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ABSTRACT 

 

Alzheimer disease (AD) is a neurodegenerative disorder that is clinically characterized by 

a progressive cognitive decline and neuropathologically defined by extracellular plaques, mainly 

consisting of amyloid-β (Aβ) peptide aggregates, and intraneuronal misfolded phosphorylated tau 

forming neurofibrillary tangles. However, molecular causes of the disease and biomarkers for the 

detection of the disease prior to formation of plaques are still subjects of ongoing research. 

Aβ peptides are produced by sequential cleavage of the amyloid precursor protein (APP), 

firstly by the β-secretase (BACE1) then followed by the γ-secretase. This amyloidogenic pathway 

generates Aβ peptides of varying lengths that are subject to proteolytic degradation. BACE1 exerts 

the first step in amyloid production (amyloidogenic processing of APP) and unexpectedly, BACE1 

is also a major enzyme to degrade Aβ peptides into a short form with 34 amino acid residues, i.e., 

Aβ34. The cleavage of longer Aβ peptides into Aβ34 is called amyloidolytic processing.  

My thesis focuses on the investigation of the life cycle of Aβ34: (i) analysis of the dual 

role of BACE1 in AD (amyloidogenic vs. amyloidolytic processing), (ii) characterization of the 

enzymes that are involved in the Aβ34 metabolism and (iii) investigation of the cellular 

localization of Aβ34 generation. Besides being non-toxic and non-aggregating, Aβ34 also serves 

as an indicator of Aβ clearance. To further establish Aβ34 as a biomarker, it’s important to reveal 

molecular details of Aβ34 metabolism by studying its production and degradation.  

Manuscript I: We hypothesized that amyloidolytic activity of BACE1 could explain the 

inverse relationship between BACE1 and Aβ levels in AD model systems which was described as 

a paradox in the literature. The biochemical and pharmacological analyses of human AD brain 
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tissue, wild-type mice and AD mouse models showed an association between the levels of BACE1 

and Aβ34. We showed that the majority of Aβ34 is produced in the endo-lysosomal system by 

BACE1 and that BACE1 recognizes Aβ peptides as substrates produced by Presenilin 2-γ-

secretase complexes. Furthermore, BACE1 inhibitor effects depended on the enzyme to substrate 

(BACE1:APP) ratio, suggesting that the ratio is the critical factor that determines the balance 

between amyloidogenic (Aβ production) and amyloidolytic activities (Aβ clearance) of BACE1.  

Manuscript II:  We determined the role of Aβ-degrading enzymes (ADEs) in Aβ34 

degradation. Our cellular analysis revealed that BACE1 produces Aβ34 in the endo-lysosomal 

system. Therefore, we hypothesized that ADEs, that are primarily active in endosomes/lysosomes, 

may also be capable of degrading Aβ34. Knockdown or pharmacological inhibition of proteases 

revealed the highest increase of Aβ34 upon either knockdown or inhibition of Endothelin 

Converting Enzyme 1 (ECE1). Under the conditions of ECE1 overexpression, Aβ34 levels were 

significantly reduced. Thus, our results suggest that ECE1 is the major Aβ34 degrading protease 

compared to other proteases tested. 

Overall, we have identified and characterized the main enzymes involved in Aβ34 

production and clearance. Our data show that (i) BACE1 is the critical enzyme to produce Aβ34, 

(ii) that the ratio of BACE1:APP determines the level of the amyloidolytic activity, and (iii) ECE1 

is the main protease to degrade Aβ34. Such findings are important to establish Aβ34 as a biomarker 

of clearance in AD since Aβ34 is a stable intermediate product in body fluids. Further, the 

identification of downstream pathways will guide the development of novel preventive approaches 

and biomarker discovery with the aim to enhance amyloid clearance before potentially toxic 

peptides aggregate into oligomers and fibrils.   
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RÉSUMÉ 

 

La maladie d’Alzheimer (MA) est une maladie neurodégénérative caractérisée 

cliniquement par un déclin cognitif progressif. Cette maladie est neuropathologiquement défini 

par des plaques extracellulaires, principalement constituées d’agrégats de peptides amyloïdes-β 

(Aβ), et de protéine tau hyper et anormalement phosphorylée qui s’agrège dans les neurones 

formant les dégénérescences neurofibrillaires. Cependant, les causes moléculaires ainsi que les 

biomarqueurs pour la détection de la maladie avant la formation de plaques font toujours l’objet 

de recherches en cours. Une approche établie pour la prévention ou un traitement efficace reste 

manquant. 

Les peptides Aβ sont produit par le clivage séquentiel de la protéine précurseur amyloïde 

(APP), d’abord par la β-sécrétase (BACE1) puis suivie par la γ-sécrétase. Cette cascade de clivage 

génère des peptides Aβ de longueurs variables qui sont normalement dégradés par plusieurs 

protéases. Étonnamment, BACE1 qui exerce la première étape de la production d’amyloïde 

(clivage amyloïdogénique d’APP) est également une enzyme importante dans la dégradation des 

peptides Aβ en peptides plus courtes (clivage amyloïdolytique), c’est-à-dire la peptide Aβ non-

amyloïdogène de 34 acides aminés de longueur. 

Ma thèse se concentre sur l’investigation du cycle de vie de l’Aβ34 : (i) analyse du double 

rôle de BACE1 dans la MA (clivage amyloïdogénique vs amyloïdolytique). (ii) caractérisation des 

enzymes impliquées dans le métabolisme de l’Aβ34 et (iii) étude de la localisation cellulaire de la 

génération d’Aβ34. En plus d’être non toxique et non agrégant, Aβ34 sert également de 
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biomarqueur potentiel pour la dégradation d’Aβ ; par conséquent, il est important de révéler les 

détails moléculaires du métabolisme de l’Aβ34, y compris sa production et sa dégradation. 

Manuscrit I – Nous avons postulé que le clivage amyloïdolytique de BACE1 pourrait 

expliquer la relation inverse « paradoxale » entre les niveaux de BACE1 et Aβ dans les cerveaux 

MA, c’est-à-dire la réduction des espèces Aβ avec inhibition de BACE1. Ainsi, nous avons étudié 

les aspects cellulaires et moléculaires du clivage amyloïdogénique et amyloïdoytique de BACE1 

en utilisant divers approches biochimique et pharmacologique. Les expériences avec du tissue 

cérébral humain atteint de MA, et des souris de type naturel ainsi que de modèle MA ont 

démontrées une association entre les niveaux de BACE1 et Aβ34. Différents inhibiteurs de BACE1 

ont eu des effets différents sur les espèces d’Aβ dépendant du rapport entre BACE1 et APP 

indiquant que ce rapport affecte directement la balance entre les deux activités enzymatiques de 

BACE1. De plus, nous avons obtenu de l’évidence indiquant que (i) la majorité d’Aβ34 est produit 

dans le système endo-lysosome par BACE1, (ii) BACE1 reconnait les peptides Aβ, produit par γ-

sécrétase contenant le subunité catalytique Presenilin-2, en tant que substrats. En tout, nous avons 

d’une part analysé le clivage amyloïdolytique de BACE1 au niveau moléculaire et cellulaire, et de 

l’autre part montré que le rapport substrat:enzyme est un facteur très important déterminant la 

balance entre le clivage amyloïdogénique (production d’Aβ) et le clivage amyloïdolytique 

(dégradation d’Aβ) de BACE1. 

Manuscrit II: Nous avons analysé le rôle des enzymes dégradant Aβ (EDAs) ainsi que leur 

contribution à la dégradation d’Aβ34. Notre analyse cellulaire a relevé que BACE1 produit Aβ34 

dans le système endo-lysosome. Par conséquent, nous avons postulé que les EDAs comme enzyme 

de conversion de l'endothéline 1 (ECE1), Cathepsin B et Cathepsin D, qui sont principalement 

actives dans les endosomes/lysosomes, pourraient dégrader Aβ34. Lorsque nous avons testé 
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différentes conditions incluant le knockdown des gènes ainsi que l’inhibition pharmacologique des 

protéases, la plus grande augmentation d’Aβ34 était associée avec à la fois le knockdown et 

l’inhibition d’ECE1. Dans les conditions où l’expression d’ECE1 était augmenté, les niveaux 

d’Aβ34 ont été significativement réduits. Collectivement, nos résultats suggèrent qu’ECE1 est la 

protéase principale impliquée dans la dégradation d’Aβ34 parmi les protéases testées. 

Dans l’ensemble, nous avons identifié et caractérisé les enzymes principales impliquées 

dans la production et dégradation d’Aβ34. Notre data indique que (i) BACE1 est la plus importante 

enzyme pour produire Aβ34, (ii) le rapport moléculaire BACE1:APP détermine l’équilibre entre 

le clivage amyloïdogénique et le clivage amyloïdolytique de BACE1, et (iii) ECE1 est l’enzyme 

principale qui dégrade Aβ34. Ces résultats sont importants pour le développement d’Aβ34 comme 

biomarqueur étant donné que ce peptide est un produit intermédiaire dans la cascade de 

dégradation d’amyloïde de même qu’un indicateur de l’activité de dégradation d’amyloïde. Nos 

trouvailles vont non seulement influencer l’identification de nouveaux biomarqueurs mais 

également le développement de nouveaux traitements préventives ; par exemple, en améliorant la 

dégradation d’amyloïde avant que les peptides toxiques ne s’agrègent en oligomères ou fibrilles.  
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1. ALZHEIMER DISEASE 

The first case of Alzheimer Disease (AD) had been formally identified by Dr. Alois 

Alzheimer more than 100 years ago. Auguste Deter presented worsening symptoms of memory 

loss and behavioral changes. Dr. Alzheimer’s post-mortem analysis discovered shrinking of certain 

brain areas and abnormal deposits throughout her brain (Alzheimer, 1907, Alzheimer, 1911). 

These cerebral deposits have been described as hallmarks of AD pathology, which are now 

commonly referred to as plaques. For more than fifty years following its discovery, AD was 

believed to be a rare form of dementia and was not studied in detail. AD research gained more 

interest and attention when it was scientifically acknowledged that Alzheimer is the most common 

form of dementia and that it is the fourth leading cause of death in the United States (Katzman, 

1976). Unfortunately, our understanding of the complex nature of AD is still incomplete and 

requires more research to better comprehend the causes and the driving forces of the disease 

progression in order to design strategies for the prevention and treatment of AD.   

1.1. Pathological Hallmarks of Alzheimer Disease 

Alzheimer Disease is a chronic neurodegenerative disorder that is clinically characterized 

by a progressive decline in cognitive functioning. Neuropathologically, the hallmarks include brain 

atrophy, senile plaques consisting of amyloid-β (Aβ) peptides and neurofibrillary tangles (NFT) 

consisting of phosphorylated tau (Dickson, 1997a, Holtzman et al., 2011, Jellinger, 1998).  

1.1.1. Extracellular Amyloid Plaques 

The first studies in Alzheimer research revealed that risk of dementia increases with the 

number of amyloid plaques in the patients’ brains (Blessed et al., 1968, Graeber et al., 1997, 

Maurer et al., 1997, Möller and Graeber, 1998). These extracellular plaques are heterogenous 
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lesions composed of protein deposits, mainly Aβ peptides (Masters et al., 1985, Glenner and 

Wong, 1984). Among various Aβ peptides found in plaques, 42-amino acid long Aβ peptide 

(Aβ42) is the most predominant component (Rozemuller et al., 1989) and widely thought to be the 

most neurotoxic of the Aβ species. 

The two main categories of plaques are called neuritic (dense-core) plaques and diffuse 

plaques. Neuritic plaques have a dense core of Aβ and in the periphery, they have damaged tubulin-

associated unit (tau) containing axons and dendrites (i.e., neurites), microglia and astrogliosis 

associated with synaptic loss and inflammation (Itagaki et al., 1989, Knowles et al., 1999, Pike et 

al., 1995, Serrano-Pozo et al., 2011, Vehmas et al., 2003, Yasuhara et al., 1994). On the other hand, 

diffuse plaques have filamentous Aβ and have less diagnostic specificity (Dickson, 1997b, Thal et 

al., 2006). Due to their nature, neuritic plaques but not diffuse plaques can be stained by β-pleated 

sheet structure binding dyes, such as Congo red or thioflavin S (Davies and Mann, 1993, Thal et 

al., 2006). 

1.1.2. Intracellular Neurofibrillary Tangles 

The other pathological hallmark of AD, NFTs, reside in neurons and are mainly composed 

of the hyperphosphorylated form of the tau protein (Alonso et al., 1996, Alonso et al., 2001, Brion 

et al., 1985, Grundke-Iqbal et al., 1986a, Grundke-Iqbal et al., 1986b, Kidd, 1963). NFTs were 

also reported in other neurodegenerative disorders, such as frontotemporal dementia, Huntington 

Disease and Pick’s disease (Lee et al., 2001). Although hyperphosphorylation of tau is the 

commonality of these tauopathies, the phosphorylation patterns and tau isoforms involved are 

different (Barthélemy et al., 2016, Connell et al., 2005, Duka et al., 2013, Samimi et al., 2021).  

In the first stages of AD, NFTs are observed in temporal lobe, then spreading to limbic 

areas and ultimately to the large areas of neocortex (Arnold et al., 1991, Braak and Braak, 1991, 
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Hyman et al., 1984). NFT formation correlates with cognitive decline and synaptic loss in patients 

(Bierer et al., 1995, Gómez‐Isla et al., 1997, Haroutunian et al., 2007). A recent study suggested 

that aggregation patterns of tau within the brain network is distinct for each tested clinical AD 

phenotype (Therriault et al., 2022).  

1.2.Amyloidogenic Pathway  

The amyloidogenic pathway is a linked series of enzymatic reactions to produce Aβ 

peptides from the amyloid precursor protein (APP). Two secretases convert APP to Aβ, namely β-

secretase (BACE1) and γ-secretase complex, the latter of which then cleaves its substrate multiple 

times starting at the carboxy terminal end to produce a series of C-terminally truncated Aβ 

peptides, intermediate forms of which are toxic and prone to aggregate to form amyloid plaques.  

1.2.1. The Amyloid Precursor Protein and its Processing  

APP is a type I single-pass transmembrane protein that is part of a family of related proteins 

which also includes amyloid precursor-like proteins (APLP1 and APLP2) in mammals (Kang et 

al., 1987, Slunt et al., 1994, Wasco et al., 1992). All three proteins have a highly conserved amino 

acid sequence in the cytoplasmic region and the ectodomain; however, only APP contains the Aβ 

sequence. Although the exact physiological function of APP remains elusive, it has been shown to 

be important for proper synaptic function and plasticity, cell growth, cell survival, motility, neurite 

outgrowth and metal homeostasis (Allinquant et al., 1995, Ciccotosto et al., 2014, Dawson et al., 

1999, Hérard et al., 2006, Maynard et al., 2002, Müller et al., 1994, Perez et al., 1997, Phinney et 

al., 1999, Phinney et al., 2003, Ring et al., 2007, Seabrook et al., 1999, Young-Pearse et al., 2008, 

Zheng et al., 1995).   

APP is highly expressed in neurons (Kim et al., 1995, Rodrigues et al., 2014). Once being 

co-translationally inserted into the endoplasmic reticulum (ER) membrane, APP is first trafficked 
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to the plasma membrane along secretory pathways via the trans-Golgi network (TGN) (Choy et 

al., 2012, Koo et al., 1990). When APP is inserted into the plasma membrane, it undergoes 

ectodomain cleavage by α-secretase that is located on cell surface, to initiate non-amyloidogenic 

(non Aβ-generating) pathway (Figure 1) (Haass and Selkoe, 1993). This cleavage generates a 

soluble sAPPα fragment and membrane bound C-terminus of APP (α-CTF), which consecutively 

undergoes γ-secretase-mediated proteolysis to generate p3 peptide and APP intracellular domain 

(AICD) fragment. Alternatively, plasma membrane APP can be internalized and recycled back 

into the cell through endo-lysosomal compartments (Haass et al., 2012) as a result of the interaction 

of adaptor proteins with the YENPTY motif of the cytoplasmic domain of APP (Chen et al., 1990).  

APP in endo-lysosomal system undergoes β-secretase ectodomain shedding, which is the 

first step of the amyloidogenic (Aβ-generating) pathway (Figure 1). β-site cleavage produces a 

soluble sAPPβ fragment and a membrane bound 99-amino acid long C-terminus of APP (β-CTF 

or APP-C99) (O'brien and Wong, 2011) that consecutively undergoes γ-secretase-mediated 

proteolysis to generate AICD and Aβ peptides of varying lengths with different biophysical and 

biochemical properties (De Strooper et al., 2010, Olsson et al., 2014, Yan and Vassar, 2014). 

Among these peptides, Aβ40 is the most abundant in the brain and relatively non-toxic and Aβ42 

is most prone to form toxic oligomers, accumulate and aggregate into amyloid plaques (Cleary et 

al., 2005, Kayed et al., 2003, Lambert et al., 1998, Zhao et al., 2012). A shorter peptide, 

“protective” Aβ38, has recently been shown to interact with Aβ42 thereby impeding aggregate 

formation (Quartey et al., 2021). Alternative to β-site cleavage, β-secretase can cleave APP at the 

β’-site resulting in the generation of N-terminally truncated Aβ peptides of varying lengths (Aβ11-

X) (Figure 1) (Gouras et al., 1998, Lee et al., 2003, Vetrivel et al., 2011). In addition to its role in 
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amyloid pathology, some reports suggested beneficial effects of Aβ peptides with respect to 

synaptic plasticity and potentiation (Puzzo et al., 2008, Zhou et al., 2022).  

 

Figure 1: Processing of APP by α-, β- and γ-secretases 

In the amyloidogenic pathway, APP is first cleaved by β-secretase to generate sAPPβ and β-CTF which 

sequentially undergoes γ-secretase cleavage to produce Aβ peptides of varying lengths. In the non-

amyloidogenic pathway, APP is first cleaved by α-secretase to generate sAPPα and α-CTF which 

sequentially undergoes γ-secretase cleavage to produce p3 peptide. As an alternative cleavage, BACE1 can 

also cleave APP or β-CTF at β’-site to generate Aβ11-X.  

 

APP proteolysis is not exclusive to α-, β- and γ-secretases; it can be cleaved by other 

proteases at various cleavage sites (Andrew et al., 2016, Paschkowsky et al., 2016, Willem et al., 

2015, Zhang et al., 2015), such as η-secretase that cleaves far from β-site leading to generation of 

Aη peptides (Ahmad et al., 2006, Higashi and Miyazaki, 2003). Another example of alternative 

APP cleaving metalloproteases is Meprin β (Becker-Pauly and Pietrzik, 2017) that cleaves APP at 

the β-site leading to generation of Aβ species such as Aβ40 and Aβ42 and their N-terminally 

truncated variants (Bien et al., 2012, Jefferson et al., 2011). It has also been shown that APP can 
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be cleaved within its transmembrane domain upstream of Aβ40 and Aβ42 cleavage sites, i.e., ϵ- 

and ζ-cleavage sites, in a presenilin-dependent manner (Weidemann et al., 2002, Zhao et al., 2004). 

