers and unal-

tered values when TDP-43 fibrils were used (Figure 6A). Subsequently, an XTT assay of 

the stimulated cells was performed to evaluate metabolic activity. High levels of activation 

were found when exposed to monomeric TDP-43, whereas TDP-43 fibrils did not alter 

activity levels compared to the untreated control (Figure 6B). Also, exposure to LPS and 

Nigericin did not have an influence on metabolic activity. 

 

3.2 NLRP3 inflammasome is part of induced signaling pathways 

As the next step, Western blot analysis was used to confirm the involvement of the NLRP3 

inflammasome in induced metabolic pathways. Indeed, stimulated cells upregulated the 

intracellular concentration of NLRP3 protein and cleaved Caspase-1 together with ASC 

was released into cell supernatants after exposure to monomeric TDP-43 (Figure 7B, E 

and F). From all NLPR3 inflammasome components only intracellular ASC protein was 

not significantly upregulated, although some sporadically elevated values were detected 

(Figure 7C). Most importantly, treated cells were again co-incubated with specific inhibi-

tors of the NLRP3 inflammasome. Besides CRID3, IFM as a second inhibitor of the NLRP3 

inflammasome confirmed these results. Similar to IL-1b secretion, both IFM and CRID3 

significantly diminished the inflammatory release of NLRP3 inflammasome components 

into extracellular space. While a significant attenuation on ASC release was reached with 

both inhibitors, the effect on secretion of cleaved Caspase-1 was more pronounced with 

IFM. CRID3 on the other hand, missed the threshold of significance (p = 0.26). Of note, 

concentration of intracellular NLRP3 protein persisted on an elevated level after applica-

tion of NLRP3 inhibitors. In line with previous findings, when cells were treated with TDP-

43 fibrils neither inflammasomal components were upregulated, nor released into the su-

pernatant. 
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Fig. 7: Induction of NLRP3 inflammasome components by TDP-43 protein in J774.2 mac-
rophages 

Western Blot analysis and quantification of stimulated J774.2 cells. Dotted vertical lines 
indicate spliced sections. Only data used for this project is shown. Quantification of the 
inflammasomal components NLRP3 (B), ASC (C and E) and cleaved Caspase-1 (F). Cells 
were seeded at a density of 2 x 106 cells/ well. TDP-43 monomers/ fibrils (mTDP/ fTDP; 
100 nM, 24 h) and NLRP3-inflammasome inhibitor (CRID3 or IFM, 1 µM) were used as 
treatment. LPS (L; 3 h, 100 ng/ml) and Nigericin (N; 1 h, 5 µM) was used as a positive 
control. Data is shown from five independent experiments (n = 5) and is displayed as 
mean ± SEM. Analysis of samples is done with one-way ANOVA and post hoc Tukey’s 
test. Levels of significance are indicated as *p < 0.05; **p < 0.01; ***p < 0.001 and ****p < 
0.0001. 
 

To probe the involvement of NLRP3 inflammasome more completely, extracellular IL-1b 

secretion as the main resulting cytokine from inflammasomal activation was quantified 

using ELISA (Figure 8A). The results were similar to the dose-response experiments, es-

pecially the stimulatory potential of monomeric TDP-43, as well as potent inhibition by 

CRID3 and IFM was confirmed (Figure 8A). In the respective lactate dehydrogenase 

(LDH) assays no significant difference between TDP-43 stimuli was found when compared 

to untreated controls (Figure 8B). LDH levels were significantly lowered after successive 

treatment with LPS and Nigericin, regardless of whether NLRP3 inhibitors were used. 
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Fig. 8: IL-1b secretion and cytotoxicity after TDP-43 exposure of J774.2 macrophages 

(A) IL-1b ELISA of supernatant from Western Blot experiments. (B) LDH assay from cell 
supernatant. Sample preparation and statistical analysis as in Figure 7. 
 

3.3 Primary microglia also reveal an inflammatory response to TDP-43 protein 

To confirm cell-line findings, the next set of experiments was pursued with primary micro-

glia. As expected, a progressively increasing, dose-dependent release of IL-1b was found 

when cells were subjected with TDP-43 monomers (Figure 9A). Similar to J774.2 macro-

phages, the stimulatory potential of monomeric TDP-43 clearly exceeded the effect of LPS 

and Nigericin. Moreover, inhibition of inflammatory effects with both CRID3 and IFM was 

particularly strong at high peptide concentrations, while in lower doses only IFM dimin-

ished the release of cytokines significantly. Surprisingly, stimulation of primary microglia 

with rising concentrations of fibrillary TDP-43 also lead to an increased secretion of IL-1b. 

However, values reached were orders of magnitude smaller than the TDP-43 monomers 

results. 

Consistent with J774.2 macrophages, cell viability assays showed high and dose-depend-

ent metabolic activity of microglia in response to TDP-43 monomer stimulation (Figure 

9B). Co-incubation with NLRP3 inflammasome inhibitors did not differ from uninhibited 

peptide treatment. 
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Fig. 9: Dose-response of TDP-43 peptide treatment in primary microglia 

Stimulation of primary microglia (7.5 x 104 cells/ well) with TDP-43 monomers/ fibrils (24 h) 
with or without NLRP3 inflammasome inhibition (CRID3 or IFM, 1 µM). LPS (L; 3 h, 
100 ng/ml) and Nigericin (N; 1 h, 5 µM) were used as positive control. IL-1b ELISA of 
supernatant (A) and MTT-Assay of stimulated cells (B). Data from five independent ex-
periments (n = 5) with duplicate measurements. Analysis of samples is done with one-
way ANOVA and post hoc Tukey’s test (A) or Kruskal-Wallis test and post hoc Dunn’s test 
(B). Levels of significance are indicated as *p < 0.05; **p < 0.01; ***p < 0.001 and ****p < 
0.0001. 
 
