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IV. Abstract 
In my thesis I focused on the pivotal role of microglia in neurodegenerative disease, their 

different activation stages upon progranulin (PGRN) or triggering receptor expressed on 

myeloid cells 2 (TREM2) deficiency and the connection between lysosomal deficiency and 

microglial hyperactivation. Microglia majorly contribute to the progression and pathology of 

neurodegenerative disorders like Alzheimer`s disease (AD) and frontotemporal lobal 

degeneration (FTLD) and additionally recent advances of genome wide association studies 

(GWAS) have identified genetic association, as rare variants of genes that are predominantly 

expressed by microglia increase the risk of developing neurodegenerative disease. Among 

these risk genes are progranulin (GRN) and the triggering receptor expressed on myeloid cells 

2 (TREM2). While the heterozygous loss of PGRN leads to FTLD, the complete loss of PGRN 

results in the lysosomal storage disease neuronal ceroid lipofuscinosis, indicating a major role 

of PGRN in lysosomal protein degradation in the brain. Our laboratory has previously shown, 

that progranulin knockout mice (Grn-/-)  and GRN-associated FTLD patients exhibit increased 

levels of the lysosomal protein cathepsin (Cat) D, however the exact role of PGRN in lysosomal 

protein degradation remained unclear. In a collaborative effort with Julia K. Götzl, Alessio-

Vittorio Colombo and Kathrin Fellerer, I therefore analyzed microglia and other brain cells 

regarding changes in expression, maturation and enzymatic activity of lysosomal proteins like 

Cat D, B and L. We found a striking age-depended increase of lysosomal proteases associated 

with increased enzymatic activity. Interestingly, we demonstrated that microglia show early 

lysosomal deficits, even before enhanced Cat transcription levels were observed. Our 

laboratory has previously shown, that PGRN loss of function (LOF) leads to hyperactivated 

microglia that exhibit increased phagocytosis, proliferation and migration. The opposite 

microglial phenotype is found in TREM2 LOF models, where microglia appear to be locked in 

a homeostatic state, unable to react to pathological insults. In addition to the lysosomal 

dysfunction discussed above, PGRN LOF microglia also increase TREM2 expression. To test 

the hypothesis that hyperactivation of microglia in PGRN LOF is TREM2-dependent and that  

microglia can reversibly switch between activation stages, I used genetic and pharmacological  

TREM2 antagonistic approaches to prevent the transition of homeostatic microglia to a 

disease-associated microglia (DAM) state. To further investigate the microglial contribution to 

disease pathology in PGRN LOF models, I generated Grn x Trem2 double knockout mice to 

analyze the expression of DAM genes, lysosomal dysfunction, glucose uptake, lipid 

metabolism and microglia morphology and activation status. Here, I found that ablating TREM2 

in PGRN LOF mice reduces the expression of DAM genes, suggesting that suppression of 

TREM2 can lower microglia hyperactivation and is likely to be upstream PGRN-mediated 

microglial transcriptional changes. To further explore whether pharmacological modulation of 

TREM2 has beneficial functions on microglia states, I used antibodies antagonistic for TREM2, 

developed at Denali Therapeutics, to treat macrophages isolated from GRN-FTLD patients. 

Treatment of the cells with these antibodies resulted in reduced TREM2 signaling, due to its 
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enhanced shedding. To confirm these findings, I collaborated with Sophie Robinson, who 

generated PGRN-deficient microglia derived from human-induced pluripotent stem cells 

(iPSC). Treatment of these cells with antagonistic TREM2 antibodies resulted in reduced 

microglia hyperactivation, TREM2 signaling and phagocytic activity. However, we did not 

observe any effects on lysosomal dysfunction in PGRN deficient iPSC after antibody treatment. 

In line with this, Grn x Trem2 double knockout mice not only failed to rescue effects on 

lysosomal dysfunction, lipid metabolism and microglia morphology, but also further increased 

synaptic loss and neurofilament light-chain (Nfl) levels, a marker of neuronal damage in the 

brain. My results suggest that with PGRN deficiency, lysosomal dysfunction is upstream to the 

microglia hyperactivation. In addition, these findings imply a protective role of TREM2-

dependent chronic activation of microglia and show the dynamic nature of microglia kinetics 

and their ability to reversibly switch between activation stages.  

 

Schematic summary of my thesis findings: PGRN deficiency (GRN KO) in the brain leads to 
lysosomal impairment in microglia,  enhanced lysosomal activity in neurons, increased expression of 
the DAM signature and increased levels of Nfl in the CSF of mice. The genetic (TREM2 KO) or 
pharmacological (TREM2 antagonistic AB) inhibition of TREM2 can prevent the transition of microglia 
to this hyperactivated stage, but does not rescue lysosomal dysfunction. Modified from Reifschneider et 
al. 2022. 
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V. Zusammenfassung 
In meiner Dissertation konzentrierte ich mich auf die zentrale Rolle der Mikroglia bei 

neurodegenerativen Erkrankungen, ihre verschiedenen Aktivierungsstadien bei Progranulin 

(PGRN) oder dem auf myeloischen Zellen exprimierten Triggering Receptor 2 (TREM2) 

Defizienz und dem Zusammenhang zwischen lysosomaler Dysfunktion und Hyperaktivierung 

der Mikroglia. Mikroglia tragen wesentlich zur Progression und Pathologie neurodegenerativer 

Erkrankungen wie der Alzheimer-Krankheit (AD) und der frontotemporalen lobalen 

Degeneration (FTLD) bei. Darüber hinaus haben jüngste Fortschritte bei genomweiten 

Assoziationsstudien (GWAS) eine genetische Assoziation aufgezeigt, da seltene Varianten 

von Genen, die im Gehirn vorwiegend von Mikroglia exprimiert werden, das Risiko der 

Entwicklung neurodegenerativer Erkrankungen erhöhen. Zu diesen Risikogenen gehören 

Progranulin (GRN) und der Triggering Receptor Expressed in Myeloid Cells 2 (TREM2). 

Während der heterozygote Verlust von PGRN zu FTLD führt, hat der vollständige Verlust von 

PGRN die lysosomale Speicherkrankheit neuronale Ceroid-Lipofuszinose zur Folge, was auf 

eine wichtige Rolle von PGRN beim lysosomalen Proteinabbau im Gehirn hinweist. Unser 

Labor hat zuvor gezeigt, dass Progranulin knockout Mäuse (Grn-/-)  und GRN-assoziierte 

FTLD-Patienten erhöhte Spiegel des lysosomalen Proteins Cathepsin (Cat) D aufweisen, die 

genaue Rolle von PGRN beim lysosomalen Proteinabbau blieb jedoch unklar. In 

Zusammenarbeit mit Julia K. Götzl, Alessio-Vittorio Colombo und Kathrin Fellerer untersuchte 

ich daher Mikroglia und andere Hirnzellen im Hinblick auf Veränderungen in der Expression, 

Reifung und enzymatischen Aktivität von lysosomalen Proteinen wie Cat D, B und L. Wir 

fanden einen auffälligen altersabhängigen Anstieg lysosomaler Proteasen, der mit einer 

erhöhten enzymatischen Aktivität einherging. Interessanterweise konnten wir zeigen, dass 

Mikroglia schon früh lysosomale Defizite aufweisen, noch bevor erhöhte Cat-

Transkriptionswerte beobachtet wurden. Unser Labor hat zuvor gezeigt, dass ein 

Funktionsverlust von PGRN (LOF) zu hyperaktivierten Mikroglia führt, die eine erhöhte 

Phagozytose, Proliferation und Migration aufweisen. In TREM2 LOF-Modellen wurde der 

gegenteilige mikrogliale Phänotyp identifiziert: Mikroglia, die in einem homöostatischen 

Zustand gefangen zu sein scheinen, unfähig, auf pathologische Insulte zu reagieren. 