1.2.2. Amyloid Hypothesis  

The amyloid hypothesis states that Aβ production initiates the disease pathology due to a 

failure in Aβ clearance followed by oligomerization, accumulation and deposition of Aβ peptides 

into plaques (Selkoe and Hardy, 2016). Deposition into plaques alters neuronal homeostasis and 

eventually leads to neuronal dysfunction and dementia. According to this hypothesis, Aβ 

deposition and plaque formation are disease processes that trigger the further pathology 

characteristic of AD, including neurofibrillary tangle formation, cell loss, vascular damage and 

dementia (Hardy and Higgins, 1992). 

1.3. Early- and Late-onset AD and Stages of AD 

About 5% of the AD cases the pathology starts before the age of 65 and are therefore 

classified as early-onset Alzheimer Disease (Bekris et al., 2010). Approximately 10-15% of these 

cases have a genetic cause linked to mutations in three different genes, APP, Presenilin 1 or 

Presenilin 2 (Campion et al., 1999, Di Fede et al., 2009). To date, about 50 mutations in APP 

(https://www.alzforum.org/mutations/app), approximately 300 mutations in PSEN1 

(https://www.alzforum.org/mutations/psen-1) and about 90 mutations in PSEN2 

(https://www.alzforum.org/mutations/psen-2) have been reported. Late-onset AD starts after the 

age of 65 that is caused by a combination of environmental and genetic risk factors, such as APOE4 

(Bertram and Tanzi, 2004, Borenstein et al., 2006, Corder et al., 1993, Saunders et al., 1993). A 

recent GWAS meta-analysis combining multiple European datasets identified 42 new risk loci for 

AD (75 loci in total) that are related to amyloid and tau pathways, endocytosis and microglia 

(Bellenguez et al., 2022).  

https://www.alzforum.org/mutations/app
https://www.alzforum.org/mutations/psen-1)a
https://www.alzforum.org/mutations/psen-2
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Preclinical AD is considered as the stage of the disease before clinical diagnosis where 

molecular changes have started but symptoms are not noticeable. As the disease progresses, the 

symptoms of brain dysfunction become apparent, which is called prodromal AD (also referred to 

as mild cognitive impairment (MCI)) (Albert et al., 2011). The dementia stage occurs when an 

individual is not able to function independently due to the impairments in social, occupational and 

cognitive functioning (McKhann et al., 2011). Clinical studies suggest that disease-modifying 

agents would be more effective if they are applied at early stages. It is very important to identify 

molecular changes in the preclinical stage to take preventative measures. Therefore, search for AD 

biomarkers is currently the focus of AD research (Jack Jr et al., 2010).  

1.4.Biomarkers of AD 

Cerebrospinal fluid (CSF) analysis helps diagnose conditions affecting the brain and 

can accurately distinguish between a wide range of CNS diseases, including AD, that can 

otherwise be difficult to diagnose (Blennow et al., 2015, Rasmussen et al., 2018). Extracellular Aβ 

species present in the CSF can be quantified and give an indication of the amyloid burden within 

the brain. Stable isotope labeling kinetics (SILK) analysis of Aβ in the CSF and studies with 

different cohorts carrying familial AD (FAD)  mutations, i.e., APP, Presenilin 1 (PSEN1) and 

Presenilin 2 (PSEN2), suggested that CSF Aβ42 levels start to decrease as early as 25 years before 

the diagnosis prior to appearance of amyloid deposits, elevation of tau levels in CSF and cognitive 

impairment (Bateman et al., 2012, Selkoe and Hardy, 2016). Although three core biomarkers ((i) 

Aβ peptides, (ii) total tau (t-tau) and phosphorylated tau (p-tau), and (iii) positron emission 

tomography (PET) imaging of amyloid burden) are established in the diagnosis of AD, search for 

less invasive accurate biomarker detection and quantification is still ongoing (Olsson et al., 2016). 

Recent studies focus on biomarker detection in blood/plasma, which is important for understanding 
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the pathogenic sequence of AD progression that cannot be identified by brain imaging (Hampel et 

al., 2014) as well as for longitudinal tracking, early detection, and treatment of the disease 

(Baldacci et al., 2018, Hampel et al., 2018, Olsson et al., 2016, Selkoe and Hardy, 2016, Kaeser et 

al., 2022, Barthélemy et al., 2020a, Barthélemy et al., 2020b).  

 First reports showed a reduction in CSF-Aβ42 in AD patients (Motter et al., 1995), 

followed by several studies suggesting an inverse relationship between CSF-Aβ42 levels and 

plaque load in the brain observed with PET (Fagan et al., 2006, Grimmer et al., 2009, Jagust et al., 

2009, Strozyk et al., 2003, Tapiola et al., 2009). Under normal conditions, after generation in the 

brain, soluble Aβ peptides could be irreversibly lost from the brain by several mechanisms 

including transport to CSF (Wang et al., 2006). As Aβ42 deposits into plaques, there is less soluble 

Aβ42 in CSF (Rasmussen et al., 2018). Although CSF-Aβ40 is not recognized as a core biomarker 

alone, CSF-Aβ42/Aβ40 ratio compared to CSF-Aβ42 per se correlates better with PET imaging 

(Hansson et al., 2019, Janelidze et al., 2016b, Leuzy et al., 2016, Lewczuk et al., 2017, Pannee et 

al., 2016). CSF-Aβ42/Aβ40 ratio is also strongly associated with CSF t-tau and p-tau (Delaby et 

al., 2022), and is better at distinguishing AD from non-AD dementias (Dorey et al., 2015, Janelidze 

et al., 2016b). Both CSF-t-tau and p-tau are found to be increased in AD cases (Dubois et al., 2014, 

Maia et al., 2013, McKhann et al., 2011). Nevertheless, combination of both CSF-tau and CSF-

Aβ42 increases the diagnostic accuracy of AD (Fagan et al., 2011, Hulstaert et al., 1999, Rivero-

Santana et al., 2017, Seeburger et al., 2015, Shaw et al., 2009). 

 Due to the invasiveness of lumbar puncture that is used to collect CSF and limited access 

to resources, current studies focus on the detection of biomarkers in plasma/blood (Hansson et al., 

2022, Lista et al., 2013a, Lista et al., 2013b). Plasma Aβ42/Aβ40 ratio is shown to decrease in 

patients with Aβ-positive PET and to correlate with CSF-Aβ42/Aβ40 ratio and plaque load 
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(Janelidze et al., 2016a, Keshavan et al., 2021, Nakamura et al., 2018, Verberk et al., 2018). The 

reduction in blood Aβ42/Aβ40 (8-15%) is rather small in comparison to CSF levels (40-60%) 

(Hansson, 2021, Janelidze et al., 2021) likely because Aβ levels in the extracerebral tissues are not 

greatly affected by the changes in brain Aβ metabolism and pathology (Hansson et al., 2022). 

Plasma p-tau levels are reported to be elevated in AD cases and show a similar diagnostic accuracy 

as CSF-p-tau levels (Palmqvist et al., 2020, Thijssen et al., 2021). However, biomarker detection 

in blood provides several challenges, namely, detection of low levels of Aβ, and differentiation 

between distinct phosphorylated tau forms, both of which are areas of ongoing innovation.  
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2. PROTEASES INVOLVED in Aβ CLEARANCE 

Recent studies show that Aβ clearance is as important as Aβ production to develop 

pathology and in disease progression. It has been determined that under physiological conditions, 

Aβ clearance rate in human CSF is ~8% per hour (Bateman et al., 2006). The clearance from 

central nervous system (CNS) slows down with age and is impaired by ~30% in sporadic AD 

(Mawuenyega et al., 2010, Patterson et al., 2015). Aβ can be cleared from CNS by several 

mechanisms including cellular uptake, passive elimination, transport to CSF and proteolysis 

(Deane et al., 2008, Iliff et al., 2012, Sagare et al., 2007, Wildsmith et al., 2013). A variety of 

proteases with distinct characteristics, including Aβ specificity, optimal pH, and subcellular 

localization are involved in Aβ degradation (Saido and Leissring, 2012).  

2.1.β-secretase (BACE1) 

β-site APP-cleaving Enzyme 1 (BACE1) is a type I transmembrane aspartyl protease with 

two catalytically active aspartic acids (D93 and D289) in the extracellular domain (Acquati et al., 

2000, Vassar et al., 1999). BACE1 expression is high in the brain, particularly in neuronal cells 

(Haniu et al., 2000, Vassar et al., 1999, Zhao et al., 2007). BACE1 has also been detected in healthy 

pre-synaptic terminals and in dystrophic neurites in the vicinity of the Aβ plaques (Kandalepas et 

al., 2013, Sadleir et al., 2016, Zhao et al., 2007).  

Pro-BACE1 is synthesized in the ER before it is transported to the trans-Golgi network to 

undergo maturation and is trafficked to the plasma membrane (Haniu et al., 2000, Vassar et al., 

1999). From cell surface, it is internalized to the endosomal compartments (Huse et al., 2000, 

Walter et al., 2001) where the acidic environment is optimal for BACE1’s proteolytic activity (pH 

= ~ 4.5) (Vassar et al., 1999).  
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2.1.1. BACE1 in AD 

BACE1 is extensively studied and implicated in brain amyloidogenesis because of its role 

in the amyloidogenic pathway. Since BACE1 knockout mouse models showed diminished Aβ 

production (Cai et al., 2001, Cai et al., 2012, Dominguez et al., 2005, Harrison et al., 2003, Luo et 

al., 2001, Roberds et al., 2001), BACE1 cleavage of APP is considered as the rate-limiting step for 

Aβ production.  

Vast majority of mutations associated with familial AD are found in APP, PSEN1 or 

PSEN2 genes (Bekris et al., 2010, Bird et al., 1988, Campion et al., 1999, Cruts and Van 

Broeckhoven, 1998, Finckh et al., 2000, Goate et al., 1991, Sherrington et al., 1995). Although 

there is no BACE1 mutation associated with AD to date, mutations in APP affecting β-site cleavage 

by BACE1 have a strong effect on Aβ production. Some of these mutations increase the processing 

of APP by BACE1, such as the Swedish mutation KM670/671NL (Citron et al., 1992, Mullan et 

al., 1992) and an Italian variant A673V (Di Fede et al., 2009) while others inhibit the processing 

of APP by BACE1, such as the Icelandic variant A673T (Jonsson et al., 2012, Peacock et al., 

1993). 

BACE1 protein levels and enzymatic activity are higher in human AD brain extracts 

compared to healthy controls (Fukumoto et al., 2002, Holsinger et al., 2002, Li et al., 2004, Tyler 

et al., 2002, Yang et al., 2003) (Manuscript 1). CSF BACE1 levels and activity are also elevated 

in MCI and used in discriminating MCI from AD and healthy controls as it also associates with 

other CSF and neuroimaging biomarkers of AD (Ewers et al., 2011, Ewers et al., 2008, Molinuevo 

et al., 2018, Wu et al., 2012, Zetterberg et al., 2008, Zhong et al., 2007).  

Due to its role in Aβ production, BACE1 has been a drug target for AD. Among BACE1 

inhibitors, LY2811376 and LY2886721 caused auto-fluorescent deposits in retina (May et al., 
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2011) and liver toxicity (May et al., 2015), respectively, and their phase II trials were terminated 

(Kumar et al., 2018). Verubecestat (MK-8931) had promising results, and in phase I clinical trial, 

it mitigated CSF levels of Aβ40, Aβ42 and sAPPβ without any dose-dependent side effects 

(Kennedy et al., 2016). Although reduction in Aβ levels was only observed in short-term treatment 

trials, phase III studies were conducted with prodromal AD patients and showed a decrease in 

amyloid plaques without any improvement to cognitive function (Forman et al., 2013, Forman et 

al., 2012, Kennedy et al., 2016, Kumar et al., 2018). All other BACE1 inhibitors that were in 

randomized clinical trials were halted for safety or futility reasons which could be a consequence 

of (1) the side-effects from multiple substrates of BACE1, (2) the off-target effects of BACE1 

inhibitors, such as its homolog BACE2, or (3) timing of BACE1 inhibition over the course of AD.  

2.1.2. Role of BACE1 in Aβ Clearance: Amyloidolytic Processing 

Besides its role in Aβ production, i.e., β-site cleavage of APP in amyloidogenic pathway 

resulting in the production of Aβ species, BACE1 is also involved in Aβ clearance. After being 

generated by BACE1 and γ-secretase (amyloidogenic pathway), Aβ peptides (e.g., Aβ38, Aβ40, 

and Aβ42) can undergo amyloidolytic processing, leading to their degradation. Amyloidolytic 

processing takes place when soluble Aβ peptides are further cleaved by BACE1 at β34-site into a 

non-amyloidogenic 34-amino acid long Aβ fragment (Aβ34) (Fluhrer et al., 2003, Hernandez-

Guillamon et al., 2015, Liebsch et al., 2019, Shi et al., 2003) (Figure 2). This implies that BACE1 

has a dual role in amyloid metabolism. Firstly, it has a key role in amyloid production by cleaving 

APP (amyloidogenic activity). Secondly, BACE1 recognizes Aβ42 and Aβ40 as substrates 

(amyloidolytic activity) and is involved in amyloid clearance.  
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Figure 2: Dual role of BACE1 in Aβ production (amyloidogenic) and Aβ clearance (amyloidolytic) 

BACE1 has a dual role in Aβ metabolism. Amyloidogenic activity of BACE1 is cleavage of APP at the β-

site that leads to production of Aβ peptides, such as Aβ38, Aβ40 and Aβ42. Amyloidolytic activity of 

BACE1 is cleavage of Aβ species at the β34-site to produce the non-amyloidogenic Aβ34 peptide.  

 

 

2.2.γ-secretase Complex 

 The γ-secretase complex has four subunits: nicastrin, anterior pharynx-defective 1, 

presenilin enhancer 2, and either Presenilin 1 (PS1) or its homolog Presenilin 2 (PS2) (Kimberly 

et al., 2003, Zhang et al., 2014). Presenilin, an aspartyl protease, is the proteolytic subunit of the 

γ-secretase complex (Wolfe et al., 1999) and requires the assembly of other subunits to become 

stable and proteolytically active (Edbauer et al., 2003, Takasugi et al., 2003). Although both PS1- 

and PS2-γ-secretases possess overlapping enzymatic properties, PS1-γ-secretase and PS2-γ-

secretase have distinct influence on Aβ abundance and differ in their susceptibility to γ-secretase 

inhibitors (Lai et al., 2003).  
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 PS1 is more broadly distributed in the cell and mainly located on the plasma membrane. 

Contrastingly, the presence of a C-terminal motif including a hydrophobic methionine and a serine 

in PS2 allows a phosphorylation-dependent interaction with Adaptor Protein 1 (AP-1), which 

restricts PS2 localization to late endosomes and lysosomes (Sannerud et al., 2016, Meckler and 

Checler, 2016). This distinct localization of PS1- and PS2-γ-secretase complexes leads to different 

access to substrates. PS1 selectively cleaves substrates on the cell surface, whereas PS2 selectively 

cleaves substrates in late endosomes/lysosomes. PS1-γ-secretase-derived Aβs are released from 

the cell surface into the extracellular space, whereas PS2-γ-secretase-derived Aβs are generated 

intracellularly (Sannerud et al., 2016).  

2.2.1. Role of γ-secretase in Aβ Clearance: Sequential Cleavage of APP-C99  

The stepwise cleavage of APP-C99 by γ-secretase is part of Aβ degradation as it leads to 

production of non-amyloidogenic peptides. APP cleavage by γ-secretase occurs in a stepwise 

manner, indicating that γ-secretase can trim a substrate by processing it several times (Kakuda et 

al., 2006, Olsson et al., 2014, Takami et al., 2009). For example, the first γ-secretase cleavage can 

generate either Aβ49 or Aβ51. The subsequent cleavage sites are separated approximately by three 

or four amino acids leading to production of Aβ40 and Aβ42 from Aβ49 and Aβ51, respectively. 

Further processing of Aβ40 and Aβ42 by γ-secretase leads to the convergence of these distinct 

pathways in the production of the common non-amyloidogenic metastable Aβ34 intermediate 

(Olsson et al., 2014, Takami et al., 2009).  

2.3.Aβ Degrading Enzymes 

Different types of proteases involved in Aβ clearance from the CNS are collectively 

referred as Aβ-degrading enzymes (ADEs), including metallo-, serine-, aspartyl-, cysteine- and 

threonine-proteases (Saido and Leissring, 2012, Wildsmith et al., 2013). With regards to Aβ 
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degradation, the most important difference among these proteases is their subcellular localization. 

These proteases determine the lifetime of Aβ species, which in turn restricts trafficking of Aβ 

peptides away from the compartment in which they are generated. Aβ species can be processed by 

ADEs either proximal or distal to the sites where they are generated, and Aβ pools are defined 

according to subcellular localization; interstitial (extracellular), ER/golgi, endosomal, lysosomal, 

and cytosolic (Reviewed in (Saido and Leissring, 2012)).  

Studying ADEs is important to better understand the molecular basis of the disease as well 

as to guide the search for AD biomarkers (Portelius et al., 2012, Saido and Leissring, 2012). A 

selected list of proteases and some of their properties are listed in Table 1.  

 

Table 1: A selection of proteases implicated in AD 

Protease Type 
Membrane 

bound? 

Optimal 

pH 
Aβ pools 

Endothelin Converting 

Enzyme 1 (ECE1) 
Zinc metalloprotease Type II 5.0 – 7.0 Endosomal 

Insulin Degrading Enzyme 

(IDE) 
Zinc metalloprotease 

Cytosolic, 

membrane bound 

and secreted 

6.0 – 8.5 
Extracellular, 

Cytosolic 

Cathepsin B (Cat B) Cysteine protease Secreted 4.5 – 5.5 

Extracellular, 

Lysosomal, 

Cytosolic 

Cathepsin D (Cat D) Aspartyl protease Secreted 4.5 – 5.0 Lysosomal 

Matrix Metalloproteinase 2 

(MMP2) 

Calcium dependent 

Zinc metalloprotease 
Secreted 4.5 – 9.5 Extracellular 

Matrix Metalloproteinase 9 

(MMP9) 

Calcium dependent 

Zinc metalloprotease 
Secreted 4.5 – 9.5 Extracellular 

Angiotensin Converting 

Enzyme (ACE) 
Zinc metalloprotease Type I 7.4 NA 

Neprilysin  

(NEP or MME) 
Zinc metalloprotease Type II 7 – 9 Extracellular 
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2.3.1. Endothelin Converting Enzyme 1 (ECE1) 

ECE1 is a membrane bound endopeptidase with a catalytic site that either resides in the 

extracellular space or in the lumen of organelles and vesicles (Johnson et al., 1999, Xu et al., 1994). 