Consolidation of cell line results was subsequently continued using Western blot analysis. 

Analogous to J774.2 macrophages (Figure 7A – F), intracellular concentration of NLRP3 

inflammasome components and their secretion was partially altered in primary microglia 

(Figure 10A - F). Elevation of intracellular NLRP3 protein (p = 0.24) and release of cleaved 

Caspase-1 showed the same tendency when treated with monomeric TDP-43 as in cell 

lines, although none of the components was upregulated statistically significantly when 

compared to the untreated control. Of note, induction of NLRP3 inflammasome compo-

nents by LPS and Nigericin as positive control treatment was also insufficient to exceed 

the significance threshold except for secretion of cleaved Caspase-1. 

Again, CRID3 and IFM were co-applied with TDP-43 proteins to specifically inhibit the 

NLRP3 inflammasome. In this setting, their inhibitory effect only reached the threshold of 

significance for cleaved Caspase-1 after positive control treatment with LPS and Nigericin. 



43 
 

Apart from that, an inhibitory effect of IFM might be seen for cleaved Caspase-1 when 

concomitantly treated with pure monomeric TDP-43 (Figure 10F). 

 

Fig. 10: Induction of NLRP3 inflammasome components by TDP-43 protein in primary 
microglia 

Western blot analysis and quantification of stimulated PMG. Dotted vertical lines indicate 
spliced sections. Only data used for this project is shown. Quantification of the inflamma-
somal components NLRP3 (B), ASC (C and E) and cleaved Caspase-1 (F). Cells were 
seeded at a density of 1 x 106 cells/well in 12-well plates. TDP-43 monomers/ fibrils 
(mTDP/ fTDP; 100 nM, 24 h) and NLRP3-inflammasome inhibitor (CRID3 or IFM, 1 µM) 
were used as treatment. LPS (L; 3 h, 100 ng/ml) and Nigericin (N; 1 h, 5 µM) was used as 
a positive control. Data results from four independent experiments (n = 4). All graphs are 
displayed as mean ± SEM. Analysis of samples is done with one-way ANOVA and post 
hoc Tukey’s test. Levels of significance are indicated as *p < 0.05; **p < 0.01; ***p < 0.001 
and ****p < 0.0001. 
 
Consistent with data from J774.2 macrophages continuative analysis of specimen from 

Western blot experiments using ELISA were indicative for NLRP3 inflammasome involve-

ment (Figure 11A). A clear difference between TDP-43 monomers and fibrils was found, 

as IL-1b secretion showed high values after exposure to monomeric TDP-43, while fibrils 

were not capable to alter protein levels in cell supernatants. As in cell lines, the co-incu-

bation with IFM or CRID3 led to a reduced IL-1b release when used together with TDP-

43 monomers. Completing the analysis, investigation of cytotoxicity through an LDH assay 

showed unaltered values both under peptide treatment and control conditions (Figure 

11B). 
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Fig. 11: IL-1b secretion and cytotoxicity after TDP-43 exposure of primary microglia 

(A) IL-1b ELISA of supernatant from Western Blot experiments. (B) LDH assay from cell 
supernatant. Sample preparation as in Figure 10. Analysis of samples is done with Krus-
kal-Wallis test and post hoc Dunn’s test. Levels of significance are indicated as *p < 0.05; 
**p < 0.01; ***p < 0.001 and ****p < 0.0001. 
 

3.4 Toll-like receptors are involved in sensing TDP-43 and trigger a variety of inflammatory 

responses 

Besides the effects on the NLRP3 inflammasome, the involvement of Toll-like receptors 

(TLRs) was analyzed using specific anti-TLR antibodies against TLR 2, 4 and 5. Experi-

ments were performed in both J774.2 macrophages and primary microglia. 

Secretion of IL-1b into the supernatant was measured by ELISA readout and both cell 

types showed a significant decrease when TLR antibodies were co-incubated (Figure 12A 

+ C). For macrophages, this effect was particularly strong for TLR 4 blockade, but also 

anti-TLR 2 and anti-TLR 5 antibodies lead to a significant decrease in cell activation. In 

primary microglia, the effect of TLR 4 and -5 blockade on IL-1b secretion was attenuated, 

while blocking TLR 2 still significantly decreased levels in the supernatant as compared 

to sole exposure to monomeric TDP-43. Interestingly, addition of anti-TLR4-antibody to 

this setting led to synergistic diminution of IL-1b. Moreover, cell viability was measured 

with XTT and MTT assays respectively. As in dose-response experiments (Figure 6B + 
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9B), metabolic activity of cells was much higher for monomeric TDP-43 and TLR-antibody 

treatment as under control conditions (Figure 12B + D). Especially a co-incubation of mon-

omeric TDP-43 protein and TLR 4-antibody in cell line experiments lead to increased 

metabolic activity in cell supernatants. 