Zusätzlich zu der lysosomalen Dysfunktion weisen PGRN LOF-Mikroglia auch eine erhöhte 

TREM2-Expression auf. Um zu verstehen, ob die Hyperaktivierung von Mikroglia bei PGRN 

LOF TREM2-abhängig ist und ob Mikroglia reversibel zwischen Aktivierungsstadien wechseln 

können, habe ich genetische und pharmakologische TREM2-Antagonisten eingesetzt, um den 

Übergang von homöostatischen Mikroglia in einen krankheits-assoziierten (DAM) Zustand zu 

verhindern. Um den Beitrag der Mikroglia zur Krankheitspathologie in PGRN LOF-Modellen 

besser zu verstehen, habe ich Grn x Trem2 Doppelknockout Mäuse generiert, um die 

Expression von DAM-Genen, die lysosomale Dysfunktion, die Glukoseaufnahme, den 

Lipidstoffwechsel sowie die Morphologie und den Aktivierungsstatus der Mikroglia zu 

analysieren. Ich konnte damit zeigen, dass die Ablation von TREM2 in PGRN LOF-Mäusen 
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die Expression von DAM-Genen reduziert, was darauf hindeutet, dass die Unterdrückung von 

TREM2 die Hyperaktivierung von Mikroglia verringern kann. Um weiter zu untersuchen, ob die 

pharmakologische Modulation von TREM2 positive Auswirkungen auf den Zustand der 

Mikroglia hat, verwendete ich antagonistische TREM2-Antikörper (entwickelt von Denali 

Therapeutics) um Makrophagen, isoliert aus GRN-FTLD-Patienten, zu behandeln. Die 

Behandlung der Zellen mit diesen Antikörpern führte zu einer verringerten TREM2-

Signalisierung, die auf die verstärkte Spaltung von TREM2 zurückzuführen ist. Um diese 

Ergebnisse zu bestätigen, arbeitete ich mit Sophie Robinson zusammen, die PGRN-defiziente 

Mikroglia aus menschlichen induzierten pluripotenten Stammzellen (iPSC) erzeugte. Die 

Behandlung dieser Zellen mit antagonistischen TREM2-Antikörpern führte zu einer 

verringerten Hyperaktivierung der Mikroglia, TREM2-Signalisierung und phagozytischen 

Aktivität. Wir konnten jedoch keine Auswirkungen auf die lysosomale Dysfunktion in PGRN-

defizienten iPSC nach der Behandlung mit Antikörpern beobachten. In Übereinstimmung 

damit zeigten auch Grn x Trem2 Doppelknockout Mäuse keinen rettenden Effekt auf die 

lysosomale Dysfunktion, den Lipidstoffwechsel und die Morphologie der Mikroglia. Die Werte 

der Neurofilament-Leichtkette (Nfl) und der synaptische Verlust waren sogar erhöht. Meine 

Ergebnisse deuten darauf hin, dass bei PGRN-Mangel die lysosomale Dysfunktion primär für 

die Hyperaktivierung der Mikroglia verantwortlich sein könnte. Darüber hinaus weisen diese 

Daten auf eine schützende Rolle der TREM2-abhängigen chronischen Aktivierung von 

Mikroglia hin und zeigen die dynamische Natur der Mikroglia-Kinetik und ihre Fähigkeit, 

reversibel zwischen den Aktivierungsstufen zu wechseln.  

Schematische Zusammenfassung meiner Doktorarbeit: Progranulin-Verlust (GRN KO) im Gehirn 
führt zu einer Beeinträchtigung der lysosomalen Aktivität in Mikroglia, zu einer verstärkten lysosomalen 
Aktivität in Neuronen, zu einer erhöhten Expression der krankheitsassoziierten Mikroglia-Signatur 
(DAM) und zu erhöhten Werten der Neurofilament-Leichtkette (Nfl) in der Cerebrospinalflüssigkeit (CSF) 
von Mäusen. Die genetische (TREM2 KO) oder pharmakologische (TREM2 antagonistische AB) 
Hemmung von TREM2 kann den Übergang der Mikroglia in dieses hyperaktivierte Stadium verhindern, 
aber die lysosomale Dysfunktion nicht retten. Modifiziert aus Reifschneider et al. 2022. 
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VII. Introduction 
 

1. Microglia are highly dynamic immune cells of the brain 

Microglia, the resident immune cells of the brain, first described in 1919 by del Rio Hortega, 

constantly surveille the brain and can react within seconds to minutes after brain injuries or 

inflammatory stimuli (Davalos et al. 2005; Kreutzberg 1996; Rio-Hortega 1919). While in the 

past microglia activation stages were divided into the proinflammatory M1 stage and the 

immunosuppressive M2 stage (Tang and Le 2016), the last years of research revealed the 

highly dynamic nature of microglia and their important function in the molecular and functional 

regulation of brain homeostasis throughout the lifespan of healthy and diseased individuals 

(Gosselin et al. 2014; Hammond et al. 2019; Leyns and Holtzman 2017; Madore et al. 2020). 

One of the attempts to classify this heterogenous population of cells was to describe them by 

their morphological differences: ramified, with lots of thin, highly branched processes, or 

amoeboid-like, roundish with few processes. In their role of being the immune cells of the brain, 

microglia not only constantly surveil the brain parenchyma but also make active contact with 

synapses (Tremblay, Lowery, and Majewska 2010). To do so, microglia are able to extend and 

retract their processes within seconds to minutes (Davalos et al. 2005). Although microglia 

develop from a single-cell type lineage, they diverge into heterogenous populations with 

different functions. The local environment defines their functionality e.g., by region or damage 

specific interactions with other cell types like neurons or astrocytes through cell signaling 

molecules such as chemokines and cytokines. Microglia are equipped with a number of 

specific cell surface markers to react to these extracellular stimuli (Lynch 2009).  In addition 

they secrete soluble immunomodulatory factors including cytokines, chemokines and 

complement factors by themselves to communicate with other cells (Lynch 2009).  

 

1.1 Microglia dynamics during development  

Although the origin of microglia was in the center of discussion for years, it is now widely 

accepted that they originate from tissue-resident macrophages in the yolk sac (Ginhoux et al. 