Although not exclusive, ECE1 is present throughout the CNS and heavily expressed in the vascular 

endothelial cells (Korth et al., 1999, Xu et al., 1994), mainly hydrolyzing inactive big endothelin-

1 into active endothelin-1 (Turner and Murphy, 1996). ECE1 can be found in the plasma membrane 

or in intracellular components, such as TGN or endosomes, depending on the isoform (Kuruppu 

and Smith, 2012, Schweizer et al., 1997, Valdenaire et al., 1999).  

ECE1 is highly active at acidic pH (Fahnoe et al., 2000, Johnson et al., 1999) and cleaves 

Aβ40 most efficiently at pH 5.6 (Eckman et al., 2001). It has been shown to have no effect on Aβ 

degradation when cells were treated with exogenous Aβ40 peptides (Pacheco-Quinto and Eckman, 

2013), indicating that ECE1 is involved in intracellular Aβ clearance. Pharmacological inhibition 

of endogenous ECE activity in APP-overexpressing cells leads to extracellular as well as 

intracellular Aβ accumulation in endo-lysosomal compartments (Eckman and Eckman, 2013). 

Moreover, heterozygous ECE1 knockout mice have significantly elevated levels of both Aβ40 and 

Aβ42 in the brain (Eckman et al., 2003) further supporting its role in Aβ clearance.  

2.3.2. Insulin Degrading Enzyme (IDE) 

IDE is a metalloprotease that is mainly localized in the cytosol, primarily degrading insulin 

(Duckworth et al., 1998a, Falkevall et al., 2006). The optimal pH for its enzymatic activity ranges 

between 6.0 – 8.5 (Duckworth et al., 1998b). In vitro studies suggest that IDE is involved in Aβ 

degradation; more effective in degrading monomers than oligomers and fibrils (Sudoh et al., 2002, 

Vekrellis et al., 2000, Qiu et al., 1997). Although primarily cytosolic, IDE can be secreted and 

found in the extracellular space and at the cell surface (Zhao et al., 2009). In IDE knockout rats 
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and mice, increased levels of Aβ species are reported (Farris et al., 2003, Farris et al., 2004). Gene 

expression analysis of total brain samples reveals that AD patients have decreased IDE expression 

(da Costa et al., 2017). Further meta-analysis suggests a reduction in IDE protein levels in AD 

cases with no change in IDE mRNA and enzyme activity (Zhang et al., 2018). With subgroup 

analysis, reduced IDE protein levels are found to be in cortex and hippocampus whereas IDE 

mRNA is higher in the cortex but not in the hippocampus (Zhang et al., 2018). Changes in IDE 

protein level and activity in AD remains controversial.  

2.3.3. Cathepsins (Cat B and Cat D) 

Cat B is a lysosomal cysteine protease and is one of the most abundantly expressed 

cathepsins in the brain (Hsu et al., 2018). The optimal pH for its enzymatic activity ranges between 

4.5 – 5.5 (Linebaugh et al., 1999). It has been proposed as an alternative β-secretase with different 

substrate selectivity (APP with Swedish mutation is preferred by BACE1 over wild type APP and 

vice versa for Cat B) (Hook et al., 2008, Kindy et al., 2012). However, it has also been proposed 

as an Aβ degrading protease. In vivo studies have conflicting results. Cat B ablation in transgenic 

mice overexpressing human APP (hAPP) elevates Aβ levels and does not affect hAPP levels 

(Wang et al., 2012). A similar study in the same transgenic mouse model shows a reduction in Aβ 

levels and β-CTF (Hook et al., 2009). Several studies suggested an increase in Cat B protein levels 

in plasma, serum, and CSF in AD patients (Morena et al., 2017, Sun et al., 2015, Sundelöf et al., 

2010). Furthermore, high protein levels and activity of Cat B are detected in amyloid plaques 

(Cataldo and Nixon, 1990, Mueller-Steiner et al., 2006). 

Cat D is an aspartyl protease that is active only at acidic pHs (4.5 – 5.0) (lysosomes) 

(Briozzo et al., 1988, Westley and May, 1999).  The substrate affinity of Cat D for Aβ42 and Aβ40 

is reported to be in the nanomolar and micromolar range, respectively (Saido and Leissring, 2012, 
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Suire et al., 2020). Genetic deletion of Cat D results in an increase in both soluble and insoluble 

Aβ levels, ~30% increase in cerebral Aβ42/Aβ40 ratio (Leissring et al., 2009, Suire et al., 2020) 

and accumulation of Aβ in lysosomes (Suire and Leissring, 2021). Lysosomal Cat D is found to 

be elevated in the neocortex of AD patients (Chai et al., 2019), and reduced plasma levels of Cat 

D were detected in AD patients (Kim et al., 2021). Recently, our collaboration with Paul Saftig 

group showed that pro-Cat D treatment did not change Aβ pathology in vivo and did not affect Aβ 

degradation in vitro and in vivo (Gallwitz et al., 2022).   

2.3.4. Matrix Metalloproteinases (MMP2 and MMP9) 

MMPs are secreted calcium dependent zinc metalloproteases. The optimal pH for MMPs’ 

enzymatic activity varies between 4.5 – 9.5 (Johnson et al., 2000, Stack and Gray, 1990). Among 

those, MMP2 and MMP9 have been shown to cleave Aβ with a high processing efficiency at the 

carboxy terminus as well as α-secretase cleavage site with less efficiency (Hernandez-Guillamon 

et al., 2015, Yan et al., 2006). MMP9 can cleave preformed Aβ fibrils and amyloid plaques, which 

makes it distinct from other ADEs (Yan et al., 2006). Both MMP2 and MMP9 knockout mice have 

elevated Aβ levels in the brain (Yin et al., 2006). MMP2 and MMP9 are produced by reactive 

astrocytes and their levels are increased in astrocytes surrounding Aβ plaques both in transgenic 

mouse model and in hippocampal neurons of post-mortem AD brains (Backstrom et al., 1996, 

Girard et al., 2014, Yin et al., 2006). MMP9 is lower in the CSF of AD brain (Mroczko et al., 

2014). Studies with plasma have contradicting results: one study reports reduced levels of MMP9 

and MMP2 (Horstmann et al., 2010) whereas two other studies report elevated levels of MMP9 in 

plasma of AD patients (Lorenzl et al., 2003, Lorenzl et al., 2008). In addition to its involvement in 

Aβ degradation, increased levels of MMP2 are detected in association with phosphorylated tau in 



` 

20 
 

NFTs and dystrophic neurites in early stages of AD suggesting that MMP2 might be involved in 

the elimination of toxic tau species (Terni and Ferrer, 2015).  

2.3.5. Angiotensin Converting Enzyme (ACE) 

ACE is a type I metalloprotease that is active at neutral pH (Aydin et al., 2021). It has a 

carboxypeptidase activity that converts Aβ42 to Aβ40 (Zou et al., 2007). Although it has been 

shown to degrade monomeric Aβ and inhibit Aβ aggregation in vitro (Zou et al., 2007, Hu et al., 

2001), neither gene inactivation nor pharmacological inhibition of ACE have an effect on Aβ levels 

in the brain in vivo (Eckman et al., 2006, Hemming et al., 2007, Saito et al., 2003) except in one 

study where ACE inhibition enhanced Aβ deposition in the brain (Zou et al., 2007). Despite the 

lack of direct evidence for ACE involvement in Aβ clearance, due to the genetic evidence that 

ACE polymorphisms could be associated with the risk of AD (Farrer et al., 2000, Hu et al., 1999, 

Nacmias et al., 2007), it is still considered as an ADE.  

2.3.6. Neprilysin / Membrane Metallo-endopeptidase (NEP or MME) 

NEP, is a type II transmembrane protein mainly localized to the plasma membrane (Landry 

et al., 1993) with an optimal pH ranging between 7 – 9 (Tsan and Jiang, 1985). NEP was first 

identified by treating rats, that received radiolabeled Aβ42 injection, with NEP inhibitors (Iwata 

et al., 2000). Following the NEP inhibition, the degradation of the infused Aβ is reduced. Both in 

vitro and in vivo studies show that NEP hydrolyzes Aβ40 and Aβ42 and its absence or inhibition 

leads to enhanced Aβ levels in the brain (Fukami et al., 2002, Iwata et al., 2001, Yasojima et al., 

2001b). Further studies combine NEP and ECE1 knockout in mice which show enhanced Aβ levels 

in the brain compared to single knockouts (De Strooper, 2010, Eckman et al., 2006). NEP activity 

is also shown to be lowered by γ-secretase inhibition or PS deficiency in mouse brain that is 

mediated by AICD, suggesting that NEP is part of a feedback loop with PSs (Pardossi-Piquard et 
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al., 2005). Some studies suggest that in aged mice and sporadic AD patients, NEP levels are 

reduced in the brain (Iwata et al., 2002, Yasojima et al., 2001a). More recently, treatment of 

cynomolgus monkey with NEP inhibitor reduced Aβ clearance and increased CSF Aβ levels on 

day 1 but not after day 15 with no effect on brain Aβ levels (Schoenfeld et al., 2017).  



` 

22 
 

 

3. IMPORTANCE of Aβ34 

Through various pathways, including amyloidolytic processing by β-secretase, sequential 

cleavage by γ-secretase and proteolytic degradation by proteases, Aβ34 can be generated from 

Aβ40 and Aβ42. Unlike Aβ40 and Aβ42, Aβ34 was shown to be non-toxic and non-aggregating 

(Hernandez-Guillamon et al., 2015). Besides being classified as a non-amyloidogenic Aβ species, 

Aβ34 shows strong potential as a biomarker of AD progression. Recent studies have shown a 

positive correlation between CSF-Aβ34 levels and overall Aβ clearance rates in amyloid plaque 

positive individuals, a significant elevation of CSF-Aβ34 levels in patients with MCI who later 

develop AD, and a correlation between CSF-Aβ34/Aβ42 ratio and current pre-clinical AD 

biomarkers, including p-tau and t-tau levels (Liebsch et al., 2019). The elevated CSF-Aβ34/Aβ42 

ratio is a sign of a decrease in soluble CSF-Aβ42 as it becomes deposited in the plaques, and this 

ratio has a better diagnostic accuracy for prodromal AD compared to the traditional Aβ40/Aβ42 

ratio. Therefore, CSF-Aβ34/Aβ42 ratio, Aβ42 being a marker of amyloid deposition and Aβ34 

being a marker of amyloid clearance, could serve as a possible biomarker for earlier detection of 

prodromal and pre-symptomatic AD. Furthermore, Aβ34 is an important intermediate in the 

amyloidogenic degradation cascade that can be utilized to develop novel drugs for preventative 

approaches, such as modulation of BACE1 dual activity. One of the potential therapeutic strategies 

is to favor amyloidolytic activity of BACE1 rather than inhibiting BACE1 activity entirely. 

Enhancing amyloidolytic activity results in the degradation of amyloidogenic peptides into Aβ34 

before they aggregate into toxic oligomers and fibrils. If successful, this approach can also explain 

the reason behind the failure of BACE1 inhibitors in clinical trials.  
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4. RATIONALE of THIS THESIS  

As outlined in the previous sections, Aβ clearance is as important as Aβ production in AD 

progression as the disease state starts with an imbalance between Aβ production and clearance. 

The traditional Aβ42/Aβ40 ratio has been used as a diagnostic biomarker together with PET 

imaging and tau. This ratio includes levels of two Aβ peptides both of which are markers of Aβ 

production. Recent studies showed that Aβ34/Aβ42 ratio has a potential to serve as a biomarker 

with better diagnostic accuracy. This ratio includes markers for both Aβ production, Aβ42, and 

Aβ clearance, Aβ34, which further underlines the need for a better understanding of Aβ clearance 

and Aβ34 in AD field. Although molecular details of Aβ42 and Aβ40 production pathway, i.e., 

amyloidogenic pathway, and some of their degradation pathways, e.g., ADEs, are heavily studied, 

little is known about amyloidolytic activity of BACE1 to produce Aβ34, and where and how Aβ34 

is generated and further degraded in the cell.  

To better understand molecular and cellular aspects of BACE1 as a potential drug target 

(by inhibiting amyloidogenic and promoting amyloidolytic activity), we performed biochemical 

and pharmacological tests with post-mortem human brain tissue, animal models and cell culture 

systems. We aimed to assess (i) relationship between BACE1 protein levels and absolute Aβ34 

levels in AD patients and mouse models, (ii) how BACE1:APP ratio affects the balance between 

BACE1-mediated Aβ production and degradation, (iii) cellular localization of amyloidolytic 

activity, (iv) involvement of PS1- and PS2-γ-secretase complexes in Aβ34 generation, and (v) 

effect of BACE1 inhibitors on amyloidogenic vs. amyloidolytic activities. We hypothesized that 

reported “paradoxical” BACE1 overexpression in AD cases in the literature could be due to its Aβ 
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degrading activity, and that BACE1 produces Aβ34 in the intracellular compartments through 

cleavage of longer Aβ species, e.g., Aβ40 and Aβ42, generated by PS2-γ-secretase (Manuscript I).  

Most ADEs are mainly studied in the context of Aβ40 and Aβ42 and proteases involved in 

Aβ34 clearance haven’t been identified. We aimed to test different ADEs that are implicated in 

Aβ clearance for their potential role in Aβ34 degradation.  We performed genetic, including small-

interfering RNA (siRNA) knockdowns and transient overexpression, and pharmacological 

approaches to dissect the involvement of different proteases in Aβ34 metabolism. Based on the 

results we obtained from Manuscript I, Aβ34 is produced by BACE1 from PS2-γ-secretase-derived 

Aβ species in the endo-lysosomal system. Therefore, we hypothesized that ADEs that are localized 

to endo-lysosomal system, namely ECE1, Cat B, and Cat D have higher access to Aβ34 and are 

involved in Aβ34 degradation (Manuscript II). 

Overall, this thesis revealed molecular details of the Aβ34 life cycle with a focus on its 

production and clearance. The findings not only provide new insights in Aβ metabolism but also 

will pave the way to develop new methods for biomarker development in CSF and blood/plasma. 

Understanding the dual role of BACE1 in both Aβ production and Aβ clearance enables screening 

for compounds to regulate each activity of BACE1 separately and to design more effective BACE1 

inhibitors to treat AD. The identification of proteases responsible for Aβ34 degradation helps to 

better understand the role of Aβ34 as an indicator for clearance and to facilitate approaches to 

manipulate the levels of Aβ34 in body fluids that will be beneficial to biomarker research.   
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1.1.Abstract 

The beta‑site amyloid precursor protein (APP) cleaving enzyme (BACE1) was discovered 

due to its “amyloidogenic” activity which contributes to the production of amyloid-beta (Aβ) 

peptides. However, BACE1 also possesses an “amyloidolytic” activity, whereby it degrades longer 

Aβ peptides into a non‑toxic Aβ34 intermediate. Here, we examine conditions that shift the 

equilibrium between BACE1 amyloidogenic and amyloidolytic activities by altering BACE1/APP 

ratios. In Alzheimer disease brain tissue, we found an association between elevated levels of 

BACE1 and Aβ34. In mice, the deletion of one BACE1 gene copy reduced BACE1 amyloidolytic 

activity by ~50%. In cells, a stepwise increase of BACE1 expression promoted amyloidolytic 

cleavage. An enzyme surplus in combination with inhibition of BACE1 activity elevated Aβ40 

and Aβ42 levels while a substrate surplus lowered Aβ34 levels. Thus, our findings suggest that the 

BACE1/APP ratio primarily affects the balance between BACE1-mediated Aβ production and 

clearance assigning a critical role to BACE1 in amyloid clearance.  
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1.2.Introduction 

Alzheimer disease (AD) is a progressive neurological disease characterized by 

intracellular neurofibrillary tangles and extracellular amyloid plaques, which are mainly composed 

of amyloid beta (Aβ) peptides (Holtzman et al., 2011, Iwatsubo et al., 1994). Traditionally, AD 

research has focused on Aβ production and the role of secretases in Aβ generation. In general, the 

process is initiated when β-secretase (BACE1) cleaves the amyloid precursor protein (APP) to 

generate sAPPβ and APP-C99 and involves a second protease, namely γ-secretase processing 

APP-C99 (Chow et al., 2010, Hussain et al., 1999, Sinha et al., 1999, Yan et al., 1999, Luo et al., 

2001). BACE1 is a type-I transmembrane aspartic acid protease (Vassar et al., 1999) whose 

optimal activity requires an acidic environment in endosomes and lysosomes (Saric et al., 2013, 

Vassar et al., 2009). The γ-secretase, which further cleaves APP-C99 into Aβ peptides of varying 

lengths (e.g., Aβ40 and Aβ42), exists as a complex with four subunits, including the catalytic 

subunit Presenilin-1 or 2 (PS1 or PS2) (Rogaev et al., 1995, Sato et al., 2008, Shirotani et al., 2004, 

Zhang et al., 2014). Although both PS1- and PS2-γ-secretases possess overlapping enzymatic 

properties, due to their distinct localization, they have different access to substrates and differently 

influence Aβ abundance. PS1 selectively recognizes substrates on the cell surface, whereas PS2 

preferentially cleaves substrates in late endosomes and lysosomes (Sannerud et al., 2016). 

BACE1 has a relatively loose sequence specificity, and regions outside of its main cleavage 

site are less important for substrate selection (Hemming et al., 2009). This finding may explain 

why, in addition to its role in Aβ production (i.e., BACE1 amyloidogenic activity), BACE1 was 

found to cleave longer Aβ isoforms (e.g., Aβ40 and Aβ42) at position 34, i.e., the β34-site, which 

is a third BACE1 cleavage site in addition to the two canonical β- and the β’-sites (Fluhrer et al., 

2003, Shi et al., 2003). However, the cut at the β34-site occurs only with longer Aβ peptides (such 
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as Aβ40 and Aβ42) as substrates previously released from γ-secretase complexes (Shi et al., 2003). 

Unlike other Aβ species, Aβ34 has been described as non-toxic and non-aggregating (Hernandez-

Guillamon et al., 2015); therefore, the β34-cleavage is due to an amyloidolytic BACE1 activity as 

opposed to an amyloidogenic activity, which initiates production of aggregation prone Aβ 

peptides. 

More recently, Aβ34 has been discovered by us as an early biomarker of amyloid clearance 

activity in prodromal AD (Liebsch et al., 2019). The Aβ34/Aβ42 ratio showed a better diagnostic 

accuracy for prodromal AD than the traditional Aβ40/Aβ42 ratio. CSF Aβ34 levels were elevated 

in early clinical stages of AD and correlated with Aβ clearance rates in subjects with evidence of 

cerebral amyloid deposition (Liebsch et al., 2019). Analyses with cultured human primary 

pericytes that normally regulate the blood-brain barrier function revealed a time and dose 

dependent production of Aβ34 upon treatment with recombinant Aβ40 peptides (Kirabali et al., 

2019).  