 

Fig. 12: Involvement of Toll-like receptors and triggered inflammatory responses after 
sensing of TDP-43 

(A + B) Stimulation of J774.2 cells (7.5 x 104 cells/ well) with TDP-43 monomers (mTDP; 
100 nM, 24 h) with or without TLR 2, 4 and 5 antibodies (5 µg/ml). IL-1b ELISA of super-
natant (A) and XTT-assay of stimulated cells (B). (C + D) Stimulation of primary microglia 
(7.5 x 104 cells/ well) with TDP-43 monomers (mTDP; 100 nM, 24 h) and TLR-antibodies 
(same details as for A + B). IL-1b ELISA of supernatant (C) and MTT-Assay of stimulated 
cells (D). (E) Heat map from cytokine array of PMG cell supernatant from Western Blot 
experiments (Figure 10). J774.2 macrophage data from four independent experiments 
(n = 4) with triplicate measurements (N = 12). PMG data from nine independent experi-
ments (n = 9) with duplicate measurements (N = 18). All graphs are displayed as mean ± 
SEM. Analysis of samples is done with one-way ANOVA and post hoc Tukey’s test. Levels 
of significance are indicated as *p < 0.05; **p < 0.01; ***p < 0.001 and ****p < 0.0001. 
 



46 
 

To characterize the inflammatory potential of TDP-43 protein species in primary microglia 

more broadly, a Mouse Cytokine Array was used to quantify a large range of mediators 

simultaneously. Results showed a strong upregulation of various inflammatory proteins 

when exposed to monomeric but not to fibrillary TDP-43 (Figure 12E). These included 

chemokines such as TNF-a, IL-1a, IL-1b, IL-6, G-CSF and CXCL1. On the other hand, it 

is important to note that positive control treatment with LPS and Nigericin induced inflam-

matory mediators such as IL-1a, IL-1b and TNF-a more specifically compared to TDP-43 

monomers. Lastly, with fibrillary TDP-43 only a slight increase of primarily TNF-a and 

CXC1 was seen. 

 

3.5 Early apoptosis of primary microglia is a result of monomeric TDP-43 treatment 

To determine whether treatment with TDP-43 protein species is a possible trigger for py-

roptosis via the NLRP3 inflammasome, a FLICA-Assay for active Caspase-1 with 

subsequent FACS analysis was used. Using fluorochrome-labeled caspase inhibitors 

(FLICA) and propidium iodide, four specific groups of cells were defined after stimulation 

with the respective compounds: live (FLICA-/PE-), early apoptotic (FLICA+/PE-), late 

apoptotic (FLICA+/PE+) and necrotic (FLICA-/PE+). 

While only a small percentage of TDP-43 treated cells reached a late apoptotic or a ne-

crotic state, a remarkable discrepancy between simulation with monomeric and fibrillary 

isoforms was found for early apoptosis (Figure 13A + B). TDP-43 monomers were able to 

induce early apoptosis in a significant number of cells (33 %). In contrast, treatment with 

TDP-43 fibrils did not differ from negative controls. As expected, the specific NLRP3 in-

flammasome activation with LPS and Nigericin lead to a strong activation of caspase-1, 

which is mirrored by a high proportion of cells reaching an early (77 %) and even a late 

apoptotic (8 %) state. In parallel, co-incubation of CRID3 with stimulated cells only pro-

voked a subtle dampening in cell activation by monomeric TDP-43, whereas the inhibiting 

effect was clearly shown for positive control treatment. 
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Fig. 13: Quantification of apoptosis of primary microglia upon TDP-43 treatment 

(A) FACS analysis of stimulated microglia using FLICA Caspase-1 assay. Stimulation with 
either TDP-43 monomers or fibrils (mTDP/ fTDP; 100 nM; 24 h) with or without NLRP3 
inflammasome inhibitor (CRID3, 1 µM). LPS (3 h, 100 ng/ml) and Nigericin (1 h, 5 µM) 
was used as a positive control. (B) Quantification of FLICA results distinguishing between 
different stages of cell death: FLICA-/PE- as live, FLICA+/PE- as early apoptotic, 
FLICA+/PE+ as late apoptotic and FLICA-/PE+ as necrotic. Data is shown from three in-
dependent experiments (n = 3) with duplicate measurements (N = 6) and is displayed as 
mean ± SEM. Analysis of samples is done with one-way ANOVA and post hoc Tukey’s 
test. Levels of significance are indicated as ****p < 0.0001. 
 

3.6 TDP-43 protein can be found within microglial cells in human ALS patients 

To hold an eye upon in vivo situation, signs of microglial activation were investigated in 

post-mortem brain tissue from patients with TDP-43-positive sporadic ALS. Here, analysis 

of the two generally most affected regions of the central nervous system in ALS pathology 
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was performed, the cerebral motor cortex and the ventral grey matter section of the spinal 

cord. In addition, cerebellar tissue served as a reference to these areas due to its generally 

lower involvement in TDP-43 pathology (Prell and Grosskreutz, 2013). The respective 

paraffin-embedded tissue sections were stained for TDP-43, microglial cells (Iba-1) and 

DAPI. 

Microglia together with TDP-43 protein were present in all three regions tested and par-

ticularly frequent in the precentral gyrus and anterior horn of thoracal spinal cord (Figure 

14A). Furthermore, it is very important to note that TDP-43 protein aggregates were found 

within the cytosol of microglial cells in many cases. This is exemplarily shown for an Iba-

1 positive cell of the gyrus precentralis using z-stack confocal imaging and 3D reconstruc-

tion for better visualization (Figure 14B). Above and beyond, TDP-43 protein was also 

seen in cerebellar tissue sections yet to a much lesser extent. 