2010; Perdiguero et al. 2015; Schulz et al. 2012). These cells derive from CD45+cKit+ 

erythromyeloid progenitors (EMPs) that colonize the fetal liver (in mice starting at embryonic 

day (E)8.5) and mature into CX3CR1+ microglia progenitors (Fig. 1). Starting at day E9.5 to 

E10 before the blood-brain-barrier is formed (E13.5 to E14.5), these progenitor cells migrate 

into the brain, where they proliferate locally and distribute within the central nervous system 

(CNS) (Ajami et al. 2007; Bruttger et al. 2015). During the whole lifespan, these progenitor 

cells are the only source of myeloid cells in the healthy brain (Hashimoto et al. 2013; Sheng, 

Ruedl, and Karjalainen 2015). Although for a long time, it was not clear how one cell type can 

adapt the necessary diversity to fulfill the needs throughout the whole lifespan, it is now certain 

that microglia development follows a stepwise program aligned with the requirements in the 

developing and adult brain (Matcovitch-Natan et al. 2016). Interestingly, it was shown that each 
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stage of microglia development is characterized by the differential expression of a large 

number of genes that are associated with different stimuli and functions (Matcovitch-Natan et 

al. 2016). Global transcriptional analysis of mouse microglia revealed that this stepwise 

program can be divided into three temporal stages, classified by specific markers and 

regulatory factors: early microglia (until E14), pre-microglia (from E14 to a few weeks after 

birth) and adult microglia (from a few weeks after birth onward) and in each stage microglia 

fulfill specific roles (Matcovitch-Natan et al. 2016). During the development of the CNS, 

neurons form far more synapses than ultimately required - the specific elimination program 

called synaptic pruning is therefore essential to remove unnecessary synapses and by that 

strengthen the remaining ones (Fig. 1) (Zuchero and Barres 2015). The complement cascade, 

including the complement component (C) 1q and C3, are essential players in the process of 

synaptic pruning (Schafer et al. 2012; Stevens et al. 2007). Low-activity synapses get 

complement-tagged and are thereby marked for the phagocytosis by microglia. When synaptic 

pruning is disrupted, brain maturation is affected and results in immature synapses and an 

excess of dendritic spines (Paolicelli et al. 2011). It is estimated that during the early postnatal 

stage half of all neural cells undergo programmed cell death (PCD), a critical step to form an 

intact landscape of the nervous system and to regulate proper cell numbers (Yeo and Gautier 

2004). As it was observed that microglia not only appear in close proximity to apoptotic neurons 

but also follow the waves of neural expansion, it became quite evident that they play a key role 

in PCD (Dailey et al. 2013). Dying or damaged cells express so called “find-me” and “eat-me” 

signals that allow microglia to recognize them and to initiate phagocytosis (Sierra et al. 2013). 

Recognition of target cells can happen by the direct contact of microglial cell membrane 

receptors or in a soluble-manner by opsonins – soluble, extracellular proteins that link the 

microglia receptor to an “eat-me” signal (Cockram, Puigdellívol, and Brown 2019; Sierra et al. 

2013).  

Figure 1. Microglia development and functions: Microglia develop from erythromyeloid progenitor 
cells into microglia progenitor cells before they colonize the brain and become mature microglia. During 
development and lifetime, they fulfill a variety of functions including synaptic pruning, supporting 
neurogenesis, and surveillance of the brain parenchyma. 
 

1.2 Microglia dynamics during lifetime, aging and disease  

The surface of microglia is equipped with several specialized pattern recognition receptors 

(PRRs), including different toll-like-receptors (TLRs) and corresponding co-receptors like 
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cluster of differentiation (CD) 36, CD14 or CD47. PRRs belong to the innate immune system 

and are able to sense and get activated by pathogen-associated molecular patterns (PAMPs) 

and danger-associated molecular patterns (DAMPs) and subsequently activate an immune 

response to protect the brain against pathogens (Fellner et al. 2013; Udan et al. 2008). PAMPs 

are conserved molecular patterns, usually associated to invading pathogens, and include 

lipopolysaccharide (LPS) or double-stranded RNA (Amarante-Mendes et al. 2018). DAMPs 

can be released by cells that undergo stress or damage and include a variety of different 

molecules like adenosine triphosphate (ATP) or  mitochondrial DNA (mtDNA), but also different 

cytokines like IL-33 or IL-6 (Amarante-Mendes et al. 2018). In addition to their protective 

function against pathogens, microglia are also key players in cleaning up unwanted debris like 

misfolded proteins (Van Acker et al. 2021). Microglia are also affected from the aging process 

and show age-related morphological and functional effects. Processes from aged microglia 

lose their speed, leading to decreased surveillance, synaptic contact and reaction to 

pathological events (Damani et al. 2011; Hart et al. 2012; Hefendehl et al. 2014). The 

population of microglia during lifetime is sustained by a constant self-renewal mechanism, 

which is dependent on a transforming growth factor  (TGF-) signature and involves colony 

stimulation factor 1 (CSFR1) signaling (Askew et al. 2017; Butovsky et al. 2014; Matcovitch-

Natan et al. 2016). This intensive mechanism of coupled apoptosis and proliferation means 

that microglia undergo hundreds of renewal rounds, suggesting that they may also be 

negatively influenced and suffer from age-related effects, such as telomere length reductions 

(Van Acker et al. 2021). These effects may even be enhanced in neurological disorders, and 

subsequently it was shown that microglia from frontotemporal lobar degeneration (FTLD) and 

Alzheimer´s disease (AD) patients exhibit an increase of condensed nuclei, a sign for 

increased turnover and apoptosis (Lewandowska et al. 2004; Sakae et al. 2019). Aging is 

characterized by brain shrinkage and neuronal loss, while the expression of complement 

factors, inflammatory mediators and the number of activated microglia increases (Ball 1977; 

Conde and Streit 2006; Lu et al. 2004; Streit et al. 2008; Syková, Mazel, and Šimonová 1998). 

These activated microglia exhibit IL-1 expression, and especially enlarged and phagocytic 

subtypes were found to be increased in an age-dependent manner (Sheng, Mrak, and Griffin 

1998).  

 

2. Neurodegenerative disease 

The activation of microglia plays a pivotal role in a number of different diseases affecting the 

CNS, including systemic septic inflammations (Trzeciak et al. 2019), brain tumors (Graeber, 

Scheithauer, and Kreutzberg 2002), lysosomal storage diseases (Götzl et al. 2018), 

neurological diseases such as multiple sclerosis (Guerrero and Sicotte 2020), traumatic brain 

injuries (Donat et al. 2017) and neurodegenerative diseases such as amyotrophic lateral 

sclerosis (ALS), AD, FTLD and Parkinson’s disease (PD) (Kam et al. 2020; Madore et al. 2020; 

Muzio, Viotti, and Martino 2021). Although activation of the innate immune mechanism is 
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usually a beneficial effect, microgliosis, the chronic activation of microglia, can also be 

detrimental, and microglial neurotoxicity appears to be a key player in the development und 

progression of neurodegenerative disorders (Hickman, Allison, and El Khoury 2008; Lucin and 

Wyss-Coray 2009). 

 

2.1 Frontotemporal lobar degeneration  

The second most abundant form of presenile dementia is FTLD (Rabinovici and Miller 2010). 

FTLD can occur sporadically, though 40 to 50 % of the cases have a family history (Riedl et 

al. 2014) and 10 to 30 % of FTLD cases are due to autosomal dominant inheritance with 

mutations found in genes, encoding the microtubule-associated protein tau (MAPT), 

chromosome 9 open reading frame protein 72 (Cr9orf72), progranulin (PGRN), charged 

multivesicular body protein 2B (CHMP2B) and valosin-containing protein (VCP). Based on 

characteristic protein deposits, FTLD is divided in different pathological subtypes, namely 

FTLD-tau, FTLD-TDP-43, FTLD-UPS (ubiquitin proteasome system), FTLD-DPR (dipeptide 

repeat protein) and FTLD-FUS (fused in sarcoma) (Mackenzie, Rademakers, and Neumann 

2010). The number of phagocytic and antigen-presenting microglia is increased in FTLD 

patients, and microglia dystrophy was shown to be even more severe (Woollacott et al. 2020). 

Several studies also imply, that microglia-mediated synaptic pruning might be enhanced in 

FTLD patients (Gitler and Tsuiji 2016; Lui et al. 2015). While C3 was found to be increased in 

the frontal cortex of FTLD patients, the signal regulatory protein (SIRP) and its receptor CD47, 

which negatively regulate phagocytosis, were reduced (Gitik et al. 2011). The pivotal role of 

microglia in FTLD also is highlighted by the identification of mutation in the progranulin (GRN) 

gene, leading to  FTLD-TDP, as in the brain, PGRN is predominantly expressed by microglia 

(Götzl et al. 2018; Lui et al. 2015; Zhang et al. 2014). 