Numerous studies tried to correlate BACE1 activity with amyloid peptide production that 

resulted in conflicting findings both in vivo and in vitro. In transgenic mice overexpressing human 

BACE1, high BACE1 overexpression inhibited amyloid formation despite increased β-cleavage 

of APP (Lee et al., 2005) which is in sharp contrast to the expectation that increased BACE1 

activity is causing increased amyloid production. The same apparently paradoxical behavior was 

observed in several pharmacological studies (Mattsson et al., 2012, Scholz et al., 2018). Post-

mitotic human neurons treated with low concentrations of BACE1 inhibitors resulted in the 

expected decreased cellular BACE1 activity but unexpectedly higher levels of longer Aβ forms 

(Scholz et al., 2018). These findings have shifted our interest to the amyloidolytic activity of 
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BACE1 as a possible explanation which is a fairly neglected enzymatic function in the equation 

of production and elimination of Aβ peptides.  

Here, we investigated molecular and cellular aspects of amyloidogenic and amyloidolytic 

activities of BACE1 by biochemical and pharmacological means. We provide in vivo and in vitro 

evidence that the BACE1/APP ratio primarily determines BACE1-mediated Aβ clearance: In AD 

brain tissue, we found levels of both BACE1 and Aβ34 approximately two-fold elevated. Analysis 

of brain cortices from wild-type mice and mouse lines with reduced expression levels of BACE1 

revealed an association between BACE1 and Aβ34. Notably, a pharmacological inhibition of 

cellular BACE1 enzymatic activity caused a robust increase in Aβ40 and Aβ42 levels, most likely 

through the inhibition of its amyloidolytic activity. A decrease in Aβ34 levels observed upon 

downregulation of PS2, while Aβ40 and Aβ42 levels remained unaltered, implies a role for PS2 

in Aβ34 generation in the endo-lysosomal system in conjunction with BACE1. In summary, we 

provide molecular explanations for the previously reported and paradoxical inverse relationship 

for BACE1 expression and Aβ levels by addressing the questions (i) why high BACE1 

overexpression inhibits amyloid formation despite increased amyloidogenic processing of APP 

and (ii) why a reduction of BACE1 activity does not necessarily lower Aβ levels or plaque load. 
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1.3.Results 

1.3.1. BACE1’s amyloidogenic and amyloidolytic in vivo activities are determined by the 

enzyme to substrate ratio 

To test whether there is a dichotomy between the amyloidogenic and amyloidolytic roles 

of BACE1 (Figure 3) in vivo, we measured Aβ levels in human brain tissue, in wild-type, BACE1 

knock-out (BACE1 -/-), heterozygous mice with half of the normal amount of active BACE1 

(BACE1 +/-), and in APP transgenic mice expressing the human APP gene with the London 

mutation V717I. First, we examined BACE1 and APP levels in post-mortem human temporal 

cortical samples from 20 AD patients and 5 controls (Figure 4a-c; supplemental Table 1). Western 

blot analysis revealed that cerebral BACE1 levels were ~2.1-fold elevated in AD patients 

compared to non-AD (Figure 4c), which is in agreement with previous studies where BACE1 

protein and activity levels were found to be increased in the brain regions affected by amyloid 

deposition (Fukumoto et al., 2002, Holsinger et al., 2002, Li et al., 2004, Yang et al., 2003). 

Cerebral APP levels did not differ between AD patients and non-demented controls (Figure 4b). 

We did not perform a correlation test due to our small sample size. In order to have more statistical 

power and conclusive results, a larger data set would be required. 

We hypothesized that a surplus of BACE1 would lead to increased Aβ34, given that 

BACE1 levels are significantly elevated in AD, while APP levels and Aβ40 and Aβ42 production 

rates do not change (Mawuenyega et al., 2010). Therefore, levels of Aβ34 and the longer Aβ 

species, i.e., Aβ40 and Aβ42 resulting from the classical amyloidogenic processing of APP, were 

measured in human brain extracts using our previously developed 4-plex assay (MSD - Meso Scale 

Discovery) (Liebsch et al., 2019). Aβ34 levels were elevated ~1.8 fold, which is very similar to 

the ~2.1-fold elevated BACE1 level in AD brain tissue. Thus, both cerebral BACE1 and Aβ34 
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levels increased approximately ~2-fold (Figure 4d), suggesting that excess BACE1 may generate 

more Aβ34 in AD brain tissue. Notably, Aβ40 and Aβ42 species were significantly elevated in the 

AD group by ~44- and ~23-fold, respectively (Figure 4e and f), possibly due to aggregated amyloid 

as previously reported (Hardy and Allsop, 1991).  

 

Figure 3: APP processing by β- and γ-secretases and amyloid degradation into Aβ34 and smaller 

fragments 

In the amyloidogenic pathway, sequential cleavage of APP by β-secretase and γ-secretase generates Aβ 

species of varying lengths including Aβ38, Aβ40 and Aβ42. In the Aβ amyloidolytic pathway, Aβ peptides 

resulting from the production pathway can be cleaved by β-secretase at the β34 site as part of the 

degradation pathway yielding the C-terminally truncated Aβ species, Aβ34. 

 

To test whether the absence of aggregated amyloid yields a similar relationship between 

BACE1 and the different Aβ species, we measured Aβ34, Aβ40 and Aβ42 levels in the cortices of 

6 months-old wild-type (+/+), heterozygous (+/-) and homozygous BACE1 knockout (-/-) mice (3 

females and 3 males for each genotype) expressing endogenous levels of APP. We observed that 

Aβ34 levels were significantly reduced in BACE1 +/- animals but not the Aβ40 and Aβ42 levels. 
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The loss of one BACE1 allele led to a significant decrease in Aβ34 levels (compare BACE1 +/+ 

and BACE1 +/-) (Figure 4g), while no significant effects were observed for Aβ40 and Aβ42 

(Figure 4h and i). Unaltered levels of Aβ40 and Aβ42 were also observed by others under the 

condition of lowered endogenous BACE1 activity (Georgievska et al., 2015, Liebsch et al., 2019, 

Nishitomi et al., 2006, Weber et al., 2017). Thus, Aβ34 levels positively correlate with BACE1 

levels, which is not the case for Aβ40 and Aβ42 levels that remain unaltered with the loss of one 

BACE1 allele. 

Then, we utilized transgenic mice expressing human APP, i.e., in vivo overexpressing 

conditions, to analyze the effect of substrate overexpression. Cortical Aβ levels of wild-type 

animals (7 females and 3 males) were compared to cortical Aβ levels of 6 months-old (pre-plaque) 

mice with the London mutation driven by the Thy1 promoter (4 females and 3 males). Aβ34 levels 

were increased ~2.5 fold and Aβ40 and Aβ42 were found elevated ~4- and ~5-fold, respectively 

(Figure 4j-l). Western blot analysis revealed that APP transgenic mice had ~2.2 fold more APP in 

their cortex (data not shown). Altogether, the results show that amyloidogenic activity was 

maintained with a single copy of the endogenous BACE1 gene (Figure 4h and i), while 

amyloidolytic activity was reduced upon the loss of one BACE1 gene copy (Figure 4g). 
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Figure 4: Aβ34 levels in AD post-mortem brain and in mouse brain tissue correlated with altered BACE1 

expression and enhanced Aβ40 and Aβ42 levels 

Expression of APP and BACE1, and Aβ34, Aβ40 and Aβ42 levels from post-mortem temporal brain and 

mouse cortices homogenates were analyzed by Western blot and MSD assays, respectively. Western blot 

for the examination of APP and BACE1 expression levels (a). Quantification of relative protein amounts 

of APP (b) and BACE1 (c) of AD and non-AD. Absolute amounts of Aβ34 (d, g, and j), Aβ40 (e, h, and k) 

and Aβ42 (f, i, and l) determined with MSD 4-plex assays. For BACE1 knockout mice, cortices of 6 months-

old 3 females and 3 males (g-i) and for London APP Transgenic mice, cortices of 6 months-old 7 females 
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and 3 males (for WT) and 4 females and 3 males (for transgenic) (j-l) were analyzed. Data (b-f) were 

analyzed using unpaired Welch’s t-tests (due to violations of the normality assumption). Bars and error bars 

indicate mean ± s.e.m. (b) t(7)=0.84, (c) t(13)=3.34, (d) t(20)=2.71, (e) t(18)=2.54, (f) t(21)=13.42. Data 

(d-f and j-l) were analyzed by unpaired t-test. Data (g-i) were analyzed by 1-WAY ANOVA and Tukey’s 

post-hoc tests were performed for pairwise comparisons; selected comparisons are highlighted ***p < 

0.001, **p < 0.01, *p < 0.05. (g) Aβ34, 1-WAY ANOVA, F(2,15)=10.33, p = 0.0015, (h) Aβ40, 1-WAY 

ANOVA, F(2,15)=11.75, p = 0.0009, (i) Aβ42, 1-WAY ANOVA, F(2,15)=6.637, p = 0.0086. 

 

1.3.2. BACE1 expression promotes Aβ34 generation from APP and APP-C99 in vitro 

To further determine how increased APP or BACE1 expression is influencing the balance 

between amyloidogenic and amyloidolytic cleavages, we tested cells transfected with increasing 

amounts of cDNA of either BACE1 or APP.  

When corresponding Western blots were quantified, increases in sAPPβ and sAPPtotal were 

observed under both APP695 and BACE1 overexpression conditions. However, the increase in 

APP processing by β-secretase, indicated by sAPPβ levels, was more pronounced under BACE1 

overexpression compared to APP695 overexpression (Supplementary Figure 1a-d). Upon dose-

dependently increased BACE1 levels (Figure 5a), Aβ34 levels started to rise above Lower Limit 

of Detection (LLOD) with the lowest amount of BACE1 transfected and in a linear manner (y = 

0.3225x + 103.0, p< 0.0001) over the entire range (Figure 5c). APP overexpression in HEK293T 

cells resulted in increased levels of APP but left Aβ34 levels unaltered (Figure 5b and c). These 

results demonstrate that a surplus of BACE1, but not of APP, promotes amyloidolytic cleavage 

yielding higher Aβ34 levels in non-neuronal cells where endogenous BACE1 expression is 

naturally low (Colombo et al., 2013).  

To study Aβ34 formation independently from prior β-secretase cleavage of APP by 

BACE1 (cleavage at the Asp1 residue), we used a construct that encodes for the immediate γ-

secretase substrate β-CTF, termed as APP-C99 (Cole and Vassar, 2007, Lichtenthaler et al., 1999) 

(Figure 5d). HEK293T cells were co-transfected with both increasing concentrations of BACE1 
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and a constant amount of APP-C99 and expression was verified by Western blot (Figure 5d and 

e). Aβ34 levels were below LLOD under mock condition. A steady rise of Aβ34 levels was 

observed in BACE1 and APP-C99 co-transfected cells. Additionally, Aβ40 and Aβ42 levels were 

dose-dependently reduced in these co-transfected cells (Supplementary Figure 1e and f). To prove 

that Aβ34 generation depended on the cleavage at the β34 site, we used an engineered mutant 

construct, where amino acid residue 35 (M35) of APP-C99 was mutated to Ile encoding for APP-

C99 M35I (Figure 5e). Under these conditions amyloidolytic cleavage at the β34 site was abolished 

(Figure 5f).  

The quantitative analysis of the conditioned media from APP-C99 and BACE1 co-

transfected HEK293T cells showed that BACE1 overexpression increased Aβ34 levels (Figure 5g) 

while Aβ40 and Aβ42 levels were diminished (Figure 5h and i). Surprisingly, Aβ34 peptides were 

the predominating species under BACE1 and APP-C99 co-expressing conditions, as verified in 

immunoprecipitates by Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry 

(MALDI-MS) (Figure 5j and k). Quantitative and qualitative results confirm that longer and 

shorter Aβ species are released by cells only overexpressing APP-C99 (Figure 5k) but increased 

BACE1 levels correspond with increased detection of Aβ34 species.  
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Figure 5:  BACE1 overexpression and co-expression with APP-C99 enhanced Aβ34 production from 

Aβ40 and Aβ42 
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Expression of APP, APP-C99, and BACE1 and Aβ34 generated from endogenous levels of APP and under 

APP and APP-C99 overexpression conditions (wild-type APP-C99 and APP-C99 M35I mutant) were 

analyzed by Western blot and ELISA, respectively. HEK293T cells were transfected with indicated 

increasing amounts of cDNA coding for BACE1 (a) or APP695 (b) or APP-C99 and BACE1 (d) or APP-

C99 M35I and BACE1 (e). Representative Western blots from 5 independent experiments for the 

examination of APP, BACE1, sAPPβ and sAPPtotal expression (a, b, d and e). Quantification of absolute 

amounts of Aβ34 by ELISA (c and f). Aβ generation from BACE1 and/or APP-C99 overexpressing 

HEK293T cells was analyzed by ELISA, and immunoprecipitation (IP) Matrix Assisted Laser 

Desorption/Ionization (MALDI) mass spectrometry (MS). Cells were transfected with APP-C99, BACE1, 

and/or empty vector (Mock). Quantification of absolute amounts of Aβ34 (g), Aβ40 (h), and Aβ42 (i) with 

specific ELISAs. Aβ species were immunoprecipitated with monoclonal W02 and analyzed by MALDI-

MS. Representative spectra from 3 independent experiments (j and k). Bars and error bars indicate mean ± 

s.e.m. Tukey’s post-hoc tests were performed for pairwise comparisons; selected comparisons are 

highlighted ***p < 0.001, *p < 0.05. (c) Aβ34, 1-WAY ANOVA, F(4,20)=89.90, p < 0.0001, (f) Aβ34, 1-

WAY ANOVA, F(5,24)=28.28, p < 0.0001, (g) t-test, t(6)=8.44, (h) t-test, t(6)=5.16, (i) t-test, t(6)=3.68. 

Linear regression was performed for the linearity test between BACE1 overexpression and Aβ34 levels 

(between 31.25 ng and 250 ng BACE1 DNA treatment). F(4,20) = 72.21, p < 0.0001 with the equation y = 

0.3225x + 103.0. 

 

1.3.3. Cellular localization of BACE1 modulates its amyloidolytic activity 

Next, we verified whether Aβ34 is generated in the endo–lysosomal system. We tested 

BACE1 mutants with amino acid substitutions in the acidic cluster motif, DDISLL (residues 495–

500 of BACE1 contained within its cytosolic C-terminal domain) that are well-known for altering 

intracellular localization and trafficking of BACE1. Notably, substitutions of D495 or L499-L500 

in the [DE]XXXL[LI] signal (Kinoshita et al., 2003) were described to decrease endosomal 

localization and increase plasma membrane localization of BACE1 (Bonifacino and Traub, 2003, 

Prabhu et al., 2012). 

We explored the amyloidolytic activity under the condition of impaired endosomal 

localization and trafficking using two different BACE1 constructs (LL/AA [DDISAA] and D495R 

[RDISLL]) in cells either stably overexpressing full-length APP or APP-C99. Unlike Aβ40 and 

Aβ42 levels, which were approximately 7-and 5-fold higher in APP-C99-overexpressing cells, 

respectively, compared to APP-overexpressing cells, Aβ34 levels were relatively similar in both 

cell types, which supports the results from APP-C99 and BACE1 co-transfected cells shown above 
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(Figure 5f) implying that BACE1 most likely is the limiting factor for amyloidolytic activity.  At 

similar expression levels of wild-type BACE1 and of the mutant constructs (Figure 6a and f), 

relative levels of Aβ40 and Aβ42 remained unaltered when compared to the control (“Mock”) 

(Figure 6c, d, h and i). In contrast, Aβ34 levels were reduced by ~55% (compared to wt) for both 

BACE1 trafficking mutants in APP overexpressing cells (Figure 6b) and by ~25% (LL/AA) and 

~10% (D495R) in APP-C99 overexpressing cells (Figure 6g). The observed effect was attenuated 

in APP-C99 overexpressing cells, likely due to an excessive supply of substrate, i.e., 10- (compare 

Figure 6c and h) and 6-fold higher levels (compare Figure 6d and i) of Aβ40 and Aβ42, 

respectively.  

We verified the cellular localization of BACE1 mutants that impair endosomal trafficking 

(Bonifacino and Traub, 2003) by immunocytochemistry (ICC). Briefly, wild-type BACE1 showed 

a punctate like staining (Figure 6e and j) which overlapped with both the early-endosome marker 

EEA1 (early-endosome associated protein 1) and the lysosome marker LAMP1 (lysosome-

associated membrane protein 1) in both cell types (Chia et al., 2013, Sannerud et al., 2011) 

(Supplementary Figure 2). Quantitative colocalization analyses showed a significantly reduced 

colocalization with early endosomal marker EEA1 and lysosomal marker LAMP1 for both BACE1 

variants, LL/AA and D495R (Supplementary Figure 2g and h), which is in agreement with 

previous reports(Andrew et al., 2017, Kang et al., 2012, Prabhu et al., 2012).  

Altogether, quantification and colocalization results suggest that Aβ34 is mainly produced 

within the endo-lysosomal compartments, and mutations altering BACE1 localization impair 

Aβ34 production due to mislocalization or a delayed transport of the mutant enzyme. 
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Figure 6: Altered localization of BACE1 to the endo-lysosomal system affected Aβ34 production 
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Expression of BACE1 mutants and Aβ34, Aβ40 and Aβ42 levels were analyzed by Western blot and ELISA 

assays, respectively. Localization of BACE1 encoded by mutant constructs was analyzed by ICC. 

Representative Western blots of BACE1 and APP expression from 5 independent experiments with SH-

SY5Y-APP (a) and SH-SY5Y-APP-C99 cells (f) transfected with different variants affecting BACE1 

trafficking or mock. Absolute amounts of Aβ34 (b and g), Aβ40 (c and h), and Aβ42 (d and i). 

Representative ICC heatmaps of BACE1 wild-type, D495R and LL/AA in SH-SY5Y-APP (e) and SH-

SY5Y-APP-C99 (j) cells from 3 independent experiments. Bars and error bars indicate mean ± s.e.m. 

Tukey’s post-hoc tests were performed for pairwise comparisons; selected comparisons are highlighted 

***p < 0.001, **p < 0.01, *p < 0.05. (c) Aβ34, 1-WAY ANOVA, F(3,16)=21.41, p < 0.0001, (d) Aβ40, 1-

WAY ANOVA, F(3,16)=0.2724, p = 0.8444, (e) Aβ42, 1-WAY ANOVA, F(3,16)=0.2775, p = 0.8408, (g) 

Aβ34, 1-WAY ANOVA, F(3,16)=13.20, p < 0.0001, (h) Aβ40, 1-WAY ANOVA, F(3,16)=0.9514, p = 

0.4468, (i) Aβ42, 1-WAY ANOVA, F(3,16)=0.05190, p = 0.9838. 