 
Fig. 14: TDP-43 protein is prevalent in microglial cells of human ALS patients 

(A) Confocal microscopy of paraffin-embedded tissue from TDP-43+ sporadic ALS-
patients. Scale bar 20 µm. (B) Z-Stack of paraffin-embedded tissue from TDP-43+ spo-
radic ALS-patient (top) and its 3D reconstruction (bottom). Scale bars 20 µm (z-stack) and 
10 µm (reconstruction). 
  



49 
 

4. Discussion 
 

ALS as the most common form of MND in adults is far from being sufficiently understood. 

Patients are still faced with a poor prognosis due to rapid disease progression and inef-

fective therapeutic options. In this context, a solid basis for novel strategies can only be 

achieved by constant progress in scientific research. Previous findings have predomi-

nantly implicated a disturbed RNA metabolism, altered protein homeostasis and non-cell 

autonomous toxicity as important drivers of disease pathology (Taylor et al., 2016). Espe-

cially for non-cell autonomous toxicity microglia play a fundamental role in many 

neurological diseases as they are part of the innate immune defense (Ilieva et al., 2009; 

Liu and Wang, 2017). Since they react to aberrant molecules, it is of particular interest to 

characterize their initial activating substances in the best possible way. This is also re-

flected in the fact that it is precisely this neuroinflammatory component of disease 

development that has increasingly become the focus of scientific interest in recent years 

(Dorothée, 2018). 

Here, I tested the hypothesis that TDP-43 can act as a DAMP and activates the NLRP3 

inflammasome. Even though TDP-43 protein has been identified as a pivotal component 

to initiate the complex process of neuroinflammation, the majority of previous research 

focuses on mutated or modified forms (Tan et al., 2017). As >95 % of ALS cases do not 

show mutations in the TDP-43 gene, while cytosolic inclusions of TDP-43 protein are a 

typical feature of >97 % of ALS patients, it is compelling to further elucidate the neuroin-

flammatory potential of unaltered wildtype forms (Prasad et al., 2019). This is especially 

the case for its differentially aggregated forms, where a corresponding examination has 

so far not been made. As a more profound understanding of ALS pathogenesis is urgently 

needed, this inequality was addressed by distinction between the two forms initiating and 

terminating the described sequence, monomers and fibrils. For the stated reasons, I used 

wild-type full-length TDP-43 protein in its monomeric and fibrillary form to investigate their 

ability to induce an inflammatory response in immune cells with special focus on the 

NLRP3 inflammasome. 
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4.1 Activation of the NLRP3 inflammasome by TDP-43 protein in immune cells 

After morphological analysis and verification of monomeric and fibrillary TDP-43 samples, 

the next step was to gain insights into their stimulatory effects. This was initially done with 

J774.2 macrophages by dose-dependent exposure to the respective peptides. Here, the 

secretion of IL-1b was used as a surrogate marker for the NLRP3 inflammasome, as it is 

formed in the final step of its activation. Clearly results showed a strong difference be-

tween TDP-43 monomers and fibrils. While the treatment with monomers led to strong 

and dose-dependent upregulation of IL-1b, values reached by fibrils did not differ from the 

untreated control. Interestingly, the highest levels of IL-1b secretion were not reached with 

the maximum dose of TDP-43 monomers, which might indicate a ceiling effect of macro-

phage stimulation (Figure 6A). 

It is of further importance that production of IL-1b is not entirely specific to the NLRP3 

inflammasome alone, but can also result from non-caspase-1 dependent processes 

(Dinarello, 2018). Consequently, targeted inhibition of the NLRP3 inflammasome with 

CRID3 gives more detailed information about the underlying signaling pathways. As co-

incubation of CRID3 caused lower IL-1b secretion than exposure to TDP-43 monomers 

alone, this data strongly suggests the involvement of the NLRP3 inflammasome. However, 

the diminishing effects of CRID3 varies significantly between peptide treatment and posi-

tive control. It is clearly visible that the potential to reduce IL-1b secretion is more 

pronounced for LPS and Nigericin, where IL-1b levels are almost entirely eliminated. Be-

sides a pharmacologically limited effect of CRID3, alternative IL-1b sources induced by 

TDP-43 monomers are conceivable explanations for this phenomenon. 

Besides J774.2 cells, dose-response experiments with TDP-43 monomers and fibrils were 

also performed using primary microglia. Consistent with data from cell lines, an impres-

sively distinct immunological potential was observed for monomeric and fibrillary isoforms. 

IL-1b secretion was dose-dependently increased after incubation with TDP-43 monomers, 

while values reached by fibrils were magnitudes smaller (Figure 9A). Upon closer inspec-

tion, a stimulatory tendency was also revealed for fibrils which might display a 

neuroinflammatory potential at much higher concentrations. With the addition of IFM as a 
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second NLRP3 inflammasome inhibitor previous results were solidified, emphasizing the 

likely involvement of the NLRP3 inflammasome into induced metabolic pathways. 