 

2.1.1 Progranulin  

PGRN is a multifunctional growth factor-like glycoprotein, which is predominantly found in 

hematopoietic cells and epithelial cells (Bateman and Bennett 1998). The protein can function 

in its full-length version, but also the proteolytically-derived granulin peptides may play 

opposite functional roles in various processes. PGRN/granulins have key regulatory functions 

in inflammatory processes and other cellular pathways, like insulin signaling, wound healing, 

cell proliferation and as a neurotrophic factor (Bhandari et al. 1996; Kleinberger et al. 2013; 

Matsubara et al. 2012). The majority of GRN mutation carriers exhibit PGRN haploinsufficiency 

caused by heterozygous nonsense mutations introducing premature termination codons 

leading to nonsense-mediated mRNA decay (Baker et al. 2006; Cruts et al. 2006). In addition, 

a number of missense mutations have been identified that reduce PGRN via delayed 

maturation or processing (Kleinberger et al. 2016; Shankaran et al. 2008; Wang et al. 2010). 

Although in other neurodegenerative disorders PGRN is usually seen to be increased (most 
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likely due to microgliosis), GRN mutations are reported to have a weak association in AD and 

PD cases (Brouwers et al. 2007; Kelley et al. 2010). 

 

2.1.2 Lysosomal function of PGRN 

The majority of PGRN is secreted, but a minor amount is also directly transported to lysosomes 

by the sortilin receptor or by forming a complex with prosaposin (PSAP) and subsequently 

taken up from the extracellular space, mediated by the sortilin receptor or the mannose 6-

phosphate receptor (M6PR) and transported to lysosomes (Hu et al. 2010; Zhou et al. 2015) 

(Fig. 2). Secreted PGRN can be digested into single granulins by elastase. In lysosomes, 

PGRN is directly or indirectly involved in controlling the activity of different hydrolyses, like 

cathepsins (Cat), glucocerebrosidase (GCase) and HexA (Arrant et al. 2019; Beel et al. 2017; 

Butler et al. 2019; Chen et al. 2018; Götzl et al. 2016). It was shown, that PGRN can directly 

bind GCase and that PGRN deficiency leads to GCase aggregation (Jian et al. 2016), 

suggesting that one possibility of a direct involvement in the regulation of Cat D and GCase 

may be a chaperone-like function of PGRN (Beel et al. 2017; Butler et al. 2019; Zhou et al. 

2017). Recently, it was shown that the lysosomal phospholipid bone morphogenetic protein 

(BMP) is stabilized by PGRN (Logan et al. 2021). BMP regulates the degradation of 

sphingolipids, a process in which GCase and HexA are also involved. In line with a lysosomal 

function, it was found that a complete loss of PGRN leads to the lysosomal storage disease 

neuronal ceroid lipofuscinosis (NCL) (Smith et al. 2012). Furthermore, a mouse model for NCL, 

the Cat D knockout mouse, displays increased levels of PGRN and the transmembrane protein 

106B (TMEM106B) (Götzl et al. 2014), a lysosomal protein which has been identified as a 

genetic modifier for PGRN-associated FTLD (Brady et al. 2013; Lang et al. 2012; Volpicelli-

daley et al. 2013). Recent studies surprisingly showed fibrils not made of TDP-43, as expected, 

but made out of a C-terminal fragment of the transmembrane protein TMEM106B in brains of 

FTLD-TDP patients (Chang et al. 2022; Jiang et al. 2022; Schweighauser et al. 2022). The 

same fibrils were also found in aged controls and many other neurogenerative disease (Chang 

et al. 2022; Jiang et al. 2022; Schweighauser et al. 2022). These studies raise a lot of new 

questions, for example, it is not clear yet, if these fibrils are directly causative for the disease, 

associates to the disease or exist without causing any harm. Answering these questions will 

open a new path of research on the relation between TMEM106B and FTLD. Interestingly, 

TMEM106B is predominantly located in late endosomes and lysosomes and was shown to be 

increased in models of PGRN deficiency (Götzl et al. 2014; Lang et al. 2012). This points 

towards the hypothesis that TMEM106B deposits could be an essential player in the lysosomal 

dysfunction in FTLD. In PGRN deficiency models, an accumulation of ubiquitin and p62 was 

observed, suggesting major deficits in the autophagy-lysosomal protein degradation pathway 

(Chang et al. 2017; Tanaka et al. 2014). PGRN knockout (Grn-/-) mice also exhibit accumulation 

of other lysosomal proteins including lysosomal associated membrane protein (LAMP)1 and 

Cat D (Götzl et al. 2014, 2018). Moreover, these mice show elevated levels of phosphorylated 
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TDP-43 (Götzl et al. 2014), a pathological hallmark for FTLD-TDP (Neumann et al. 2006). 

Additionally, GRN gene expression is transcriptionally co-regulated with lysosomal genes 

(Belcastro et al. 2011). The fact that a complete loss of PGRN leads to the lysosomal storage 

disorder NCL and that GRN-associated FTLD-TDP and NCL share common pathological 

features supports lysosomal dysfunction as at least one cause for disease onset and 

progression (Götzl et al. 2016). Besides the apparent lysosomal dysfunction, models of GRN-

FTLD-associated haploinsufficiency exhibit increased phagocytosis, chemotaxis and 

clustering around amyloid plaques (Götzl et al. 2018, 2019).  

 

 
Figure 2. PGRN localization, function and processing: PGRN is a secreted protein, that can be 
transported to lysosomes involving the sortilin receptor or by forming a complex with PSAP. In 
lysosomes, PGRN is proteolytically processed into seven and a half granulin peptides. Both, full length 
PGRN and single granulins have key regulatory functions, including regulation of lysosomal activity. 
Modified from Holler et al. 2017. 
 
2.2 Alzheimer`s Disease  

AD, the most common form of dementia, is a major cause of death in our current increasingly 

aging society (Campbell-Taylor 2014; Weuve et al. 2014). Pathologically, AD is characterized 

by the formation of neurofibrillary tau tangles, extracellular amyloid-beta (A) deposits and the 

loss of neurons and synapses. The central contribution of microglia to the disease pathology 

is indisputably clear, but if it is detrimental or protective still remains inconclusive (Hansen, 

Hanson, and Sheng 2014). Each option has been demonstrated in several studies, and it is 

hypothesized that the role of microglia may be dependent on the disease stage (Long and 

Holtzman 2019). The strongest genetic risk factor for developing late onset AD (LOAD) is the 

apolipoprotein E (APOE) 4 allele (Corder et al. 1993; Guerreiro et al. 2013b; Jonsson et al. 

2013). During the past years the triggering receptor expressed on myeloid cells 2 (TREM2) 
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has become the center of microglia-AD research as whole-genome sequencing studies 

confirmed that TREM2 mutations increase the risk for LOAD about 2-4 fold, a similar risk as 

being hemizygous for the APOE 4 allele (Guerreiro et al. 2013b; Jonsson et al. 2013; Ulland 

and Colonna 2018). Loss-of-function (LOF) mutations in the triggering receptor expressed on 

myeloid cells 2 gene (TREM2) were first identified in the context of Nasu-Hakola disease 

(NHD), a form of presenile dementia with recurrent bone lesions (Paloneva et al. 2002). Rare 

mutations in TREM2 were also associated with the FTLD-like syndrome without any bone 

involvement (Guerreiro et al. 2013a). 