 

1.3.4. PS2 γ-secretase but not PS1 complexes contribute to Aβ34 production 

Literature indicates that numerous C-terminally truncated Aβ species are generated by the 

γ-secretase complex in a PS1/2-dependent manner (Beher et al., 2002, Olsson et al., 2014, 

Vandermeeren et al., 2001) and that γ-secretase activity is required first to produce secreted Aβ 

species (Fluhrer et al., 2003, Olsson et al., 2014) which are then cleaved again by BACE1 to 

generate Aβ34. 

To dissect the roles of PS1- and PS2-containing γ-secretase complexes in Aβ34 generation, 

we performed titration experiments with small interfering RNAs (siRNAs) to silence PSEN1 or 

PSEN2 expression. In a double knockdown titration experiment with either decreasing or 

increasing amounts of PS1 or PS2 siRNA and vice versa (Figure 7), the total siRNA amount was 

equivalent to 15 pmol. The gradual downregulation of PSEN1 or PSEN2 was verified by Western 

blot analysis (Figure 7a-c). Aβ34, Aβ40 and Aβ42 levels were quantified by ELISA in cell media 

(Figure 7d-f) and by MSD in cell lysates (Figure 7g-i). A significant gradual decrease in Aβ34 

levels was uniquely observed with decreasing PS2 while Aβ40 and Aβ42 levels remained 

unchanged in cell media (Figure 7d-f). The highest PS2 knockdown resulted in a significant 

reduction of Aβ34 by ~20% (Figure 7d). In contrast, Aβ34, Aβ40 or Aβ42 levels remained constant 

in cell lysates (Figure 7g-i). In cell media, Aβ40/Aβ42 ratio did not change at any given 
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knockdown; however, in cell lysates Aβ40/Aβ42 ratio significantly decreased with the highest PS1 

knockdown (data not shown), which has been previously reported in the literature (Sannerud et 

al., 2016). Notably, PS1 protein levels increased 1.5-fold above the levels yielded by controls upon 

gradual PS2 knockdown, likely as a compensatory reaction (Figure 7b). This effect was specific 

for PS1 and not observed for PS2 since upon PS1 siRNA treatment, PS2 protein levels remained 

constant (Figure 7c). Aβ34 levels were not affected by the compensatory increase of PS1 but 

surprisingly decreased with PS2 reduction. This result suggests that PS2-γ-secretase complexes 

possess a unique role in Aβ34 generation while PS1 is not involved. 

We verified the results of the combinatorial knockdown experiment with single 

knockdowns of either PSEN1 or PSEN2 (Supplementary Figure 3). The gradual downregulation 

of PSEN1 or PSEN2 was analyzed by Western blot (Supplementary Figure 3a-c and e-g) and Aβ34, 

Aβ40 and Aβ42 levels in cell media were quantified by ELISA (Supplementary Figure 3d and i). 

Downregulation of PSEN1 left Aβ34, Aβ40 and Aβ42 levels unaltered (Supplementary Figure 3d) 

and PS2 levels did not change upon gradual PS1 knockdown as described above (Supplementary 

Figure 3c). In agreement with data shown in Figure 7b, PS1 levels showed an unexpected 

compensatory increasing trend upon gradual PS2 knockdown (Supplementary Figure 3g). Similar 

to the combinatorial knockdown experiments (Figure 7), a significant gradual decrease in Aβ34 

levels was observed with decreasing PS2 while Aβ40 and Aβ42 levels remained unchanged 

(Supplementary Figure 3i) and the highest PS2 knockdown resulted in an approximately 20% 

reduction of Aβ34 levels, confirming the result above that PS2-γ-secretase but not PS1 contributes 

to Aβ34 generation. 
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Figure 7: PS2 but not PS1 knockdown reduced Aβ34 levels from BACE1 overexpressing cells  

Expression of PS1 and PS2 and Aβ levels were analyzed by Western blot, ELISA and MSD assays, 

respectively. Representative Western blots from 7 independent experiments for combinatorial PS1 and PS2 

knockdown in SH-SY5Y BACE1 overexpressing cells (a). Quantification of relative amounts of PS1 (b) 

and of PS2 (c), and absolute amounts of Aβ34 (d), Aβ40 (e), and Aβ42 (f) in cell media by ELISA and 

Aβ34 (g), Aβ40 (h), and Aβ42 (i) in cell lysates by MSD. Bars and error bars indicate mean ± s.e.m. 

Dunnett’s post-hoc tests were performed for pairwise comparisons; selected comparisons are highlighted 

***p < 0.001, **p < 0.01, *p < 0.05. (b) PS1, 1-WAY ANOVA, F(5,36)=20.06, p < 0.0001, (c) PS2, 1-

WAY ANOVA, F(5,36)=26.37, p < 0.0001, (d) Aβ34, 1-WAY ANOVA, F(5,35)=4.268, p < 0.005, (e) 

Aβ40, 1-WAY ANOVA, F(5,36)=0.6677, p = 0.6504, (f) Aβ42, 1-WAY ANOVA, F(5,36)=2.502, p = 

0.0523, (g) Aβ34, 1-WAY ANOVA, F(5,23)=0.8428, p = 0.5334, (h) Aβ40, 1-WAY ANOVA, 

F(5,24)=2.276, p = 0.0791, (i) Aβ42, 1-WAY ANOVA, F(5,21)=1.869, p = 0.1429. 
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1.3.5. Pharmacological inhibition of BACE1 differentially affects amyloidogenic and 

amyloidolytic activities 

To investigate how BACE1 inhibition can affect Aβ34 generation under the conditions of 

APP, APP-C99 or BACE1 overexpression in SH-SY5Y cells we tested the BACE1-specific 

inhibitor LY2811376 (10-7 M) (May et al., 2011).  

We verified protein levels and overexpression by Western blot (Figure 8a). When 

supernatants of wild-type cells (control) were analyzed, all Aβ forms were below LLOD of ELISA 

(Figure 8b). Note that, stably BACE1 overexpressing cells have higher Aβ34 levels compared to 

stably APP or APP-C99 overexpressing cells, since more BACE1 leads to more Aβ34 production. 

APP-C99 overexpressing cells showed significantly decreased levels of Aβ34 upon LY2811376 

treatment but Aβ40 and Aβ42 levels remained constant at a high level (Figure 8c). Aβ40 and Aβ42 

substrate levels are ~100 fold higher than Aβ34 levels in these cells; therefore, it would be nearly 

impossible to see a slight increase in Aβ40 and Aβ42 levels which is expected to result from a 

decreased amyloidolytic activity indicated by altered Aβ34 levels. In BACE1 overexpressing cells, 

Aβ34 levels remained unaltered at a very high level whereas Aβ40 and Aβ42 levels were 

significantly elevated when BACE1 was inhibited (Figure 8d). In contrast to BACE1 

overexpressing cells, APP overexpressing cells showed significantly decreased levels of Aβ40 and 

Aβ42 upon endogenous BACE1 inhibition, most likely due to decreased amyloidogenic activity 

of BACE1. Aβ34 levels were below LLOD (Figure 8e). Taken together, these findings indicate 

that changes in the levels of either APP, APP-C99 or BACE1 primarily affect the balance between 

BACE1-mediated Aβ production and clearance.  
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Figure 8: Pharmacological inhibition of BACE1 reduced Aβ34 levels in APP-C99 overexpressing cells 

and increased Aβ40 and Aβ42 levels in BACE1 overexpressing cells  

Expression of APP, BACE1 and APP-C99 was analyzed by Western blot and Aβ34, Aβ40 and Aβ42 levels 

were measured by ELISA. Representative Western blots from 4 independent experiments for BACE1 

inhibition by 10-7 M LY2811376 in SH-SY5Y-Mock, -APP, -APP-C99 and -BACE1 overexpressing cells 

(a). Quantification absolute amounts of Aβ34, Aβ40, and Aβ42 in SH-SY5Y-Mock (b), SH-SY5Y-APP-

C99 (c), SH-SY5Y-BACE1 (d) and SH-SY5Y-APP (d) cell media. Bars and error bars indicate mean ± 

s.e.m. Data were analyzed by unpaired t-test and selected comparisons are highlighted ****p < 0.0001, 

***p < 0.001, **p < 0.01, *p < 0.05. (c) Aβ34, t(6) = 2.881, (d) Aβ40, t(6) = 11.43, Aβ42, t(6) = 5.524, (e) 

Aβ40, t(6) = 7.642, Aβ42, t(6) = 9.447. 
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1.4.Discussion 

An imbalance between the formation and elimination of Aβ peptides has been suggested 

as the trigger in the pathogenesis of AD (Bateman et al., 2006, Neumann et al., 2015). However, 

the knowledge about proteolytic degradation of Aβ discovered to date is rather limited to the family 

of amyloid-degrading enzymes (ADEs) with both membrane-bound and soluble members 

including extracellular matrix metalloproteinases (MMP2 and MMP9), IDE, NEP and ECE 

(Hernandez-Guillamon et al., 2015, Saido and Leissring, 2012, Grimm et al., 2013, Nalivaeva et 

al., 2014, Pacheco-Quinto and Eckman, 2013). 

Previous reports showed that a cleavage between L34 and M35 of the Aβ sequence exerted 

by BACE1 produced the non-amyloidogenic Aβ34 peptide, a soluble and non-toxic C-terminally 

truncated degradation product of longer Aβ peptides (Fluhrer et al., 2003, Shi et al., 2003, Caillava 

et al., 2014). Aβ34 thus differs from aggregation prone Aβ species deposited in AD brain tissue. 

We identified Aβ34 as an indicator of amyloid clearance since Aβ34 was elevated in individuals 

with mild cognitive impairment (Liebsch et al., 2019). Moreover, a significantly decreased 

Aβ34/Aβ40 ratio was observed in microvessels from AD patients due to a reduced proteolytic 

degradation of amyloid peptides in AD (Kirabali et al., 2019). 

Here, we provide mechanistic evidence in vitro and in vivo supporting a prominent role of 

BACE1 in Aβ clearance. Under conditions of either elevated levels of APP or of BACE1, Aβ34 

production was only enhanced under a surplus of BACE1. Increasing amounts of BACE1 resulted 

in a dose-dependent increase in Aβ34 levels in all our experimental test systems. Specifically, the 

levels of Aβ34 depends directly on increased BACE1 levels in AD brain, i.e., Aβ34 levels were 

approximately 2-fold elevated in the brains of individuals with AD compared to non-demented 

controls and levels coincided with roughly 2-fold higher BACE1 levels in vivo. While increased 
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BACE1 levels and its amyloidogenic activity in AD have been reported before (Fukumoto et al., 

2002, Holsinger et al., 2002, Li et al., 2004, Yang et al., 2003), the biological significance of 

BACE1 for amyloid clearance had remained enigmatic. We successfully confirmed an association 

between BACE1 expression and Aβ34 levels indicating amyloid clearance (i) in genetically 

modified mice where a single copy of the BACE1 gene (BACE1 +/-) halved Aβ34 levels and (ii) 

in cell culture systems where the linearity between BACE1 and Aβ34 levels remained stable even 

at high BACE1/APP ratios. Thus, our findings provide an explanation for the previously reported 

and paradoxical inverse relationship for BACE1 expression and Aβ levels measured in in vitro and 

in vivo test systems under conditions of genetic and pharmacological manipulation of BACE1 

expression (Bodendorf et al., 2002, Chiocco et al., 2004, Egan et al., 2018, Lee et al., 2003, Lee et 

al., 2005, Rockenstein et al., 2005, Scholz et al., 2018). 

Further, we identified the endo-lysosomal system as the critical compartment for 

amyloidolytic cleavage of longer Aβ species into Aβ34 product. The finding that two BACE1 

trafficking mutants known to impair endosomal trafficking (Bonifacino and Traub, 2003) reduced 

Aβ34 levels while Aβ40 and Aβ42 levels remained unchanged is in agreement with reports that 

BACE1 activity is optimal at acidic pH in early endosomes and lysosomes (Shimizu et al., 2008, 

Toh et al., 2018, Bonifacino and Traub, 2003). Further, knockdowns of either the PS1 or the PS2 

subunit showed that Aβ34 levels were specifically reduced upon PS2 knockdown. Thus, PS2-γ-

secretase, rather than PS1, is involved in Aβ34 generation which is in full alignment with their 

reported cellular activities, as PS2 selectively cleaves late endosomal/lysosomal localized 

substrates and generates the prominent pool of intracellular Aβ peptides (Sannerud et al., 2016). 

This assumption implies that Aβ peptide substrates are originating from PS2-γ-secretase 

complexes for BACE1 amyloidolytic cleavage. Thus, we propose that BACE1 amyloidolytic 
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activity in the endo-lysosomal system might provide specificity and a spatial and temporal control 

of amyloid clearance through the BACE1-amyloidolytic-activity pathway. In agreement with this 

view, longer Aβ forms are more prone to aggregation in acidic compartments (Esbjörner et al., 

2014, Hu et al., 2009) requiring that clearance of Aβ40 and Aβ42 in acidic compartments is 

essential and must be highly effective. 

Studies in rats, monkeys and dogs reported a decrease in Aβ40 and Aβ42 levels in CSF 

upon BACE1 inhibition (Kennedy et al., 2016, Mattsson et al., 2012) together with a slight 

decrease of Aβ34 levels (Mattsson et al., 2012). This decreased trend in Aβ40 and Aβ42 levels 

resemble those we observed with APP-overexpressing cells in which BACE1 is the limiting factor 

for amyloidogenic pathway. When BACE1 is inhibited, there is less processing of APP and 

reduced production of Aβ species. On the other hand, we also analyzed APP-C99 overexpressing 

cells, in which the initial BACE1-mediated β-site cleavage of APP, as a factor that directly 

influences Aβ34 production, is bypassed. Under such conditions, Aβ34 levels were primarily 

decreased upon BACE1 inhibition, indicating that the inhibitor treatment first and foremost 

affected amyloidolytic activity of BACE1. However, in BACE1 overexpressing cells, where APP 

is the limiting factor for the amyloidogenic pathway, both Aβ40 and Aβ42 levels were increased 

upon BACE1 inhibition with no effect on Aβ34 levels. This observation could result from either 

an increased amyloidogenic activity, a possibility which we did not investigate, or more likely, a 

reduced amyloidolytic activity of BACE1. The differential effect of the BACE1 inhibitor on Aβ 

levels suggests that the substrate to enzyme ratio is the major factor to affect the balance between 

amyloidogenic and amyloidolytic activity of BACE1. Under pathological conditions, i.e., elevated 

BACE1 levels in AD, especially in specific brain regions and in dystrophic neurites surrounding 

amyloid plaques (Sadleir et al., 2016, Peters et al., 2018), could potentially create an environment 
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in which an incomplete BACE1 inhibition may lead to increased levels of amyloidogenic and 

potentially toxic Aβ.  
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1.5.Materials and Methods 

1.5.1. Plasmids and siRNAs 

A human BACE1 construct (full length BACE1, isoform A; pcDNA3.1+/Zeo; Invitrogen), 

APP695 (with an N-terminal Myc-tag; pcDNA3.1+/Zeo; Invitrogen) and APP-C99 (with a C-

terminal FLAG-tag; pcDNA3.1+/Zeo; Invitrogen) were used for transient overexpression in 

HEK293T cells. Point mutations were introduced by site-directed mutagenesis, using PfuUltra II 

Fusion HS (Stratagene/Agilent) followed by DpnI (NEB) digestion. All constructs were verified 

by DNA sequencing. For creating stably expressing SH-SY5Y cells, full-length human BACE1 

(isoform A) and full-length human APP (isoform APP695, with an N-terminal Myc tag), in the 

mammalian expression vector pCEP4, Hygro (Invitrogen) were used. Mouse wild type BACE1 

construct with an N-terminal FLAG tag immediately following the propeptide cleavage was 

generated by overlap extension PCR and cloned in pSport6. LL/AA or D495R variants were then 

generated by PCR using reverse primers with the mutant sequence. Mock controls for 

corresponding plasmid backbones were used. For knockdown, siGENOME non-Targeting siRNA 

Pool #1 (D-001206-13-05), SMARTpool siGENOME Presenilin 1 (M-004998), and Presenilin 2 

(M-006018) were used. 

1.5.2. Human Brain Samples 

The brain samples were obtained from The Netherlands Brain Bank (NBB), Netherlands 

Institute for Neuroscience, Amsterdam (open access: www.brainbank.nl). All material has been 

collected from donors having provided written informed consent for a brain autopsy and the use 

of the material and for whom clinical information for research purposes had been obtained by the 

NBB. Frozen samples from the temporal cortex from non-demented controls (n=5) and confirmed 

Alzheimer disease Braak 4 to Braak 6 (n=20) were prepared as previously described (Kulic et al., 
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2012). In brief, brain samples were thawed on ice, weighed and homogenized in buffer A (100 

mM Tris-HCl, 150 mM NaCl, 2x complete protease inhibitor cocktail (Roche)) using 

gentleMACS™ M Tubes/Dissociator at 4°C (Miltenyi Biotech). TritonX-100, final concentration 

1%, was added and samples were incubated for 1 h with agitation at 4°C. Lysates were centrifuged 

at 10,621 rcf in a microfuge (Eppendorf) at 4°C for 15 minutes to remove the nuclear fraction. 

Samples were measured with bicinchoninic acid assay (BCA assay, Thermo Fisher Scientific Inc., 

Pierce) and MSD assays. 

1.5.3. Mouse Brain Lysates 

Cortices of transgenic mice expressing London APP and their wild-type littermates were 

provided by Dr. Claus Pietrzik’s laboratory at the University of Mainz, Germany. Cortices of 

BACE1 +/+, BACE +/- and BACE1 -/- mice were provided by Dr. Paul Saftig’s laboratory in 

University of Kiel, Germany. All mice were on C57BL/6 strain genetic background and were 6-

months of age when sacrificed. Frozen mouse brains were thawed on ice, weighed, and 

homogenized in the homogenization buffer (100 mM Tris-HCl pH: 7.5, 150 mM NaCl and 2x 

complete protease inhibitor cocktail (Roche)) using Dounce homogenizer. 10% Triton-X was 

added to the homogenates (final concentration: 1%). Brain homogenates were lysed at 4°C for 1 

hour on a rotator. Lysates were centrifuged at 10,621 rcf in a microfuge (Eppendorf) at 4°C for an 

hour to remove the debris. Supernatants were collected and diluted in the appropriate buffers for 

BCA, Western blot and MSD assays. 