To consolidate ELISA-based results, an evaluation by Western blot followed where spe-

cific antibodies for all three components of the NLRP3 inflammasome (NLRP3, ASC and 

Caspase-1) were used. In comparison to a quantitative ELISA read-out, Western blot anal-

ysis delivers qualitative results which makes it essential to evaluate the processing of 

NLRP3 components, especially cleaved caspase-1 as its final effector molecule (Zito et 

al., 2020). Above that and to precisely determine the NLRP3 inflammasome pathway, the 

localization of measured components is of special interest. This is attributable to the fact 

that both ASC and cleaved caspase-1 are secreted only upon actual NLRP3 inflam-

masome activation (Boucher et al., 2018). Additionally, the cytosolic level of NLRP3 

contributes to a comprehensive quantification. Keeping that in mind, the stimulation of 

J774.2 cells again demonstrated the inflammatory potential of TDP-43 monomers, 

whereas fibrils proved to be inert. Besides the cytosolic concentration of ASC, all relevant 

components were significantly elevated (Figure 7). This result does not come unexpect-

edly, since the lack of an increased cytosolic ASC concentration could mirror its observed 

secretion. Moreover, the efficacy of both tested NLRP3 inflammasome inhibitors under-

pinned the data collected, revealing a marginally stronger effect of IFM. The fact that 

upregulation of NLRP3 protein was not impaired significantly by inhibitory compounds 

could be explained considering their mechanism of action, which is inhibiting NLRP3 in-

flammasome oligomerization and activation, while not affecting the translation of its 

respective components (Figure 7B) (Coll et al., 2019). 

Data from primary microglia were not as definite as with cell line findings. Although NLRP3 

protein upregulation and elevated secretion of cleaved caspase-1 showed the same ten-

dency after monomeric TDP-43 treatment, data points did not reach the level of 

significance (Figure 10). While reaching this threshold is not unlikely with a higher number 

of replicate experiments, a more in-depth interpretation should be omitted at this point. At 

the same time, this fact makes a closer look at the IL-1b ELISA experiments interesting 

which were performed from the same material as Western blot analysis. Here, all major 

findings were confirmed, namely differential response between monomers and fibrils and 

efficacy of NLRP3 inflammasome inhibitors CRID3 and IFM (Figure 11A). In the context 
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of data from Western blot analysis, a joint evaluation of these results is highly indicative 

for NLRP3 inflammasome activation. 

Further verification of NLRP3 inflammasome involvement was obtained by analysis of 

TDP-43’s potential to induce an apoptotic effect. This was done by probe-based FACS 

analysis, quantifying both active caspase-1 and propidium iodide using a FAM-FLICA 

Caspase-1 assay. As PI positivity reflects a compromised plasma membrane integrity, it 

was possible to determine cell groups with distinct apoptotic stages. Under concurrent 

consideration of caspase-1 and PI, early and late apoptosis, as well as necrosis, could 

therefore be distinguished and differentiated from living cells. After exposure of primary 

microglia to monomeric or fibrillary TDP-43 respectively, it was shown that early apoptosis 

is induced by monomeric, but not fibrillary TDP-43 protein (Figure 13). At the same time 

only a small percentage of stimulated cells entered a late apoptotic stage, whereas ne-

crosis was almost entirely absent. While this reflects an upregulation of active caspase-1 

for a considerable amount of the cells, plasma membrane integrity was almost entirely 

sustained. These findings mirror the data acquired from LDH-assays of Western blot ma-

terial from both J774.2 macrophages and primary microglia, where unaltered values after 

monomeric TDP-43 treatment were found (Figure 8B + 11B). As the cytoplasmic enzyme 

LDH is released into extracellular space in case of a disturbed cell membrane integrity, 

lacking increase of extracellular concentrations implies a persistent plasma membrane 

irrespective of high metabolic activity (Kumar et al., 2018). 

Surprisingly, specific NLRP3 inflammasome inhibitors did not significantly lower 

caspase-1 activity in the set of FACS experiments. Detailed examination reveals only a 

marginally suppressive effect in comparison to sole incubation with TDP-43 monomers. It 

should be noted however, that the effect of CRID3 on positive control treatment with LPS 

and Nigericin was also not as strong as in ELISA or Western blot experiments. Once 

again, this might be due to other sources of active caspase-1 besides the NLRP3 inflam-

masome. It also points in the same direction as findings from already discussed dose-

response experiments where IL-1b secretion was not entirely reduced by specific NLRP3 

inflammasome inhibition. 
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In summary, the data presented provide evidence that the NLRP3 inflammasome is in-

volved in induced metabolic pathways upon exposure to the monomeric, but not fibrillary 

form of TDP-43 protein. As the blockade of NLRP3 inflammasome assembly is a promis-

ing target for many neurodegenerative diseases with chronic inflammation, it is of special 

interest that both CRID3 and IFM were able to alleviate the detrimental response of mi-

croglia and macrophages towards monomeric TDP-43 in most sets of experiments. The 

importance of possible instruments to control NLRP3 inflammasomal and therefore micro-

glial activation is strengthened by recent findings that degeneration of motor neurons in 

an ALS mouse model can be recovered in the presence of healthy microglial cells (Spiller 

et al., 2018). On the other side it is well established that overactivation of the very same 

cells can result in irreversible tissue damage of the CNS. The adequate reaction of micro-

glia is therefore considered as a double-edged sword, able to tilt the fulcrum of beneficial 

inflammatory response towards an aggravating metabolic state. As NLRP3 inflammasome 

inhibitory compounds proved to be possible instruments to control this critical homeosta-

sis, these findings are in line with reports made by Deora et al. (2020) and Zhao et al. 

(2015) both showing NLRP3 inflammasome-dependent activation of microglia by ALS pro-

tein species. To put it in a nutshell, the data obtained underpin the role of TDP-43 protein 

species in ALS pathology and gives hope for NLRP3 inflammasome blockade as a possi-

ble target of a therapeutic approach in ALS. 