 

2.2.1 The triggering receptor expressed on myeloid cells 2  

The cell surface transmembrane glycoprotein TREM2 consists of a V-immunoglobulin extra-

cellular domain, an ectodomain, a single transmembrane (TM) helix and a short cytoplasmic 

tail (Fig. 3) (Allcock et al. 2003). 

 

Figure 3. TREM2 structure and processing: The immune receptor TREM2 consists of a short 
cytoplasmic tail, a single TM helix and a V-type Ig-like extracellular domain. Signaling of TREM2 is 
initiated by binding of negatively charged ligands (see Figure 4). Shedding of the TREM2 ectodomain 
terminates signaling and releases sTREM2 into the extracellular space. The remaining CTF can be 
further cleaved by  -secretase. 
 

The protein itself does not contain any signal transduction motifs, but was shown to associate 

in a heteromeric complex and signals through the adaptor proteins DNAX activation protein 

(DAP) 12 and DAP10 (Fig. 4) (Peng et al. 2010).  Upon binding to one out of several proposed 

ligands, including DNA, lipoproteins, phospholipids or other anionic molecules, downstream 

signaling of TREM2 is initiated by tyrosine phosphorylation of the co-receptor DAP12/10 within 

its immunoreceptor tyrosine-based activation motifs (ITAMs) by Src family kinases (Gratuze, 

Leyns, and Holtzman 2018; Neumann, Linnartz, and Wang 2010), following the recruitment 

and activation of  the spleen tyrosine kinase (Syk) (Colonna and Wang 2016) (Fig. 4). Syk then 

further activates TREM2 downstream signaling molecules including phospholipase C (PLC), 

several proto-oncogene vav (VAV) guanine nucleotide exchange factors and the nonreceptor 

tyrosine kinase Pyk2. These signaling cascades then affect a variety of microglia functions 

including phagocytosis, apoptosis, proliferation, autophagy and transcriptional regulation of 
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pro-inflammatory cytokines (Fig. 4). Signaling is terminated by shedding of the TREM2 

ectodomain C-terminal at histidine 157 by a disintegrin and metalloproteinase domain-

containing protein 10 (ADAM10), releasing soluble TREM2 (sTREM2) into the extracellular 

space (Fig. 3) (Kleinberger et al. 2014; Schlepckow et al. 2017; Wunderlich et al. 2013). 

sTREM2 levels were shown to be a potential biomarker for microglia activation in early-stage 

AD and positively correlate with the levels of tau (Suárez-Calvet, Kleinberger, et al. 2016). 

Furthermore, it was described that sTREM2 is functionally active and increases microglial cell 

viability and the expression of inflammatory cytokines (Zhong et al. 2017, 2019). The remaining 

C-terminal fragment (CTF) can be further cleaved by -secretase (Fig. 3) (Wunderlich et al. 

2013).  

 

Figure 4. TREM2 signaling and function: Upon binding of extracellular ligands such as A, 
downstream signaling of TREM2 is initiated by the phosphorylation of DAP12. TREM2 signaling 
influences various important microglia functions including cell growth, phagocytosis and autophagy. 
Modified from Lewcock et al., 2020. 
 

2.2.2 TREM2 functions in physiology and pathology 

TREM2 is involved in various functions in the healthy and diseased brain (Deczkowska, 

Weiner, and Amit 2020). Single-cell analysis confirmed that TREM2 is selectively expressed 

under physiological conditions in tissue-specific macrophages, namely microglia, adipose 

tissue, adrenal gland and placenta (Han et al. 2020). TREM2 was shown to be an essential 

player in phagocytic clearance: In mice, the LOF of TREM2 leads to reduced phagocytic ability, 

including less phagocytosis of apoptotic cells, cellular debris, bacteria, A, lipoproteins and 

bacteria (Kleinberger et al. 2016; Mazaheri et al. 2017; Takahashi, Rochford, and Neumann 

2005; Yeh et al. 2016), and it was shown that TREM2 expression directly associates with the 

phagocytic rate of the cells (Hsieh et al. 2009). Phagocytosis of debritic material is a beneficial 

process of microglia to avoid secondary necrosis and inflammation. TREM2 further supports 

this process by promoting phagocytosis and limiting immune activation (Hamerman et al. 2006; 

Ito and Hamerman 2012). In line with enhanced phagocytosis, microglia express a number of 

known anti-inflammatory genes in a TREM2-dependent manner (Jaitin et al. 2019; Keren-
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Shaul et al. 2017). TREM2 signaling further promotes microglial chemotaxis, proliferation and 

survival (Kleinberger et al. 2014; Mazaheri et al. 2017; Takahashi et al. 2005). Additionally 

TREM2 regulates cholesterol transport and metabolism and is essential in maintaing the 

microglial energy metabolism (Nugent et al. 2020; Ulland et al. 2017). At this point, several 

mutations in the TREM2 gene have been linked to AD. The most common one results in the 

R47H amino acid exchange, though others like R62H or H157Y have also been thoroughly 

analyzed (Kober et al. 2016; Lewcock et al. 2020; Song et al. 2017). The AD-associated 

TREM2 variants are surface exposed and were shown to lead to enhanced shedding or 

reduced ligand affinity (Gratuze et al. 2018; Lewcock et al. 2020) and thereby reduce essential 

microglia functions overall (Deczkowska et al. 2020; Lewcock et al. 2020). Binding assays 

confirmed reduced or impaired affinity to lipoprotein ligands like ApoE for the R47H and R62H 

variants and thereby reduced uptake into the cells (Kober et al. 2016; Yeh et al. 2016). The 

R47H variant was in addition shown to have a reduced phagocytic ability, reduced secretion 

of sTREM2 and is generally expressed at a weaker level (Kleinberger et al. 2014). Only the 

R47H and R62H TREM2 variants were shown to have a relatively decreased stability 

compared to the common variant (Kober et al. 2016). While TREM2 mutations associated with 

AD mostly affect cell signaling and general microglia function, mutations linked to other 

neurodegenerative disease like FTLD, such as p.T66M, p.Q33X and p.Y38C (Guerreiro et al. 

2013a), show impaired glycosylation, cell surface trafficking and maturation of TREM2 

(Guerreiro et al. 2013a; Kleinberger et al. 2014, 2017). NHD associated variants mostly affect 

the folding, expression, stability or structure of TREM2 (Kober et al. 2016).  This indicates, that 

TREM2 mutations contribute to a multitude of neurodegenerative diseases by LOF 

mechanisms (Kober et al. 2016).  
 