1.5.4. Cell Culture and Transfection 

Human Embryonic Kidney (HEK293T) cells (DSMZ No. ACC305; DSMZ, 

Braunschweig, Germany) cells were grown in DMEM (High glucose (4.5g/l), 10% fetal bovine 

serum (FBS), 2mM glutamine, 1 mM pyruvate) in a humidified incubator at 37°C 5% CO2. For 
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transient transfection experiments, cells were seeded on 6-well plates (Fisher) coated with poly-

D-lysine (Sigma) and transiently transfected (with the plasmids indicated for each experiment) 20-

24 hours later by using TransFectin according to the protocol provided by the manufacturer 

(Biorad). 24 hours after transfection, media of the cells were changed, and cells were conditioned 

for 16 hours before sample collection. 

Human neuroblastoma (SH-SY5Y) cells (DSMZ No. ACC209; DSMZ, Braunschweig, 

Germany) stably overexpressing BACE1, APP or APP-C99 were cultured in DMEM/F12 (10% 

fetal bovine serum (FBS), 2 mM L-glutamine, 1 mM sodium pyruvate) in a humidified incubator 

at 37°C 5% CO2. Stable cell lines were selected with 250 µg/ml Hygromycin B (Milipore). For 

the experiment involving LY2811376, cells were seeded in 6-well plates (Fisher). LY2811376 was 

dissolved in DMSO and compared to vehicle treatment (1:1000 = 0.1 %). 24 hours later, they were 

treated with the inhibitor. 72 hours after treatment, cells were harvested. For BACE1 localization, 

cells were seeded on 6-well plates (Fisher) and transfected with FuGENE HD (Promega) after 24 

hours. 72 hours after the transfection, cells were harvested. For PS1 and/or PS2 knockdown 

experiments, cells were seeded on 6-well plates (Fisher) and treated with either control, PS1 or 

PS2 siRNA (concentration of the siRNA depended on the experiment) 24 hours later by using 

RNAiMax according to the protocol provided by the manufacturer (Invitrogen). 72 hours after the 

treatment, cells were harvested. For ICC experiments, cells were seeded on 24-well plates (Fisher) 

and the same protocols were applied. 

1.5.5. Sample Preparation 

For all experiments performed, cells were harvested on ice. Conditioned media were 

centrifuged at 2000 rpm at 4°C for 10 minutes and Aβ34, Aβ40 and Aβ42 levels were quantified 

by ELISA. Cells were washed with cold PBS and lysed with Whole Cell Extract Buffer (25 mM 
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HEPES (pH 7.7), 0.3 M NaCl, 1.5 mM MgCl2, 0.2 mM ethylenediaminetetraacetic acid, 0.1% 

Triton-X-100, 0.5 mM dithiothreitol, 4 mM NaF, 0.1 mM Na3VO4, 1 mM PMSF, Complete 

Protease Inhibitor Cocktail (Roche)) at 4°C for 60 mins. Cell lysates were cleared from nuclear 

material by centrifugation at 10000 rpm at 4°C for 15 minutes and protein levels were detected by 

Western Blot. 

1.5.6. Western Blot Analysis 

Samples were prepared by adding LDS loading buffer and 2-Mercaptoethanol to the cell 

lysates according to the protocol provided by the manufacturer (Invitrogen). The proteins were 

solubilized and denatured by heating the samples to 70°C for 10 mins. Proteins were separated on 

4-12% Bis-Tris gradient gels (Invitrogen) and were transferred to 0.45 µm nitrocellulose (Biorad) 

or polyvinylidene difluoride (PVDF) (Millipore) membranes at 400 mA at 4°C for 2.5 hours. 

Proteins were detected by the antibodies indicated in the antibodies section. The primary and 

secondary antibodies were used in phosphate-buffered saline. Signals were recorded on 

ImageQuant LAS 500 and LAS 600 (GE Healthcare Life Sciences).  

The primary antibodies used for Western Blot analysis were the following: anti-BACE1 

1:2,000 dilution (monoclonal D10E5, Cell Signaling), anti-BACE1 1:2,000 dilution (B0681, 

Sigma-Aldrich), anti-actin 1:5,000 dilution (monoclonal mab1501, Millipore), anti-sAPPβ 1:2,000 

dilution (IBL), and anti-APP ectodomain 22C11 1:10,000 dilution (Millipore), anti-flag 1:1,000 

dilution (M2, F1804, Sigma-Aldrich), anti-PS2 (ab51249, Abcam), and anti-PS1 1:10,000 dilution 

(ab76083, Abcam).  

The secondary antibodies used for Western Blot analysis were the following: anti-mouse- 

and anti-rabbit-horseradish peroxidase 1:10,000 dilution (Promega).   
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Quantification of the Western Blots were performed with ImageJ and all protein levels 

were normalized to actin. 

1.5.7. Meso Scale Discovery (MSD) Assay 

Custom-printed 4-plex plates were used as described previously (Liebsch et al., 2019). 

Plates were blocked with 150 µl 5% MSD Blocker A solution for an hour at room temperature 

with gentle shaking and washed 3 times with 250 µl PBS-T (0.05% tween). Peptide calibrators 

were diluted in MSD Diluent 35. Plates were loaded with samples and calibrators together with 

SULFO-TAGTM 4G8 or 6E10 detection antibody diluted in MSD Diluent 100 and incubated 

overnight at 4°C with gentle shaking. After three washes with 250 µl PBS-T, 150 µl 2x MSD read 

buffer was added to the wells. Plates were read by an MSD QuickPlex SQ 120 Imager and data 

were analyzed by MSD Workbench® software.  

1.5.8. Sandwich-based Enzyme-Linked Immunosorbent Assay (ELISA) 

5 μg/ml monoclonal anti-Aβ34 (226), anti-Aβ40 (G2-10) or anti-Aβ42 (G2-13) capture 

antibody in 100 mM sodium carbonate (pH 9.6) were used to coat the 96-well NuncTM plates 

(Thermo Fisher Scientific Inc.). The sealed plates were incubated overnight at 4°C with gentle 

shaking. Plates were washed 5 times 10 minutes with PBS-T washing buffer (1.1 mM NaH2PO4, 

8.5 mM Na2HPO4, 13.7 mM NaCl, (pH 7.4), 0.1% Tween-20). 250 μl Stabil Coat®Immunoassay 

Stabilizer (SurModics Inc.) was used for blocking and plates were incubated for 2 hours at room 

temperature with gentle shaking. 50 μl of 0.075 μg/ml detection antibody, W02-biotin, in assay 

buffer (90% 11 mM NaH2PO4, 85 mM Na2HPO4, 137 mM NaCl, (pH 7.4), 0.5% Tween-20, 1.5% 

BSA, 0.01% Thimerosal, and 10% SeaBlock blocking buffer (Thermo Fisher Scientific Inc.) was 

loaded to the wells together with 50 μl sample (cell media) or calibrator (synthetic peptide 

standards diluted in DMEM or DMEM/F12). After overnight incubation at 4°C with gentle 
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shaking, plates were washed 5 times for 10 minutes with PBS-T washing buffer. For Aβ40 ELISA, 

100 μl Mono-HRP-conjugated-streptavidin (Pierce) (0.1 μg/ml) in Mono-HRP buffer (11 mM 

NaH2PO4, 85 mM Na2HPO4, 137 mM NaCl, (pH 7.4), 0.05% Tween-20, 6% PEG) or for Aβ34 

and Aβ42 ELISA (for higher sensitivity), 100 μl Poly-HRP-conjugated-streptavidin (Pierce) 

(1:20,000 dilution) in Poly-HRP buffer (1.1 mM NaH2PO4, 8.5 mM Na2HPO4, 13.7 mM NaCl, 

(pH 7.4), 0.1% Tween-20, 5% BSA) was added to the wells. Plates were incubated for 1 hour at 

room temperature with gentle shaking and washed 5 times for 10 minutes with PBS-T washing 

buffer. For the initiation of enzymatic reaction, 100 μl 1-StepTM Ultra TMB-ELISA Substrate 

(Thermo Fisher Scientific Inc.) solution was added to the wells and the plates were incubated at 

room temperature in the dark for up to 30 minutes. To stop the reaction, 50 μl 1 M H2SO4, per 

well, was added. Using Synergy H1, BioTek Instruments Inc. plate reader, absorbance at 450 nm 

and 630 nm as a reference was measured. The data analysis was performed with Gen5 

BioTek®software. For the fitting of standard curves obtained from the absorbance of calibrators, 

a non-linear four-parameter logistic fit without weighting was used as follows 

𝑦 = 𝑏2 +
𝑏1 − 𝑏2

1 + (
𝑥
𝑏3
)𝑏4

 

where y is signal, x is concentration, b2 is estimated response at the infinite concentration, b1 is 

estimated response at zero concentration, b3 is mid-range concentration and b4 is slope factor. 

1.5.9. Immunocytochemistry 

For all immunofluorescence experiments, 12 mm coverslips were used (Fisherbrand™ 

Catalog# 12CIR1602811G). SH-SY5Y cell lines were fixed with 4% formaldehyde in phosphate 

buffered saline. Cells were then permeabilized with 1% Triton X-100 for 10 minutes and blocked 

immediately for 30 minutes with 2% bovine serum albumin (BSA) in phosphate buffered saline 
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solution. After blocking, coverslips were incubated with the primary antibody overnight at 4 °C. 

The following day, the primary antibody was washed off, the coverslips were washed 3 times in 

2% BSA buffer and were then incubated with secondary antibody for 30 minutes. After incubation, 

coverslips were washed in PBS and nuclei were stained with NucBlue (ThermoFisher catalog 

#R37606). In order to visualize the actin network some cells were stained with Phalloidin for 20 

minutes according to the manufacturer’s instructions (ThermoFisher catalog #A22287). Coverslips 

were then mounted onto microscope slides using the Aqua-Poly/Mount media (Polysciences 

Catalog #18606-20).   

The primary antibodies used for immunofluorescence were the following: anti-EEA1 

antibody 1:200 dilution (Cell Signaling #3288), anti-LAMP1 antibody 1:200 dilution (Cell 

Signaling #9091), and anti-BACE1 C-term antibody 1:100 dilution (Millipore MAB5308).  

The secondary antibodies were acquired from Life Technologies: goat anti-rabbit IgG cross 

adsorbed Alexa Fluor 647 (ThermoFisher catalog #A-21245; diluted 1:10,000), goat anti-mouse 

IgG cross absorbed Alexa Fluor 568 (ThermoFisher catalog #A-11031) or goat anti-mouse IgG 

cross absorbed Alexa Fluor 488 (ThermoFisher catalog #A-11001). 

1.5.10. Confocal Microscopy and Image Analysis 

Single- or double-immunolabeled (Alexa Fluor-488, -568 or -647) samples were analyzed 

at the Imaging & Molecular Biology Platform (IMBP; McGill Life Sciences Complex) using a 

TCS SP8 multi-photon confocal microscope (Leica) with 63x/1.40 oil-immersion objectives 

(Leica,Wetzlar, Germany). Samples were excited with Coherent Chameleon Vision II multiphoton 

at 730 nm (2660mW) for DAPI imaging. For each sample, 12–30 z-stack images were acquired 

using the same laser intensity settings for quantification. Z-stack images were processed using 

Image-J (Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, 
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https://imagej.nih.gov/ij/, 1997-2018) and total cell fluorescence was quantified with the analyze 

tool. To better visualize BACE1 localization, a heatmap was generated using Fire LUT in Image-

J. The IMARIS Image Analysis Software (Bitplane (Oxford Instruments), MA, USA) software 

was used for cross-sectional analysis. BACE1 colocalization with EEA1 and LAMP1 were 

analyzed using ImageJ plugin JACoP (Bolte and Cordelières, 2006). 

1.5.11. Matrix-Assisted Laser Absorption Ionization Mass Spectrometry (MALDI-MS) 

Samples were first immunoprecipitated (IP). For each IP (4 °C, 18 h), 0.5 mL of 

conditioned cell culture supernatant was combined with 5 µg W02 (anti-Ab antibody) and 25 µL 

protein-G sepharose beads (GE Healthcare) in PBS (1 mL final volume). The samples were 

sequentially washed with PBS, followed by 10 mM Tris pH 7.5; 150 mM NaCl; 0.2% NP-40; 

2 mM EDTA, followed by 10 mM Tris pH 7.5; 500 mM NaCl; 0.2% NP-40; 2 mM EDTA, 

followed by three-times PBS and finally three-times 100 mM ammonium acetate (pH 7.4). The 

IPs were eluted twice using 350 µl volumes of 50% acetic acid. The vacuum-dried samples were 

resuspended in 10 µl of TA30 (33% acetonitrile and ultrasonicated. Samples were mixed 1:1 with 

α-cyanocinnamic acid matrix (CCA, Bruker Daltonics; 20 mg/mL in TA30) and applied to ground 

steel MALDI targets using the dried droplet method. Mass spectra were recorded on an 

UltrafleXtreme MALDI-TOF/TOF system (Bruker Daltonics) using the reflector positive 900-

4500 method (ion source 1 = 25 kV; ion source 2 = 22.30 kV; lens = 9.40 kV; reflector = 26.45 

kV; reflector 2 = 13.40 kV; pulsed ion extraction = 150 ns) and flexControl v1.4 and flexAnalysis 

v1.4 software. Ion intensity was evaluated by averaging four measurements of 500 shots each (i.e., 

2000 shots total per sample). 
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1.5.12. Statistical Analysis 

For all experiments, different conditions were analyzed by one factor ANOVA (between 

subject design) or two factor ANOVA. Pairwise comparisons were performed either with Dunnet’s 

or Tukey’s post-hoc tests. The statistical analysis was run by GraphPad Prism 5. For human brain 

samples, Welch’s t-tests were performed. 
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1.6.Ethics Approval and Consent to Participate 

Prior to starting the study, ethical approvals have been obtained. The study was conducted 

in accordance with Helsinki Declaration as revised in 2013. Post-mortem samples were collected 

from donors with a written informed consent for a brain autopsy and the use of the material for 

research purposes was obtained by the Netherlands Brain Bank. We complied with all relevant 

ethical regulations for animal tissue testing and research. Details on ethics approvals for animal 

studies are available from the laboratories in Germany that provided the material. 

  

https://www.wma.net/what-we-do/medical-ethics/declaration-of-helsinki/
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1.9.Supplementary Figures and Tables 

Supplementary Table 1: Disease state, sex and age of the AD patients and controls 

Disease state, Braak stage, sex, age, and postmortem delay of post-mortem brain temporal cortex tissues 

used for analysis shown in figure 4. 
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Supplementary Figure 1: APP processing under BACE1, APP695 or APP-C99 overexpression 

conditions 

Western blot quantification of relative amounts of sAPPtotal and sAPPβ under BACE1 (a and b) or APP695 

(c and d) overexpression conditions presented in Figure 5a and Figure 5b. ELISA quantification of absolute 

amounts of Aβ40 (e) and Aβ42 (f) under BACE1 and APP-C99 co-overexpression from the experiment 

presented in Figure 5d. Bars and error bars indicate mean ± s.e.m. Tukey’s post-hoc tests were performed 

for pairwise comparisons; selected comparisons are highlighted ****p < 0.0001, ***p < 0.001, ns = not 

significant. (a) sAPPtotal, 1-WAY ANOVA, F(4,25)=124.1, p < 0.0001, (b) sAPPβ, 1-WAY ANOVA, 

F(4,25)=52.83, p < 0.0001, (c) sAPPtotal, 1-WAY ANOVA, F(4,25)=85.79, p < 0.0001, (d) sAPPβ, 1-WAY 

ANOVA, F(4,25)=12.35, p < 0.0001,  (e) Aβ40, 1-WAY ANOVA, F(4,20)=42.04, p = p < 0.0001, (f) 

Aβ42, 1-WAY ANOVA, F(4,20)=31.91, p < 0.0001. 
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Supplementary Figure 2: Cellular localization of BACE1 mutants is altered 

Cellular localization of BACE1 mutants was analyzed by ICC from 3 independent experiments with 

BACE1 transfected SH-SY5H-APP and SH-SY5H-APP-C99 cells. Cross-sectional analysis of co-staining 

of WT BACE1 (a) and localization mutants of BACE1, D495R (b) and LL/AA (c) with EEA1 and LAMP1 

in SH-SY5Y-APP and co-staining of WT BACE1 (d) and localization mutants of BACE1, D495R (e) and 

LL/AA (f) with EEA1 and LAMP1 in SH-SY5Y-APP-C99 cells. BACE1 colocalization with EEA1 (g) and 

LAMP1 (h) were analyzed in SH-SY5Y-APP-C99 cells using ImageJ plugin JACoP from 3 independent 

experiments. Bars and error bars indicate mean ± s.e.m. Dunnett’s post-hoc tests were performed for 
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pairwise comparisons; selected comparisons are highlighted ****p < 0.0001. (g) BACE1 overlapping 

EEA1, 1-WAY ANOVA, F(2,6)=204.6, p < 0.0001, (h) BACE1 overlapping LAMP1, F(2,6)=96.29, p < 

0.0001. 
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Supplementary Figure 3: Unlike PS1, PS2 knockdown leads to reduced Aβ34 levels in BACE1 

overexpressing cells 

Expression of PS1 and PS2 were analyzed by Western blot and Aβ levels determined by ELISA. Data in a-

d represent PS1 knockdown and data in e-i represent PS2 knockdown in SH-SY5Y-BACE1 cells. 

Representative Western blots from 6 independent experiments for PS1 knockdown (a) and from 5 

independent experiments for PS2 knockdown (e). Western Blot quantification of relative amounts of PS1 

(b and g) and of PS2 (c and f), and absolute amounts of Aβ34, Aβ40, and Aβ42 (d and i). Bars and error 

bars indicate mean ± s.e.m. Dunnett’s post-hoc tests were performed for pairwise comparisons; selected 

comparisons are highlighted ***p < 0.001, **p < 0.01, *p < 0.05. (b) PS1, 1-WAY ANOVA, 

F(4,20)=10.33, p < 0.0001, (c) PS2, 1-WAY ANOVA, F(4,20)=0.5776, p = 0.5776, (d) Aβ34, 1-WAY 

ANOVA, F(4,20)=0.8744, p = 0.4966, Aβ40, 1-WAY ANOVA, F(4,20)=0.6853, p = 0.6104, Aβ42, 1-

WAY ANOVA, F(4,20)=4.961, p = 0.0061, (f) PS2, 1-WAY ANOVA, F(4,25)=40.91, p < 0.0001, (g) PS1, 

1-WAY ANOVA, F(4,25)=2.448, p = 0.0726, (i) Aβ34, 1-WAY ANOVA, F(4,24)=3.077, p < 0.05, Aβ40, 

1-WAY ANOVA, F(4,25)=1.175, p = 0.3456, Aβ42, 1-WAY ANOVA, F(4,24)=3.177, p < 0.05.  
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Bridging Statement to Manuscript II 

In Manuscript I, we investigated the pathways and enzyme/substrate relationships that 

determine the levels of Aβ34 in vivo and in vitro. We showed that there is an association between 

elevated levels of BACE1 and Aβ34 both in human and mouse brain tissue and in different cell 

culture systems. We provided evidence that changing enzyme to substrate ratios (BACE1:APP) 

intimately affects the balance between amyloidogenic (Aβ producing) and amyloidolytic (Aβ 

degrading) activities of BACE1. Furthermore, we discovered that Aβ34 is produced by BACE1 in 

the endo-lysosomal system and that BACE1 uses Aβ species as substrates generated by Presenilin 

2 containing γ-secretase for amyloidolytic processing. 