 

4.2 Contribution of other immune mediators to TDP-43 stimulation 

Although the NLRP3 inflammasome has been widely implicated in neuroinflammation and 

is among the best studied molecular hubs, it is important to keep an eye also upon other 

secreted mediators of inflammation (for review see: Péladeau and Sandhu, 2021). It is 

therefore not surprising that metabolic stimulation by monomeric TDP-43 was not limited 

to NLRP3 inflammasome activation and secretion of IL-1b. Primary microglia strongly up-

regulated a wide variety of inflammatory cytokines including TNF-a and IL-6 as two typical 

proinflammatory mediators promoting neuroinflammation (Erta et al., 2012; Rizzo et al., 

2018). In a chemokine array IL-6 (84-fold), CXCL1 (52-fold), G-CSF (34-fold) and IL-1a 

(33-fold) were the most elevated cytokines (Figure 12E). Interestingly, previous research 



54 
 

has linked all these mediators in a certain degree to neuroinflammation, which underlines 

the capability of monomeric TDP-43 to act as a DAMP (Lepennetier et al., 2019). This 

broad spectrum of induced mediators is reflected by data from XTT and MTT cell viability 

assays where metabolic activation was quantified. For both J774.2 macrophages and pri-

mary microglia values were high after treatment with monomeric TDP-43 in a dose-

dependent manner and unaltered when TDP-43 fibrils were used (Figure 6B + 9B). Ele-

vated levels could only be reduced partly by NLRP3 inflammasome inhibitors which 

corroborates that a wide variety of signaling pathways are involved in the inflammatory 

response to TDP-43 protein. For completeness, it should be noted that the sequential 

treatment of LPS and Nigericin did not cause an increase in metabolic activity, but even 

diminished it in the case of primary microglia. These results are likely to be related to the 

strong pyroptotic effect of these compounds, which accounts for a reduced quantity of 

activated, but living cells (den Hartigh et al., 2018). 

In addition, it is demonstrated that J774.2 macrophage and primary microglial activation 

is dependent on different Toll-like receptors. As already mentioned, TLRs are cell surface 

receptors acting as PRRs, thus implicated in the detection of PAMPs and DAMPs that 

originate from diverse sources. It is shown that TLR 2, TLR 4 and TLR 5 are all involved 

in sensing monomeric TDP-43 molecules with a stronger contribution of TLR 2 and TLR 

4 (Figure 12). For primary microglia a concomitant inhibition of TLR 2 and TLR 4 during 

treatment with TDP-43 monomers revealed synergistic effects. This is in line not only with 

the fact that TLR 2 and TLR 4 are particularly capable to recognize diverse molecular 

patterns, but also with previous research showing that NF-kB, as well as CD14 are part 

of induced signaling pathways by TDP-43 peptides (Bauernfeind et al., 2009; Kawasaki 

and Kawai, 2014; Mukherjee et al., 2016). CD14 acts as a co-receptor of TLR 4 and TLRs 

are known to induce NF-kB (Zanoni et al., 2011). Likewise, this data provides a link to the 

NLRP3 inflammasome, as the described sequence is part of NLRP3 inflammasome prim-

ing (Heneka et al., 2018). This fact is of eminent importance and could reflect the ability 

of TDP-43 not only to activate, but also to prime the NLRP3 inflammasome via the respec-

tive TLRs. Assuming this is accurate, this would be the first demonstration of these 

capabilities for TDP-43 and thus for ALS. 
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As both macrophage cell lines and primary microglia were tested, it was searched for 

possible differences of TLR-inhibitory effects. Indeed, murine J774.2 macrophages 

showed a more pronounced diminution of IL-1b secretion when TLRs were blocked than 

primary microglia. Nonetheless, levels of detected IL-1b secretion were still significantly 

reduced after anti-TLR 2 treatment in primary microglia as well as for simultaneous block-

ade of TLR 2 and TLR 4. Even though the release of IL-1b into cell supernatants was 

partly impaired, levels of metabolic activation persisted on a high level after blockade of 

TLRs as can be seen in consecutively performed XTT and MTT assays. In fact, cell via-

bility experiments showed even increased results when anti-TLR 4 antibodies were co-

incubated with monomeric TDP-43 in J774.2 macrophages. Once more, these data 

demonstrate that the tested signaling pathways are not the only culprits that account for 

an inflammatory response of immune cells after TDP-43 stimulation. Nonetheless, the in-

volvement of TLRs in the induced metabolic pathways of TDP-43 protein species 

represents another essential component to unravel its toxic properties. It not only supports 

previous research findings, but also puts the basis for a more detailed analysis. 

 

4.3 Limitations of this study 

The informative value of this thesis is primarily limited by a possibly restricted transfera-

bility to the human organism. As experiments were mainly performed in murine 

experimental models, it is conceivable that human microglia react differently to TDP-43 

protein species and that induced pathways may vary. To dampen this discrepancy the 

analysis of human post-mortem material from the central nervous system of sporadic ALS 

patients was included in this study. Here, both a high density of TDP-43 protein aggre-

gates and microglia were present in all examined CNS regions. The microglial cells were 

found not only clustering around these aggregates, but even showed cytosolic deposits 

(Figure 14). Despite the demonstrated presence of TDP-43 deposits, these findings only 

present the first step in a cascade of necessary experiments to determine the neurotoxic 

properties of TDP-43 protein in vivo. 
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Furthermore, TDP-43 protein samples were synthesized by our collaborators using an 

Escherichia coli-based expression platform. As a residuum of recombinant protein pro-

duction in Gram-negative bacteria, the existence of low levels of endotoxin cannot be fully 

excluded as purification is challenging and expensive (Mamat et al., 2015; Wakelin et al., 

2006). Since this study aims to analyze the inflammatory response of immune cells, it is 

eminent to consider endotoxin as a confounder, especially as residual contaminations 

were able to activate immune cells in distinct experimental settings (Schwarz et al., 2014). 