3. Protective and detrimental roles of microglia in neurodegenerative disease 

Neuroinflammation and microgliosis are hallmarks of neurodegenerative disorders, including 

AD and FTLD, and the last years of research have conclusively demonstrated that microglia 

play an active role in the development and pathogenesis of these diseases (Kwon and Koh 

2020; Leyns and Holtzman 2017; Zhang et al. 2021). While for a long time it was thought that 

inflammation in the brain can only occur by a direct infection following an infiltration of 

peripheral immune cells, it is now known that also other cells in the brain, including microglia, 

can trigger inflammation. Microgliosis was thought to be a secondary, detrimental event in the 

cascade of neurodegenerative disorders with activated microglia promoting neuronal cell 

death and synaptic pruning (Heneka et al. 2013; Hong et al. 2016). However, increasing 

evidence strongly suggests that microglia are active players in neuronal damage as their 

dysregulation results in progressive neurotoxic consequences (Block, Zecca, and Hong 2007; 

Hickman et al. 2018; Lewcock et al. 2020; Madore et al. 2020).  In contrast, microglia may also 

exhibit neuroprotective functions (Chen and Trapp 2016; Lee and Choi 2022). Active microglia 

were shown to secrete neurotrophins like neutrophin-3 (NT-3) and brain-derived neurotrophic 
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factor (BNDF), which support neuronal survival and function (Huang and Reichardt 2001; 

Kerschensteiner et al. 2003). Microglia support neurogenesis and in the context of 

neurodegenerative disease, they exhibit further neuroprotective functions, like clearing A 

deposits as described below. In addition, genetic studies have identified several risk factors 

associated with neurodegenerative disease that are exclusively expressed by microglia, 

highlighting their pivotal role (Efthymiou and Goate 2017; Marioni et al. 2018; Villegas-Llerena 

et al. 2016). Microglia are equipped with a number of receptors that can bind A and become 

chronically activated due to constant stimulation (Heneka et al. 2013; Heneka, Golenbock, and 

Latz 2015; El Khoury et al. 2003; Maezawa et al. 2011). Activation is marked by an increase 

of proinflammatory cytokines, such as interleukin (IL) -6, tumor necrosis factor (TNF) -, IL-8, 

and complement factors, such as C3 and C1qB (Shen et al. 1997; Strohmeyer, Shen, and 

Rogers 2000; Walker, Lue, and Beach 2001). The number of activated microglia, defined by 

their morphological phenotype, directly associates with the number of plaques and total A 

load (Felsky et al. 2019). Phagocytic microglia are important to reduce amyloid seeding and 

tau spreading (Long and Holtzman 2019; Parhizkar et al. 2019; Leyns et al. 2019), by 

enhanced phagocytosis of A and tau (Doens and Fernández 2014; Lee and Landreth 2010). 

Several studies have shown that impaired microglia lose their ability to cluster around plaques, 

which consequently leads to an increase in dystrophic neurites (Cheryl E.G. Leyns et al. 2019; 

Leyns and Holtzman 2017; Parhizkar et al. 2019). Microglia can limit neurotoxicity of amyloid 

deposits by forming a protective barrier around early stage plaques and compact protofibrillary 

A into dense core plaques (Condello et al. 2015; Yuan et al. 2016; Huang et al. 2021). In 

tauopathies, including AD and FTLD, microglia take up, degrade and remove tau (Asai et al. 

2015; Bolós et al. 2016). Proinflammatory microglia are also active players in tau 

phosphorylation, propagation and seeding such that microglia take up tau, but are unable to 

fully degrade it, consequently releasing the partially degraded material into the extracellular 

space. In attempt to clear the partially degraded debris, other cells like neurons could ingest 

the oligomeric tau, which inherently further induces tau propagation (Hickman et al. 2018; 

Hopp et al. 2018). In addition, microglia seem to have a pivotal role in complement-mediated 

synapse loss in AD. For example, in AD mouse models, it was shown that C1q and C3 proteins 

specifically tag synapses, leading to increased engulfment and phagocytosis by microglia 

(Hong et al. 2016; Stephan, Barres, and Stevens 2012). 

 

3.1 Genetic association of microglia with neurodegenerative disease 

The first two identified single-nucleotide polymorphisms (SNPs) associated with AD that 

pointed towards a major role for microglia in neurodegenerative disease were CR1 and CD33 

(Bertram et al. 2008). Additionally, the discovery of a rare coding variant in the triggering 

TREM2 gene that increases the risk for late onset AD by four to five fold further supported a 

crucial role of microglia in neurodegeneration (Guerreiro et al. 2013b; Jonsson et al. 2013). 

Lastly, the pivotal role of these diverse cells became quite obvious when genome-wide 
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association studies (GWAS) identified a number of LOAD risk variants in genes that are 

predominantly expressed by microglia (Efthymiou and Goate 2017; Villegas-Llerena et al. 

2016). The identified LOAD risk genes can be clustered in a handful of pathways, like 

membrane trafficking (SORL1, BIN1), lipid metabolism (APOE, ABCA7) or inflammatory 

processes (TREM2, CD33, PLC2), suggesting that they contribute to AD pathology through 

common pathways (Penadés et al. 2019). Mutations in the GRN were also among the identified 

LOAD risk genes. 

 

3.2 Disease‐associated microglia versus homeostatic microglia 

Comprehensive single-cell RNA sequencing of various disease and aging models illustrated 

that the previously used nomenclature of proinflammatory/active M1 versus 

immunosuppressive/resting M2 is not sufficient to describe the various states of microglia 

during disease and aging (Hammond et al. 2019; Kang et al. 2018; Keren-Shaul et al. 2017; 

Krasemann et al. 2017) as microglia exist in dynamic and microenvironment-dependent 

diverse states that orchestrate specific functions. In the context of AD, ALS and aging, 

microglia show a distinct profile of mRNA expression with an upregulation of genes like Clec7a, 

Cd68 and Cst3 and a downregulation of genes like P2ry12 and Cx3cr1. Since then, this specific 

population of microglia is generally called disease-associated microglia (DAM) (Keren-Shaul 

et al. 2017) or microglia of neurodegenerative phenotype (MGnD) (Krasemann et al. 2017), 

and the typically upregulated genes are considered to be DAM markers. Many of the DAM 

markers include the expression of genes that are linked to neurodegenerative disease, 

including TREM2, and are conserved in mice and humans (Deczkowska et al. 2018; Keren-

Shaul et al. 2017). In line with their pivotal role in the reaction to neuropathology, DAM markers 

primarily include genes that are involved in phagocytosis, migration, chemotaxis and lipid 

metabolism (Hammond et al. 2019; Keren-Shaul et al. 2017; Krasemann et al. 2017; Masuda 

et al. 2019; Mazaheri et al. 2017). In AD mouse models, it was found that DAM markers are 

primarily located in the near proximity to A plaques and consequently only found in the brain 

regions, which are affected by the disease (Keren-Shaul et al. 2017; Mrdjen et al. 2018). 

Analysis of amyloid mouse models also revealed, that the differentiation of microglia into DAM 

is a two-stage process, in which stage one is essential to acquire the full activation of stage 

two (Fig. 5) (Friedman et al. 2018; Keren-Shaul et al. 2017). Interestingly, microglia require 

TREM2 signaling to acquire the DAM stage two, while transition into stage one is TREM2-

independent, and the required factors are still unknown (Deczkowska et al. 2018). In DAM 

stage one, homeostatic genes (Cx3cr1, P2ry12, Cd33, Tmem119) are downregulated and 

TREM2 regulators like Tyrobp or Apoe are upregulated (Fig. 5) (Deczkowska et al. 2018).  

DAM stage 2 is characterized by an upregulation of genes like Lpl, Cst7 or Axl - all genes that 

are associated to lysosomal, phagocytic and lipid metabolism pathways (Fig. 5) (Deczkowska 

et al. 2018). TREM2 LOF locks microglia in a homeostatic state, in which they are dysfunctional 

and unable to react to pathological exposure (Götzl et al. 2019; Keren-Shaul et al. 2017; 
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Krasemann et al. 2017; Mazaheri et al. 2017). Transcriptional analysis revealed that TREM2-

deficient microglia are not able to induce the full DAM mRNA signature, which is essential for 

the microglial response to amyloid pathology, for compacting amyloid plaques (Ulrich et al. 