Aβ34 is a metastable intermediate product and serves as an indicator of amyloid clearance; 

therefore, in the following manuscript, we investigated Aβ34 degradation by various Aβ degrading 

enzymes (ADEs) to further establish Aβ34 as a biomarker in early AD. We tested ADEs that are 

implicated in Alzheimer disease for their potential roles in Aβ34 degradation. With a combination 

of genetic manipulations of cells, including transient overexpression and siRNA knockdown of 

proteases, and by using pharmacological tools, we identified the predominant protease in 

comparison to other proteases having a major role in Aβ metabolism.  
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2.1.Abstract 

The amyloid hypothesis suggests that the imbalance between amyloid-β (Aβ) production 

and clearance is the leading cause of Alzheimer Disease (AD). Proteases collectively referred as 

Aβ-degrading enzymes (ADEs) are involved in Aβ clearance; however, they are mainly studied in 

the degradation of Aβ40 and Aβ42. Here, we tested eight different ADEs for their potential roles 

in the clearance of Aβ34, a non-amyloidogenic peptide that could potentially serve as a biomarker 

for AD progression. We found that Aβ34 levels increased upon the knockdown of Endothelin 

Converting Enzyme 1 (ECE1) under both endogenous and β-secretase overexpressing conditions. 

Interestingly, among the proteases tested, only Cathepsin B knockdown resulted in a decrease in 

Aβ34 levels. When combined with the knockdown of other proteases, the effect of ECE1 on Aβ34 

dominated over other proteases tested. Furthermore, ECE1 overexpression led to a reduction in 

Aβ34 levels. Pharmacological inhibition of ECE1 primarily increased Aβ34 levels. Thus, our 

findings suggest that ECE1 is the major enzyme involved in Aβ34 degradation.  
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2.2.Introduction 

Alzheimer Disease (AD) is characterized by two pathological hallmarks: intracellular 

neurofibrillary tangles and extracellular amyloid plaques mainly consisting of amyloid beta (Aβ) 

species (Holtzman et al., 2011). Among those, 42-amino acid long Aβ peptide (Aβ42) is prone to 

aggregate ultimately forming larger fibrils and plaques in the brain that cause cognitive decline 

(Cleary et al., 2005, Hardy and Higgins, 1992, Rozemuller et al., 1989, Zhao et al., 2012); 

therefore, its elevated production is believed to be the main culprit of the disease. Although 

traditionally the production of Aβ peptides has been the focus of AD field, recent research has 

revealed that amyloid clearance is equally important as its production in influencing AD 

progression and dysregulation of protein metabolism, i.e., both/either increased production and/or 

decreased clearance of Aβ peptides, is the cause of the disease (Bateman et al., 2006, Skovronsky 

et al., 2006). 

Amyloid production, i.e., amyloidogenic pathway, includes sequential processing of 

amyloid precursor protein (APP) by β-secretase (BACE1) (APP → APP-C99) and γ-secretase 

(APP-C99 → Aβ peptides) to generate varying lengths of Aβ species (Chow et al., 2010, O'brien 

and Wong, 2011, Olsson et al., 2014, Yan and Vassar, 2014). On the other hand, Aβ clearance and 

degradation are mediated by a number of proteases with distinct characteristics, including Aβ 

specificity, optimal pH and subcellular localization (Saido and Leissring, 2012). 

The first mechanism of Aβ degradation is the stepwise cleavage of APP-C99 by γ-

secretase. The first γ-secretase cleavage generates either Aβ49 or Aβ51 and further processing of 

these distinct pathways converge in the production of the common non-amyloidogenic metastable 

intermediate, i.e., Aβ34 (Olsson et al., 2014, Takami et al., 2009). The second mechanism occurs 

via the amyloidolytic processing of Aβ peptides by BACE1. After being generated by the 
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amyloidogenic pathway, Aβ peptides (e.g., Aβ38, Aβ40, and Aβ42) can undergo amyloidolytic 

processing, leading to their degradation into Aβ34 (Fluhrer et al., 2003, Hernandez-Guillamon et 

al., 2015, Liebsch et al., 2019, Shi et al., 2003). Our previous studies showed that BACE1 uses Aβ 

species produced by Presenilin 2-containing γ-secretase complex as substrates and produces Aβ34 

in the endo-lysosomal system (Manuscript I).  

The third mechanism involves different types of proteases collectively referred as Aβ-

degrading enzymes (ADEs), including Endothelin Converting Enzyme 1 (ECE1), Insulin 

Degrading Enzyme (IDE), Cathepsin B (Cat B), Cathepsin D (Cat D), Matrix metallopeptidase 2 

(MMP2), Matrix metallopeptidase 9 (MMP9), Angiotensin Converting Enzyme (ACE), Neprilysin 

(NEP; Membrane Metallo-Endopeptidase, MME) (Saido and Leissring, 2012, Wildsmith et al., 

2013). In the context of Aβ degradation, the most important difference among these proteases is 

their subcellular localization. Each protease has different substrate selectivity and contributes to a 

specific Aβ pool which are defined as interstitial (extracellular), ER/Golgi, endosomal, lysosomal 

and cytosolic (Saido and Leissring, 2012). Although most of the proteases have been extensively 

studied for degradation of Aβ40 and Aβ42, none of them have been characterized in detail for 

Aβ34 degradation. 

A recent study showed that changes in cerebrospinal fluid (CSF) Aβ34 levels correlate with 

overall Aβ clearance in amyloid positive individuals and that Aβ34/Aβ42 ratio which involves 

markers for Aβ clearance (Aβ34) and Aβ production (Aβ42) has a better diagnostic accuracy 

compared to Aβ40/Aβ42 which involves markers only for Aβ production for prodromal AD 

(Liebsch et al., 2019). As Aβ34 has a strong potential to serve as a biomarker for AD progression, 

it is important to study the pathways and identify the enzymes involved in Aβ34 production and 

Aβ34 degradation.  
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Here, we tested eight different ADEs implicated in AD for their ability to degrade Aβ34. 

We hypothesized that proteases localized to endo-lysosomal system, namely ECE1, Cat B and Cat 

D, have higher access to Aβ34 since it is the compartment where BACE1 generates Aβ34, and are 

therefore involved in Aβ34 degradation. We performed small interfering RNA (siRNA) 

knockdowns, transient overexpression and pharmacological inhibition of proteases in both wild-

type and stably BACE1 overexpressing SH-SY5Y neuroblastoma cells. Compared to other 

proteases tested, including IDE, Cat B, Cat D, MMP2, MMP9, ACE and MME, ECE1 knockdown 

yielded the largest increase in Aβ34 levels and Aβ34 levels were decreased dose-dependently with 

ECE1 overexpression. Pharmacological inhibition of ECE1, MME and ACE by Phosphoramidon 

(PA) increased Aβ34 levels significantly higher than other Aβ species tested. Treatment with 

CGS35066, which is a potent ECE1 inhibitor, affected Aβ34 levels at a lower concentration of the 

inhibitor treatment and led to a larger increase in Aβ34 levels. Overall, our study suggests that 

ECE1 is the major enzyme involved in Aβ34 clearance.  

  



` 

73 
 

2.3.Results 

2.3.1. ECE1 knockdown significantly elevated Aβ34 levels under both elevated and endogenous 

levels of BACE1 

Considering different Aβ pools in the cell, we hypothesized that ECE1, Cat B and Cat D 

could be directly involved in Aβ34 degradation because they are mainly localized to and active in 

endosomes (or lysosomes) (Saido and Leissring, 2012) where BACE1 is also active to produce 

Aβ34 (Manuscript I). We performed small interfering RNA (siRNA) knockdowns of each 

protease, namely, ECE1, Cat B, IDE, Cat D, MMP2, MMP9, ACE and MME, in SH-SY5Y cells 

that were stably overexpressing BACE1 (SH-SY5Y-BACE1) and measured Aβ34, Aβ40 and 

Aβ42 levels with ELISA (Figure 9a-c). Significant increase in Aβ34 levels was observed upon 

individual knockdowns of ECE1 (~303%), MMP2 (~74%) and MMP9 (~99%). The greatest 

increase in Aβ34 levels was observed with ECE1 knockdown which was ~303% compared to the 

control condition where endogenous levels of ECE1 were present in the cells (Figure 9a). 

Knockdowns of IDE, MMP9 and MME led to ~53%, ~63% and ~57% increase in Aβ40 levels, 

respectively, (Figure 9b) and knockdown of MMP9 led to ~67% increase in Aβ42 levels (Figure 

9c). 

We also tested the effect of each protease knockdown in wild-type SH-SY5Y cells that had 

endogenous BACE1 levels (Figure 9d-f). Although Aβ34 levels were below Lower Limit of 

Detection (LLOD) of ELISA in most of the experimental conditions including the control where 

endogenous levels of ECE1 are present, ECE1 knockdown yielded elevated levels of Aβ34 that 

were above LLOD which was at least 82% increase (Figure 9d). Significant increase in Aβ40 

levels was observed with each protease knockdown except Cat B (percent increases are indicated 
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in Figure 9e). We didn’t observe any significant changes in Aβ42 levels with any of the protease 

knockdowns in these cells (Figure 9f). 

Altogether, these results suggested that ECE1 is involved in Aβ34 clearance under both 

elevated and endogenous levels of BACE1.  

 

 

Figure 9: ECE1 knockdown elevated Aβ34 levels in both wild-type and BACE1-overexpressing SH-SY5Y 

cells 

Aβ34, Aβ40 and Aβ42 levels were quantified by ELISA assays in stably BACE1 overexpressing (a, b and 

c) and wildtype (d, e and f) SH-SY5Y cells. Data were collected from 5 independent experiments for each 

cell line. Percent changes in Aβ levels compared to the endogenous levels are indicated above each bar. 

Bars and error bars indicate mean ± s.e.m. Dunnett’s post-hoc tests were performed for pairwise 

comparisons; selected comparisons are highlighted ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05. 

(a) Aβ34, 1-WAY ANOVA, F(8,36)=26.27, p < 0.0001, (b) Aβ40, 1-WAY ANOVA, F(8,36)=6.060, p < 

0.0001, (c) Aβ42, 1-WAY ANOVA, F(8,36)=3.746, p = 0.0028, (d) Aβ34, 1-WAY ANOVA, 

F(8,36)=5.317, p < 0.0002, (e) Aβ40, 1-WAY ANOVA, F(8,36)=17.94, p < 0.0001, (f) Aβ42, 1-WAY 

ANOVA, F(8,36)=0.6693, p = 0.7147. 
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2.3.2. Changes in ECE1 levels gradually and primarily affected Aβ34 levels 

In order to elaborate on the role of ECE1 in Aβ34 degradation, we performed a titration 

experiment where we gradually increased siRNA concentration against ECE1 (Figure 10). We 

verified the decrease in ECE1 protein levels and also checked changes in APP levels by Western 

blot (Figure 10a). Compared to the control, ECE1 protein levels were decreased in the knockdown 

conditions gradually from 55% to 60% (Figure 10a and b) and APP levels were not significantly 

different from each other (Figure 10a and c). ELISA quantification of Aβ levels showed that Aβ34 

levels were gradually elevated (from ~87% to ~254%) with increasing concentration of siRNA 

against ECE1 (Figure 10d) and that Aβ40 and Aβ42 levels did not change with the knockdowns 

(Figure 10e and f). The titration experiment suggested that with decreasing levels of ECE1 in the 

cells, Aβ34 levels increase in a concentration-dependent manner. 

We performed the same titration experiment for all proteases listed above (Figure 9) and 

quantified Aβ levels (Supplementary Figure 4, 5 & 6). Aβ34 levels were increased with the highest 

concentration of siRNA in each experimental setup except Cat B knockdown; however, the 

greatest increase was observed with ECE1 knockdown which was 254% increase (Table 2). Unlike 

other proteases, Cat B knockdown led to a decrease in all Aβ34, Aβ40 and Aβ42 levels 

(Supplementary Figure 6).  
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Figure 10: Aβ34 levels gradually increased with increasing ECE1 knockdown 

Expression of ECE1 and APP and Aβ levels were analyzed by Western blot and ELISA, respectively. 

Representative Western blots from 5 independent experiments for ECE1 knockdown titration in SH-SY5Y-

BACE1 cells (a). Quantification of relative amounts of ECE1 (b) and of APP (c), and absolute amounts of 

Aβ34 (d), Aβ40 (e), and Aβ42 (f) in cell media by ELISA. Bars and error bars indicate mean ± s.e.m. 

Dunnett’s post-hoc tests were performed for pairwise comparisons; selected comparisons are highlighted 

****p < 0.0001, ***p < 0.001, *p < 0.05. (b) ECE1, 1-WAY ANOVA, F(4,20)=48.52, p < 0.0001, (c) 

APP, 1-WAY ANOVA, F(4,20)=2.628, p = 0.0651, (d) Aβ34, 1-WAY ANOVA, F(4,20)=0.7519, p = 

0.5690, (e) Aβ40, 1-WAY ANOVA, F(4,20)=0.6677, p = 0.6504, (f) Aβ42, 1-WAY ANOVA, 

F(4,20)=1.259, p = 0.3189. 
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Table 2: Changes in Aβ levels with corresponding protease knockdowns  

siRNA knockdown titration experiments against each protease in SH-SY5Y-BACE1 cells. Reported 

changes are the ones obtained with the highest concentration of the knockdowns. Percent decreases in 

protein levels were relative protein amounts normalized to actin (Western blot analysis). Arrows pointing 

upwards show an increase in the corresponding Aβ level and arrows pointing downwards show a decrease 

in the corresponding Aβ level. Selected comparisons are highlighted ****p < 0.0001, ***p < 0.001, **p < 

0.01, *p < 0.05, ns = not significant. 

 

 

Next, to complement the ECE1 knockdown experiment, we gradually overexpressed ECE1 

in the same cell line (Figure 11). We verified increasing protein levels of ECE1 by Western blot 

(Figure 11a and b). APP levels did not change with the increasing ECE1 levels (Figure 11a and c). 

We observed a gradual decrease in Aβ34 levels (Figure 11d). The decrease was already significant 

(~27%) with the lowest concentration of the ECE1 cDNA introduced to the cells and reached 

~61% decrease with the highest concentration of the ECE1 cDNA (Figure 11g). A gradual 

decrease was observed for Aβ40 levels as well (Figure 11e). However, the decrease was only 

significant (~31%) with the second lowest concentration of ECE1 cDNA and reached ~47% 

decrease with the highest concentration of the ECE1 cDNA (Figure 11h). Aβ42 levels were not 

significantly changed with ECE1 overexpression (Figure 11f and i).  
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Taken together, Aβ34 levels were elevated and reduced upon ECE1 knockdown and ECE1 

overexpression, respectively. Furthermore, changes in ECE1 levels affected Aβ34 levels before 

the other Aβ species.  

 

Figure 11: Aβ34 levels dose-dependently decreased with increasing ECE1 overexpression and were 

affected primarily by the overexpression 

Expression of ECE1 and APP and Aβ levels were analyzed by Western blot and ELISA, respectively. 

Representative Western blots from 5 independent experiments for ECE1 overexpression in SH-SY5Y-

BACE1 cells (a). Quantification of relative amounts of ECE1 (b) and of APP (c), and absolute amounts of 

Aβ34 (d), Aβ40 (e), and Aβ42 (f) in cell media by ELISA. Percent changes in Aβ levels compared to the 

endogenous levels are indicated above each bar. Bars and error bars indicate mean ± s.e.m. Dunnett’s post-

hoc tests were performed for pairwise comparisons; selected comparisons are highlighted ****p < 0.0001, 

***p < 0.001, **p < 0.01, *p < 0.05. (b) ECE1, 1-WAY ANOVA, F(4,15)=10.29, p = 0.0003, (c) APP, 1-

WAY ANOVA, F(4,15)=0.01198, p = 0.9997, (d) Aβ34, 1-WAY ANOVA, F(4,20)=20.59, p < 0.0001, (e) 

Aβ40, 1-WAY ANOVA, F(4,20)=6.725, p = 0.0013, (f) Aβ42, 1-WAY ANOVA, F(4,20)=2.345, p = 

0.0896. 



` 

79 
 

2.3.3. ECE1 had a greater effect on Aβ34 levels than other proteases tested 

To evaluate the effect of combinatorial knockdowns, we knocked down pairs of proteases 

including ECE1, Cat B, IDE and Cat D (Figure 12). The setup included 7.5 pmol and 15 pmol 

siRNA against each protease as controls (Figure 12a, c and e) and 1:1 siRNA (protease X) : siRNA 

(protease Y) as experimental conditions (Figure 12b, d and f). Changes in protein levels of 

proteases upon knockdowns were verified by Western blot (Supplementary Figure 7). ELISA 

measurements showed that Aβ34 levels were increased in all conditions where ECE1 was knocked 

down either alone or in combination with other proteases. Even when combined with Cat B 

knockdown, which led to ~23% decrease in Aβ34 levels on its own, the levels of Aβ34 were 

significantly higher than the endogenous levels (~33%) (Figure 12a). Unlike Aβ34, Aβ40 and 

Aβ42 levels were elevated only when ECE1 knockdown was combined with Cat D knockdown 

(Figure 12b and c). These results suggest that ECE1 dominates over other proteases tested in Aβ34 

clearance.  
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Figure 12: ECE1 had the major impact on Aβ34 levels and dominated over other proteases 

Aβ34, Aβ40 and Aβ42 levels were quantified by ELISA assays in SH-SY5Y-BACE1 cells. Data were 

collected from 6 independent experiments. Absolute Aβ34 (a), Aβ40 (c) and Aβ42 (e) levels when single 

protease was knocked down (controls) and when a pair of proteases was knocked down together. Percent 

changes in Aβ levels compared to the endogenous levels are indicated above each bar. Bars and error bars 

indicate mean ± s.e.m. Dunnett’s post-hoc tests were performed for pairwise comparisons; selected 

comparisons are highlighted ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05. (a) Aβ34, 1-WAY 

ANOVA, F(14,75)=66.28, p < 0.0001, (b) Aβ40, 1-WAY ANOVA, F(14,75)=9.559, p < 0.0001, (c) Aβ42, 

1-WAY ANOVA, F(14,75)=6.342, p < 0.0001. 
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2.3.4. Pharmacological inhibition of ECE1 by a potent ECE1 inhibitor resulted in significantly 

elevated levels of Aβ34 

To complement knockdown and overexpression experiments, we performed 

pharmacological inhibition of proteases by Phosphoramidon (PA) that targets MME (IC50 = 

3.4x10-8 M), ECE1 (IC50 = 3.5x10-6 M) and ACE (IC50 = 7.8x10-5 M) (Kukkola et al., 1995). The 

cells were treated with different concentrations of PA, ranging from 10-11 to 10-5 M. Western blot 

analysis showed no difference in ECE1 protein levels (Figure 13a). Up to 10-5 M treatment, Aβ 

levels did not change. With 10-5 M treatment, increases in Aβ34 and Aβ40 levels were detected 

with no change in Aβ42 levels (Figure 13b). Compared to Aβ40, which increased ~26%, Aβ34 

levels were elevated ~136%. These data suggest that PA treatment inhibits Aβ34 clearance to a 

greater extent and the proteases inhibited by PA could be involved in Aβ34 clearance.  