For this study, TDP-43 monomers and fibrils were both synthesized by the same bacteria 

and under the same conditions which makes endotoxin-based differences between these 

isoforms highly unlikely. Nonetheless, slight differences in the immunologic potential might 

be due to remaining levels of endotoxin. 

Another important fact is the difficulty to assess whether the tested concentrations are in 

line with interstitial TDP-43 levels of ALS-affected individuals. Previous scientific studies 

focused on CSF and blood plasma concentrations of TDP-43, where significantly lower 

protein concentrations were found (Kasai et al., 2009; Verstraete et al., 2012). As a logical 

consequence, much higher peptide concentrations should be expected in CNS paren-

chyma, as protein aggregates originate here and have not been diluted. However, reliable 

data on interstitial concentrations do not yet exist and one can only speculate about their 

actual level. Still, it is precisely this figure which is needed to adequately evaluate the 

tested peptide concentrations in the real context of ALS pathology, since this is the place 

where microglia come into contact with TDP-43 protein. As a reference, the peptide levels 

used were intermediate between the concentrations of two previous studies from Deora 

et al. (2020) and Zhao et al. (2015) that investigated TDP-43 in a similar approach. 

Lastly, it is important to bear in mind that immune cells were not primed with LPS prior to 

the stimulation with TDP-43 protein. While it is widely accepted that the activation of the 

NLRP3 inflammasome requires a preceding priming step to upregulate inflammasomal 

components and other immunologic mediators, more recent studies also reveal canonical 

NLRP3 inflammasome activation in the absence of priming (de Carvalho et al., 2019; 

Gritsenko et al., 2020). Above that, current data from Scheiblich et al. (2021) reveal that 

some neurotoxic protein species are even capable to both prime and activate the NLRP3 

inflammasome. As the data of this study not only proves that TLRs are part of induced 
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signaling pathways but also that the NLRP3 inflammasome becomes activated, a similar 

effect is suggested for TDP-43 monomers. If accurate or not, the exposure to distinct acute 

inflammatory mediators acting as DAMPs and PAMPs in human CNS parenchyma of ALS 

patients is likely to potentize the metabolic pathways and responses analyzed in this 

study. 

 

4.4 Avenues for further studies or analyses 

Transfer of in-vitro and animal data into the human conditions is not straightforward. While 

this study tries to overcome this discrepancy by a three-step approach including brain 

sections of ALS-affected individuals, further research is needed to confirm and expand 

these results. Despite immense efforts, the perfect system to fill the gap between primary 

macrophages from human and amenability for genetic alteration and replicability is still 

lacking (Zito et al., 2020). Yet various cellular models aim to combine these properties in 

the best possible way. One option to confirm the obtained data would be the use of primary 

microglial cells from knock-out mice. With regard to TDP-43, this could be done using the 

same techniques as in a variety of other neuroinflammation studies, namely knock-out of 

NLRP3 inflammasome components or modification of specific TLR genes (Fang et al., 

2019; Qin et al., 2021; Tejera et al., 2019). Other promising possibilities to investigate the 

interplay between TDP-43 and neuroinflammation, thereby extending the content of this 

study, might include murine bone marrow-derived macrophages (BMDMs) or human mon-

ocyte-derived macrophages (hMDMs). Especially BMDMs have emerged as an effective 

and financially feasible method in the field of macrophage research (Bailey et al., 2020; 

Marim et al., 2010; Zito et al., 2020). The fact that they can be obtained from knock-out 

mice makes them even more valuable for further scientific studies. Last but not least, more 

detailed diagnostics directly with human tissue would be suitable to further substantiate 

and deepen the obtained data. Key points of these examinations would include the use of 

thicker tissue sections to yield better morphological visualization, as well as Western blot 

analyses for extended qualitative evaluation of NLRP3 inflammasome components and 

induced signaling pathways. 
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To further elucidate the involvement of the NLRP3 inflammasome upon stimulation with 

TDP-43, several approaches could be usefully employed. Despite recent findings chal-

lenging the classical conception of two-stage canonical NLRP3 inflammasome activation, 

the vast majority of NLRP3 inflammasome studies still follows this principle (Deora et al., 

2020; Friker et al., 2020; Ising et al., 2019). As cells used in this study were exposed to 

sole TDP-43 proteins, future studies could include a priming step with LPS. This would 

also shed light on the possible capability of TDP-43 monomers to both prime and activate 

the NLRP3 inflammasome. Notwithstanding this approach, specific protocols could be 

used to further characterize the induced components. This is especially applicable to ASC, 

which can aggregate into large protein aggregates culminating in so-called ASC specks, 

which serve as an upstream read-out of NLRP3 inflammasome activation (Stutz et al., 

2013). This would be of particular relevance as ASC showed ambiguous findings in some 

of the experiments performed with primary microglia (Fig. 7C + E). To address this, pos-

sible starting points would be the use of alternative antibodies but especially the 

implementation of ASC cross-linking protocols, which are capable to distinguish between 

differently aggregated isoforms of ASC (Lugrin and Martinon, 2017). 