2014; Wang et al. 2016; Yuan et al. 2016) and for reducing de novo seeding of amyloid plaques 

(Parhizkar et al. 2019). Instead, microglia with TREM2 LOF upregulate a homeostatic mRNA 

signature (Götzl et al. 2019; Mazaheri et al. 2017). Interestingly, LOF of PGRN results in the 

opposite phenotype of microglia activation with an increase in DAM signature expression 

(Reifschneider et al).  

 

Figure 5. Microglia activation stages: In the context of AD,  aging or ALS microglia show a distinct 
DAM mRNA signature. While transition to stage 1 DAM is TREM2-independent, induction of stage 2 
DAM requires TREM2 signaling. Modified from Deczkowska et al. 2018. 
 

4. Microglia as a therapeutic target in neurodegenerative diseases 

Although neurodegenerative diseases are one of the major causes of death in our rapidly aging 

society, there is no disease-curing therapy available.  In the past, the amyloid cascade has 

been the center of focus for new AD treatment strategies, but, so far, with limited success 

(Haass and Selkoe 2022). Most clinical trials have involved anti-A antibodies or small-

molecule inhibitors of -secretase or -secretase, but most of them have not convincingly 

shown to reduce the cognitive decline (Oxford, Stewart, and Rohn 2020). The FDA very 

recently approved the anti-A antibody aducanumab as a treatment for AD patients. 

Aducanumab was shown to reduce the plaque load, but a beneficial impact on cognitive 

decline could not be fully reproduced during the clinical trials (Sevigny et al. 2016). This is an 

important step towards better treatment strategies, but more research is needed. In addition 

to find the right treatment strategy, it is also difficult to assess the right timing of treatment for 

a disease affecting mostly the elderly, but which has its origin decades before symptoms occur. 

It is now widely accepted that an effective treatment would need to be applied even before the 

patients show any symptoms (Bateman et al. 2017; Gómez-Isla et al. 1996; Long and 

Holtzman 2019). Recent studies have now shown that the therapeutic potential of microglia in 

neurodegenerative disease has been tremendously underrated, and diverse efforts have been 

made to target microglia activation stages and thereby slow the cognitive decline in AD 

(Lewcock et al. 2020). One of the first attempts to study microglia as a therapeutic target was 
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the usage of microglia depletion models. In these models, microglia were either genetically or 

pharmacologically depleted (Elmore et al. 2015; Huang et al. 2018; Varvel et al. 2012), but the 

results were controversial. While some of the studies showed a beneficial effect (Dagher et al. 

2015; Elmore et al. 2015), others could not confirm these findings (Grathwohl et al. 2009). In 

conclusion, microglia depletion as a therapeutic target in AD remains to be further analyzed 

due to the complex behaviour of these multifunctioning cells. Another approach to 

therapeutically target microglia in neurodegeneration is to inhibit their inflammatory response. 

As an emerging target to specifically inhibit the pro-inflammatory response of microglia and 

thereby limiting their deletterious effects in AD is the NLRP3 pathway (Heneka, McManus, and 

Latz 2018). Several neurodegenerative disease models exhibit NLRP3 inflammasome 

activation (Heneka et al. 2018), which was shown to lead to synaptic dysfunction, cognitive 

deficits and enhanced A seeding (Ising et al. 2019; Venegas et al. 2017). Therefore, several 

drugs, including small-molecule approaches and antibodies, were developed to target the 

NLRP3 inflammasome (Lewcock et al. 2020; Venegas et al. 2017; Zahid et al. 2019), though 

additional clinical studies are necessary to evaluate the efficacy and safety of these drugs. 

Recently, TREM2 has emerged as a potential therapeutic target to modulate microglia as LOF 

variants of TREM2 are a risk factor for AD and TREM2 is essential for several microglia 

functions , including but not limited to efficient phagocytosis and compaction of plaque 

pathology (Meilandt et al. 2020; Ulrich et al. 2014; Wang et al. 2016). sTREM2 levels, a 

potential biomarker for TREM2 mediated signaling, were found to be increased very early in 

the disease and shown to correlate with total tau/phospho tau levels (Lewcock et al. 2020; 

Suárez-Calvet, Caballero, et al. 2016; Suárez-Calvet, Kleinberger, et al. 2016). Additionally, it 

was shown that high baseline sTREM2 levels measured in symptomatic sporadic AD patients 

have a beneficial effect on cognitive function as well as decreased hippocampal volume loss 

(Morenas-Rodríguez et al. 2022). Therefore, promoting TREM2 signaling by using TREM2 

agonist antibodies appears to be a promising treatment strategy in neurodegenerative disease 

(Cheng et al. 2018; Cignarella et al. 2020; Price et al. 2020; Schlepckow et al. 2020; Wang et 

al. 2020).  These antibodies target epitopes in the stalk region of TREM2 and were shown to 

increase TREM2 expression and decrease TREM2 shedding (Schlepckow et al. 2020), 

decrease plaque load and fibrillar plaques (Cignarella et al. 2020; Price et al. 2020; 

Schlepckow et al. 2020; Wang et al. 2020). The mechanisms of action of these antibodies 

include stimulation of TREM2 via crosslinking and decreasing TREM2 shedding and thereby 

increasing signaling competent full-length TREM2 on the cell surface (Cheng et al. 2018; 

Cignarella et al. 2020; Price et al. 2020; Schlepckow et al. 2020; Wang et al. 2020). When 

targeting microglia function as a therapeutic treatment strategy, it has to be kept in mind that 

microglial overactivation may also be detrimental as observed in PGRN LOF (Fig. 6).  As 

described above, PGRN LOF leads to overactivated microglia with increased DAM marker 

expression, phagocytic and chemotactic activity, increased TSPO-PET signals and lysosomal 

dysfunction.  Although LOF of TREM2 results in similar neurodegenerative disorders and 
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reduced glucose uptake in the brain, and microglia have shown to play a central role in the 

development of these disease, TREM2 LOF microglia are in the complete opposite stage of 

activation (Fig. 6) (Götzl et al. 2019). Locked in a homeostatic stage, they are not able to start 

their defense program and get activated in order to protect the brain against toxic aggregates. 

This indicates that both, the constant activation of microglia, but also the inability to be 

activated, is detrimental and it has to be kept in mind, that a possible therapeutic window for 

using microglia as a therapeutic target in neurodegenerative disease is rather small and 

probably disease-stage dependent. 

 

 
Figure 6. Opposite microglia activation stages upon loss of TREM2 or PGRN: Loss of TREM2 or 
PGRN leads to opposite microglial phenotypes. TREM2 KO locks microglia in a homeostatic stage with 
decreased expression of the DAM signature, reduced phagocytosis and reduced proliferation. In 
contrast, PGRN KO microglia are hyperactivated and exhibit increased expression of the DAM 
signature, increases phagocytosis and lysosomal dysfunction. 
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VIII. Aims of the study 
 

How does the loss of PGRN lead to lysosomal dysfunction in GRN-FTLD? 

As the homozygous loss of PGRN leads to the lysosomal storage disorder NCL, it was 

hypothesized that PGRN may have an important role in lysosomal biology and may directly 

influence lysosomal proteins and thereby protein degradation. However, the mechanism was 

unknown. Therefore, I collaborated with Julia Götzl and colleagues to elucidate the lysosomal 

function of PGRN and its influence on lysosomal proteases like Cat D, B and L. We wanted to 

investigate what influences the loss of PGRN has on lysosomal enzyme levels. Additionally, 

we aimed to not only to understand whether PGRN has a cell autonomous function, but also 

further characterize which cell types of the brain are involved in the lysosomal dysfunction in 

PGRN LOF models. Therefore,  I isolated microglia and performed biochemical assays on the 

activity of lysosomal proteases. To elucidate if single granulins may also affect lysosomal 

activity, I analyzed the effects of PGRN, elastase-digested PGRN and recombinant GRN E on 

the activity of Cat B, D and L. 