On another level, future analyses might extend the spectrum of TDP-43 aggregates to 

their entirety, with a special focus towards oligomers and protofibrils. Keeping in mind that 

it is especially these two isoforms which exhibit neurotoxic properties in AD and PD, it is 

not unlikely that future studies will reveal similar characteristics also for ALS (Alam et al., 

2019; Lučiūnaitė et al., 2020). In this respect, stimulation of immune cells with higher con-

centrations of TDP-43 fibrils likewise could complement this picture in another direction. 

Considering the marginal but dose-dependent immunostimulatory effect on primary mi-

croglia (Figure 6A), a neurotoxic effect at elevated levels would be conceivable. On the 

whole, a precise molecular understanding of TDP-43’s neurotoxicity is not only important 

for a detailed comprehension of ALS pathophysiology, but is also indispensable to effi-

ciently target relevant molecules and pathways. Given the urgent requirement of 

pharmaceutical options to ameliorate ALS progression, this knowledge could play its role 

in halting or reversing neurological consequences. 

Taking this one step further, inhibition of the NLRP3 inflammasome in ALS patients 

emerges as a promising therapeutical target. Including the research of this project, an 
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increasing amount of studies reveal microglial activation and NLRP3 inflammasome in-

volvement in ALS pathology (Deora et al., 2020; Zhao et al., 2015). Moreover, for some 

diseases with an inflammatory component NLRP3 inflammasome inhibitors are already 

tested in clinical trials (for summary see: Chen et al., 2021). However, the final results are 

still pending for most of these studies, leaving the assessment of the respective effect to 

be awaited. 

In summary, this study provides the basis for multiple avenues for future research. Evi-

dence is provided that the NLRP3 inflammasome is induced by TDP-43 protein species 

and that a profound difference exists between its monomeric and fibrillary isoforms. In 

addition, microglial activation occurs via the upregulation of a broad variety of intercellular 

mediators. This is not only the case for IL-1b reflecting NLRP3 inflammasome activation, 

but also for well-characterized cytokines like IL-6 and TNF-a. Furthermore, it is shown that 

TLRs are involved in the binding of TDP-43 proteins and trigger intracellular signaling 

cascades. Here, existing knowledge is expanded to the fact that TLR 2, TLR 4 and TLR 5 

are implicated in metabolic processes. This is of particular interest because it may repre-

sent another significant neurotoxic capacity of TDP-43, which involves both priming of the 

NLRP3 inflammasome as well as its activation. To conclude with, early apoptosis of im-

mune cells is revealed as a relevant part of TDP-43’s neurotoxic properties. 
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5. Summary 
 

ALS as one of the most common and aggressive neuromuscular diseases is characterized 

by rapidly progressing and, in later stages, generalized muscular decline. As of today, 

limited therapeutic options exist and there is no significant disease modifying therapy. 

Pathological hallmarks are mislocalized, insoluble cytoplasmic protein aggregates positive 

for TDP-43 that are prevalent mainly in motor neurons. While disease etiology is complex 

and remains an enduring enigma, neuroinflammation is emerging as a key player in recent 

years. Drivers of this process are predominantly microglia, which represent the first line of 

defense within the CNS. In a self-amplifying manner, their overactivation can account for 

non-cell autonomous toxicity and exacerbates disease progression. A profound 

knowledge of underlying mechanisms is therefore of eminent importance. 

In this study, I was able to examine in detail the stimulatory potential of TDP-43 protein 

species as one of the hallmarks in ALS pathology. I report for the first time of the differen-

tial effects of monomeric and fibrillary isoforms in both macrophage cell lines and primary 

microglia and exemplify results using human tissue. Upon stimulation with monomeric 

TDP-43, the NLRP3 inflammasome, a key regulator of inflammation, is activated and a 

broad variety of immune mediators are upregulated. These include TNF-a and IL-6 as two 

prototypical proinflammatory mediators. In addition, the existing knowledge is expanded 

to the effect that Toll-like receptors are involved in sensing TDP-43 molecules and initiate 

an intracellular signaling cascade which leads to NLRP3 inflammasome priming and acti-

vation provoking early apoptosis. Therefore, the immunologic response towards TDP-43 

protein includes, but is not limited to the proposed pathway of TDP-43 regulated NLRP3 

inflammasome activation as summarized in Figure 15. Here, I present an overview of how 

the acquired results can be placed in a bigger picture and brought into accordance with 

known metabolic pathways. 
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Fig. 15: Induced metabolic pathways by TDP-43 protein species 

Schematic showing the proposed pathway of TDP-43 regulated inflammasome reaction. 
Monomeric but not fibrillary TDP-43 protein triggers NLRP3-inflammasomal priming via 
Toll-like receptors (TLRs). These receptors activate the NF-kB-pathway and various in-
flammatory cytokines such as TNF-a and pro-IL-1b and induce the production of 
components of the NLRP3 inflammasome. After subsequent activation of the NLRP3 in-
flammasome via TDP-43 monomers, activated IL-1b is released into the interstitium 
among other upregulated chemokines. 
 

Taken together, the results underline that TDP-43 as an important ALS-associated protein 

species is a crucial player in ALS pathology, namely the neuroinflammatory process. The 

data provide evidence that monomeric TDP-43 in its wild-type full-length form can drive 

neuroinflammation. This raises exciting therapeutic opportunities that need to be explored 

further. 
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