 

Are hyperactivated microglia in PGRN LOF detrimental and is the hyperactivation of 

microglia reversible?  

When I started my PhD, the laboratory of Prof. Christian Haass was studying the opposing 

activation stages of microglia in TREM2 and PGRN deficiency models, including their mRNA 

signature, corresponding protein levels, phagocytic, migratory and clustering ability. We found 

that although mutations in both genes lead to similar diseases and decreased glucose 

metabolism in the brain, PGRN and TREM2 LOF microglia show opposite phenotypes. Though 

many questions regarding the possible underlying mechanisms and the connection between 

the hyperactivated phenotype in PGRN deficiency and TREM2 signaling still remained: Is the 

hyperactivation of microglia in models of PGRN deficiency TREM2-dependent? To 

answer this question, I generated Grn x Trem2 double KO mice and analyzed the expression 

of DAM genes, microglia activation stages and morphology, lysosomal function and synapse 

loss. Mainly, I also wanted to elucidate the long-lasting question in microglia research: Can 

microglia reversibly switch between the homeostatic and DAM stage? This is an 

important question in regards to the potential of microglia as a therapeutic target in 

neurodegenerative diseases. It is essential to understand the dynamics between the different 

activation stages of microglia, to elucidate their therapeutic value. Can the genetic or 

pharmacological suppression of TREM2 prevent the transition of homeostatic microglia 

to DAM and rescue abnormal lysosomal activity in PGRN LOF models? As the results 

suggested that antagonistic modulation of TREM2 could be used to lower microglia activation, 

I also wanted to explore if pharmacological suppression of TREM2 may be beneficial in PGRN 

deficiency. Therefore, our laboratory collaborated with Denali Therapeutics to generate human 

antagonistic TREM2 antibodies that block TREM2 signaling and decrease signaling-
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competent TREM2. As a first step, I used these antibodies to treat GRN-FTLD patient-derived 

macrophages and examined TREM2 levels, sTREM2 levels and TREM2 signaling. Next, I 

collaborated with Sophie Robinson (Paquet laboratory), who generated iPSC-derived 

microglia lacking PGRN. In line with the previous study, these cells were treated with 

antagonistic antibodies, and we analyzed TREM2 levels, TREM2 signaling, lysosomal status 

and the expression of DAM genes.  
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IX. Results 
1. Publication I 
 
 
 
 
 
 
 
 
 
Early lysosomal maturation deficits in microglia triggers enhanced lysosomal activity 

in other brain cells of progranulin knockout mice 

 

 

 

Julia K. Götzl*, Alessio-Vittorio Colombo*, Katrin Fellerer*, Anika Reifschneider, Georg 

Werner, Sabina Tahirovoc, Christian Haass and Anja Capell 

Molecular Neurodegeneration (2018). DOI: 10.1186/s13024-018-0281-5 

* Contributed equally 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  29

 



 

  30

 



 

  31

 



 

  32

 



 

  33

 



 

  34

 



 

  35

 



 

  36

 



 

  37

 



 

  38

 



 

  39

 



 

  40

 



 

  41

 



 

  42

 



 

  43

 



 

  44

 



 

  45

 



 

  46

 

Götzl et al., Suppl. Fig. 1

C
ts
d
m
R
N
A
 r
e
l. 
to
 w
t

3 months 20 months
(+/+)
(‐/‐)
(+/‐)

***
ns

C
ts
lm

R
N
A
 r
el
. t
o
 w
t

ns
ns

ns

**

ns

**

1.5

1.0

0.5

0.0

C
ts
b
m
R
N
A
 r
e
l. 
to
 w
t

ns
ns

1.5

1.0

0.5

0.0

1.5

1.0

0.5

0.0

ns

**

1.5

1.0

0.5

0.0

2.5

2.0

1.5

1.0

0.5

0.0

2.5

2.0

1.5

1.0

0.5

0.0

2.0



 

  47

 

Götzl et al., Suppl. Fig. 2 
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Götzl et al., Suppl. Fig. 4
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1.1 Contribution to the publication 

As a co-author of this publication, I isolated microglia for biochemical analysis and analyzed 

the effects of PGRN, elastase-digested PGRN and recombinant GRN E on the activity of Cat 

B, D and L on the activity of lysosomal proteases. This work is presented in Figure S4 and 

Figure S5. Additionally, I supported all primary authors during the time of revision. 
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2. Publication II 
 
 
 
 
 
 

Loss of TREM2 rescues hyperactivation of microglia, but not lysosomal deficits and 

neurotoxicity in models of progranulin deficiency 

 

 

 

 

 

 

Anika Reifschneider, Sophie Robinson, Bettina van Lengerich, Johannes Gnörich, Todd 

Logan, Steffanie Heindl, Miriam A Vogt, Endy Weidinger, Lina Riedl, Karin Wind, Artem 

Zatcepin, Ida Pesämaa, Sophie Haberl, Brigitte Nuscher, Gernot Kleinberger, Julien Klimmt, 

Julia K. Götzl, Arthur Liesz, Katharina Bürger, Matthias Brendel, Johannes Levin, Janine Diehl-

Schmid, Jung Suh, Gilbert Di Paolo, Joseph W Lewcock, Kathryn M Monroe, Dominik Paquet, 

Anja Capell and Christian Haass 

The EMBO Journal (2022). DOI: 10.15252/embj.2021109108 
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2.1 Contribution to the publication 

As the first author of this paper, I conceived the study and analyzed the results with the help 

of Prof. Christian Haass and Anja Capell. I majorly contributed to the writing process, 

coordinated the process and put together all displayed figures.  

 

Figure 1: 

TSPO-PET imaging was performed by Johannes Gnörich, Karin Wind, Artem Zatcepin and 

Matthias Brendel. I organized and genotyped all necessary mice. 

Figure 2: 

I performed all isolations of mouse microglia, mRNA isolation, NanoString experiments and 

analyzed the results. 

Figure 3, Figure EV1 and Figure EV2: 

Human TREM2 antagonistic antibodies were generated and validated by Denali Therapeutics. 

PGRN mutation carriers were identified by Endy Weidinger, Lina Riedl, Katharina Bürger, 

Johannes Levin and Janine Diehl-Schmid. I isolated and performed all experiments of human-

derived macrophages. 

Figure 4 and Figure EV3: 

Sophie Robinson generated and performed all experiments on hiMGL. 

Figure 5: 

NanoString experiments on hiMGL cells were performed by Miriam A Vogt and Sophie Haberl. 

I analyzed the results. 

Figure 6: 

I performed and analyzed all Western Blots, enzyme activity assays and immunofluorescence 

assays of all mouse samples. 

Figure 7: 

Todd Logan and Jung Suh performed lipidomic analysis. I provided all brain samples. 

Figure 8: 

I performed and analyzed all Western Blots, enzyme activity assays and immunofluorescence 

assays of all mouse samples. Steffanie Heindl performed automated analysis of microglia 

morphology.  

Figure 9 and Figure EV4: 

I performed all isolations of mouse brain, mRNA isolation, NanoString experiments and 

analyzed the results. I assisted Ida Pesäama in collecting cerebrospinal fluid and Brigitte 

Nuscher performed Nfl measurements. FDG-PET imaging was performed by Johannes 

Gnörich, Karin Wind, Artem Zatcepin and Matthias Brendel. I organized and genotyped all 

necessary mice. 
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