Next, we chose a potent ECE1 inhibitor, CGS35066, that is over 100 folds more selective 

for ECE1 (IC50 = 2.2x10-8 M) compared to MME (IC50 = 2.3x10-6 M) (Trapani et al., 2000) and 

performed the same experiment. Western blot analysis showed no difference in ECE1 protein 

levels (Figure 13c) as PA treatment. No significant changes were observed in Aβ40 or Aβ42 levels 

at any concentration of the inhibitor tested (Figure 13d). Aβ34 levels started to significantly 

increase (~90%) at 10-6 M and reached ~224% increase at 10-5 M treatment (Figure 13d).  

When two inhibitors compared, Aβ34 levels were affected at lower concentrations of 

CGS35066 treatment (10-6 M) compared to PA treatment (10-5 M). Furthermore, CGS35066 

treatment led to a higher increase in Aβ34 levels (~224%) compared to PA treatment (~136%). 

Altogether the data suggest that Aβ34 is mainly degraded by ECE1 and ECE1 has a major role in 

Aβ34 clearance.  
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Figure 13: Pharmacological inhibition of proteases by Phosphoramidon (ECE1, MME and ACE) and 

by CGS35066 (ECE1 and MME) affected Aβ34 levels to a greater extent 

Expression of ECE1, APP and BACE1 and Aβ levels were analyzed by Western blot and ELISA, 

respectively. Representative Western blots from 4 independent experiments where SH-SY5Y-BACE1 cells 

were treated with the protease inhibitor, either Phosphoramidon (a) or CGS35066 (c), at different 

concentrations ranging from 10-11 to 10-5 M. Quantification of absolute amounts of Aβ34, Aβ40, and Aβ42 

after Phosphoramidon (b) or CGS35066 (d) treatment in cell media by ELISA. Percent changes in Aβ levels 

compared to the Vehicle condition are indicated. Bars and error bars indicate mean ± s.e.m. Dunnett’s post-

hoc tests were performed for pairwise comparisons; selected comparisons are highlighted ****p < 0.0001. 

(b) Aβ34, 1-WAY ANOVA, F(7,24)=132.3, p < 0.0001; Aβ40, 1-WAY ANOVA, F(7,24)=13.23, p < 

0.0001; Aβ42, 1-WAY ANOVA, F(7,24)=0.05029, p = 0.9998, (d) Aβ34, 1-WAY ANOVA, 

F(7,24)=128.0, p < 0.0001; Aβ40, 1-WAY ANOVA, F(7,24)=3.228, p = 0.0147; Aβ42, 1-WAY ANOVA, 

F(7,24)=1.570, p = 0.1924. 
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2.4.Discussion 

There is increasing evidence that Aβ clearance is as important as Aβ production to develop 

amyloid pathology. The focus of AD research has shifted towards an understanding of Aβ 

degradation, and the key players involved, i.e., ADEs. Many of the ADEs have been identified and 

characterized for their ability to degrade Aβ40 or Aβ42, either in in vitro or in vivo systems. 

However, there are conflicting results regarding their roles in AD and Aβ degradation. Since they 

were found decreased or increased in the brains of AD patients, it has remained unclear what their 

role in the degradation cascade is. 

Here, we focused on Aβ34 as an important intermediate product in the degradation pathway 

in the context of the possibility that such proteases that can directly cleave Aβ40 and Aβ42 into 

non-toxic products might also be involved in Aβ34 degradation. We performed siRNA 

knockdowns of eight proteases in wild type and stably BACE1 overexpressing SH-SY5Y cells to 

compare their differential effects on Aβ34, Aβ40 and Aβ42. Here, the BACE1 overexpressing 

model served to mimic AD brain where higher amounts of BACE1 are found (Fukumoto et al., 

2002, Holsinger et al., 2002, Li et al., 2004, Tyler et al., 2002, Yang et al., 2003) (Manuscript I). 

An increased enzymatic activity of BACE1 could boost Aβ34 production in such cells. Our 

previous studies showed that BACE1 produces Aβ34 in endo-lysosomal system; thus, we 

hypothesized that ECE1, Cat B and Cat D are good candidates for Aβ34 degradation. These 

proteases are active in endosomes and/or lysosomes (Eckman et al., 2001, Hsu et al., 2018, Westley 

and May, 1999) and have direct contact with the substrate, i.e., Aβ34. The possible roles of 

proteases in influencing Aβ34 levels would be either degradation of longer Aβ peptides into Aβ34 

or degradation of Aβ34 itself. Upon protease knockdown, the former and the latter would yield 

either less or more Aβ34, respectively. 
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Comparing the effects of different proteases on Aβ34 peptides identified ECE1 as a major 

Aβ34 degrading enzyme in both BACE1 overexpressing and wild type cells with endogenous 

BACE1 levels. Elevated levels of Aβ34 were observed upon ECE1 knockdown likely because 

degradation of Aβ34 by ECE1 is impeded by ECE1 knockdown that preserves higher levels of 

Aβ34. To a lesser extent, MMP2 and MMP9 knockdowns had a similar effect on Aβ34 levels. 

However, we did not observe such effect in wild type cells that have low levels of Aβ34 compared 

to BACE1 overexpressing cells indicating that only ECE1 knockdown maintained Aβ34 levels 

above LLOD in wild type cells and allowed its quantification. Thus, we further examined effects 

of overexpression and pharmacological inhibition of ECE1. 

Gradual ECE1 overexpression led to decreases in both Aβ34 and Aβ40 implying that both 

peptides may be recognized as substrates; however, Aβ34 levels responded already at a low 

amount of ECE1 expressed. This result suggests that Aβ34 is a preferred substrate for ECE1 

proteolysis compared to Aβ40 and that in the presence of mixed Aβ pools consisting of Aβ34, 

Aβ40 and Aβ42, ECE1 primarily cleaves Aβ34. Pharmacological inhibition of ECE1 with two 

different protease inhibitors, namely PA and CGS35066 yielded increased levels of both Aβ34 and 

Aβ40 in the presence of PA. We detected a significant increase of Aβ34 levels only in the presence 

of CGS35066. Unlike PA that inhibits MME, ECE1 and ACE (Kukkola et al., 1995), CGS35066 

inhibits ECE1 and MME and is >100-fold more potent against ECE1 (Trapani et al., 2000). 

Therefore, increase in Aβ40 levels upon PA treatment could also be explained by MME and/or 

ACE inhibition. On the other hand, ECE1 inhibition solely affected Aβ34 levels, further suggesting 

ECE1 as an Aβ34 degrading enzyme. 

Unlike other proteases, Cat B knockdown led to a decrease in Aβ34 and Aβ40 levels. This 

could mean that Cat B is cleaving longer Aβ species into Aβ34 and/or Aβ40, and upon its 
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knockdown, this cleavage is disrupted so there is less Aβ34 and Aβ40. Another possible 

explanation could be that Cat B effects are more upstream cleaving APP and influences the 

production of Aβ species. Upon its knockdown, this pathway is blocked resulting in less Aβ34 and 

Aβ40.  

 

 

Figure 14: Cleavage sites of Aβ degrading proteases 

Reported cleavage sites on Aβ40 or Aβ42 by different proteases. A = angiotensin converting enzyme, C = 

Cathepsins, E = endothelin converting enzyme, I = insulin degrading enzyme, M = matrix 

metalloproteinases, and N = neprilysin.  

 

Specific cleavage sites within the Aβ sequence have been identified by mass spectrometry 

for most of these enzymes (Hampel et al., 2010, Macours et al., 2004, Yan et al., 2006) (Figure 

14). As an example, MMP9 has more than five cleavage sites on Aβ42, including the site that 

generates Aβ34 (Yan et al., 2006). Although expected cleavage sites in Aβ40 and Aβ42 by ECE1 

are clustered around Lys16 and Phe20, a biochemical analysis to map Aβ34 cleavage sites of ECE1 

and to identify possible other cleavage products, especially when monomers are compared with 

oligomers, will be important to improve our understanding of ECE1’s role in Aβ degradation. 

Given that Aβ34 is suggested as a biomarker for prodromal AD and its levels are lower in body 

fluids compared to Aβ40 and Aβ42, the enzymes involved in Aβ34 metabolism as well as the 

cleavage products resulting from its degradation, such as Aβ17, could facilitate the development 

of novel approaches that lead to the discovery of new biomarkers in CSF and blood/plasma.  
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2.5.Materials and Methods 

2.5.1. Plasmids and siRNAs 

A human ECE1 construct (full length; pTT3; Addgene, plasmid #53361) was used for 

transient overexpression in SH-SY5Y cells. Mock control in pTT3 plasmid backbone was used. 

For creating stably BACE1 expressing SH-SY5Y cells, human full length BACE1 (isoform A) in 

the mammalian expression vector pCEP4, Hygro (Invitrogen) were used. For knockdown, 

siGENOME non-Targeting siRNA Pool #1 (D-001206-13-05), SMARTpool siGENOME ECE1 

(M-005857), IDE (M-005899), Cat B (M-003649), Cat D (M-004266), MMP2 (M-005959), 

MMP9 (M-005970), ACE (M-005754), and MME (M-005112) were used. 

2.5.2. Cell Culture 

Wild-type human neuroblastoma (SH-SY5Y) cells (DSMZ No. ACC209; DSMZ, 

Braunschweig, Germany) and SH-SY5Y cells stably overexpressing BACE1 were grown in 

DMEM/F12 (10% fetal bovine serum (FBS), 2 mM L-glutamine, 1 mM sodium pyruvate) in a 

humidified incubator at 37°C 5% CO2. Stable cell lines were selected with 250 μg/ml Hygromycin 

B (Milipore). For protease knockdown experiments, cells were seeded on 6-well plates (Fisher). 

24 hours later, cells were treated with either control or protease targeting siRNAs (concentration 

of the siRNA indicated in the figures) by using RNAiMax according to the protocol provided by 

the manufacturer (Invitrogen). 72 hours after the treatment, cells were harvested. For ECE1 

overexpression experiments, cells were seeded on 6-well plates (Fisher). 24 hours later, cells were 

transfected with FuGENE HD (Promega). 72 hours after the transfection, cells were harvested. For 

Phosphoramidon (PA, Sigma-Aldrich, R7386) experiment, cells were seeded on 6-well plates 

(Fisher). PA was dissolved in DMSO and compared to vehicle treatment (1:1000 = 0.1 %). 24 

hours later, cells were treated with the inhibitor. 72 hours after the transfection, cells were 
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harvested. The same experimental setup was used for CGS35066 inhibitor (Biotechne, 2512) 

except that CGS35066 was dissolved in NaOH and NaOH used as vehicle treatment.  

2.5.3. Sample Preparation 

For all experiments performed, cells were harvested on ice. Conditioned media were 

centrifuged at 2000 rpm at 4°C for 10 minutes and the supernatants were used for Aβ34, Aβ40 and 

Aβ42 quantification by ELISA. Cells were washed with cold PBS and lysed with Whole Cell 

Extract Buffer (WCE) (25 mM HEPES (pH 7.7), 0.3 M NaCl, 1.5 mM MgCl2, 0.2 mM 

ethylenediaminetetraacetic acid, 0.1% Triton-X-100, 0.5 mM dithiothreiol, 4 mM NaF, 0.1 mM 

Na3VO4, 1 mM PMSF, Complete Protease Inhibitor Coctail (Roche)) at 4°C for 60 mins. Cell 

lysates were centrifuged at 10000 rpm at 4°C for 15 minutes for the removal of nuclear material 

and the supernatants were used to detect protein levels by Western Blot. 

2.5.4. Western Blot Analysis 

Sample preparation was performed according to the protocol provided by Invitrogen. After 

LDS loading buffer and 2-Mercaptoethanol were added to the cell lysates, the samples were heated 

to 70°C for 10 mins for protein solubilization and denaturation. 4-12% Bis-Tris gradient gels 

(Invitrogen) were used for protein separation. Proteins were transferred to 0.45 μm nitrocellulose 

(Biorad) or polyvinylidene difluoride (PVDF) (Milipore) membranes at 400 mA and at 4°C for 

2.5 hours. Proteins were detected with the antibodies listed below. The primary and secondary 

antibodies were used in phosphate buffered saline. Signals were recorded on ImageQuant LAS 

600 (GE Healthcare Life Sciences). 

The primary antibodies used for Western Blot analysis were the following: anti-ECE1 in 

1:1000 dilution (ab71829), anti-IDE in 1:1000 dilution (ab32216), anti-Cat B in 25 μg/10 ml 

dilution (ab58802), anti-Cat D in 1:1000 dilution (ab6313), anti-MMP2 in 1:1000 dilution 
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(ab97779), anti-MMP9 in 1:1000 dilution (ab38898), and anti-ACE in 10 μg/10 ml dilution 

(ab270712) (all from Abcam), anti-ECE1 1:1000 dilution (Proteintech, 26088-1-AP), anti-BACE1 

1:2000 dilution (monoclonal D10E5, Cell Signaling), anti-actin 1:5000 dilution (monoclonal 

mab1501, Millipore), anti-APP ectodomain 22C11 1:10,000 dilution (Millipore). 

The secondary antibodies were the following:  anti-mouse- and anti-rabbit-horseradish 

peroxidase 1:10,000 dilution (Promega). 

ImageJ was used to quantify Western Blots and protein levels were normalized to actin.  

2.5.5. Sandwich-based Enzyme-Linked Immunosorbent Assay (ELISA) 

As capture antibodies, monoclonal anti-Aβ34 (226), anti-Aβ40 (G2-10) or anti-Aβ42 (G2-

13) and as detection antibody, W02-biotin were used. The protocol stated in Manuscript I was 

performed for all ELISA measurements.  

2.5.6. Statistical Analysis  

For all experiments, different conditions were analyzed by one factor ANOVA (between 

subject design). Dunnet’s or Tukey’s post-hoc tests were performed for pairwise comparisons. 

GraphPad Prism 5 was used to run statistical analysis.  
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2.8.Supplementary Figures 

 

Supplementary Figure 4: Changes in Aβ levels upon IDE, Cat D and MMP2 knockdowns 

Representative Western blots from 4 independent experiments for IDE overexpression (a), representative 

Western blots from 5 independent experiments for Cat D overexpression (b), and representative Western 

blots from 4 independent experiments for MMP2 overexpression (c) in SH-SY5Y-BACE1 cells. Absolute 

amounts of Aβ34 (d), Aβ40 (e), and Aβ42 (f) upon IDE knockdown, absolute amounts of Aβ34 (g), Aβ40 
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(h), and Aβ42 (i) upon Cat D knockdown, absolute amounts of Aβ34 (j), Aβ40 (k), and Aβ42 (l) upon 

MMP2 knockdown in cell media by ELISA. Bars and error bars indicate mean ± s.e.m. Dunnett’s post-hoc 

tests were performed for pairwise comparisons; selected comparisons are highlighted ****p < 0.0001, **p 

< 0.01, *p < 0.05. (d) Aβ34, 1-WAY ANOVA, F(4,15)=4.007, p = 0.0209, (e) Aβ40, 1-WAY ANOVA, 

F(4,15)=4.682, p = 0.0119, (f) Aβ42, 1-WAY ANOVA, F(4,15)=1.033, p = 0.4223, (g) Aβ34, 1-WAY 

ANOVA, F(4,20)=20.20, p < 0.0001, (h) Aβ40, 1-WAY ANOVA, F(4,20)=3.779, p = 0.0190, (i) Aβ42, 1-

WAY ANOVA, F(4,20)=3.121, p = 0.0379, (j) Aβ34, 1-WAY ANOVA, F(4,15)=4.703, p = 0.0117, (k) 

Aβ40, 1-WAY ANOVA, F(4,15)=3.119, p = 0.0470, (l) Aβ42, 1-WAY ANOVA, F(4,15)=1.355, p = 

0.2957. 

  



` 

94 
 

 

Supplementary Figure 5: Changes in Aβ levels upon MMP9, ACE and MME knockdowns 

Representative Western blots from 5 independent experiments for MMP9 overexpression (a), and for ACE 

overexpression (b) in SH-SY5Y-BACE1 cells. Absolute amounts of Aβ34 (c), Aβ40 (d), and Aβ42 (e) upon 

MMP9 knockdown, absolute amounts of Aβ34 (f), Aβ40 (g), and Aβ42 (h) upon ACE knockdown, absolute 

amounts of Aβ34 (i), Aβ40 (j), and Aβ42 (k) upon MME knockdown in cell media by ELISA. Bars and 
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error bars indicate mean ± s.e.m. Dunnett’s post-hoc tests were performed for pairwise comparisons; 

selected comparisons are highlighted ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05. (c) Aβ34, 1-

WAY ANOVA, F(4,20)=8.625, p = 0.0003, (d) Aβ40, 1-WAY ANOVA, F(4,20)=12.72, p < 0.0001, (e) 

Aβ42, 1-WAY ANOVA, F(4,20)=0.9287, p = 0.4671, (f) Aβ34, 1-WAY ANOVA, F(4,20)=7.649, p = 

0.0007, (g) Aβ40, 1-WAY ANOVA, F(4,20)=1.369, p = 0.2802, (h) Aβ42, 1-WAY ANOVA, 

F(4,20)=0.6469, p = 0.6355, (i) Aβ34, 1-WAY ANOVA, F(4,20)=9.297, p = 0.0002, (j) Aβ40, 1-WAY 

ANOVA, F(4,20)=3.362, p = 0.0293, (k) Aβ42, 1-WAY ANOVA, F(4,20)=1.752, p = 0.1783. 
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Supplementary Figure 6: Unlike other protease knockdowns, Aβ levels decreased with Cat B knockdown 

Expression of Cat B and APP and Aβ levels were analyzed by Western blot and ELISA, respectively. 

Representative Western blots from 5 independent experiments for Cat B knockdown titration in SH-SY5Y-

BACE1 cells (a). Quantification of relative amounts of Cat B (b) and of APP (c), and absolute amounts of 

Aβ34 (d), Aβ40 (e), and Aβ42 (f) in cell media by ELISA. Bars and error bars indicate mean ± s.e.m. 

Dunnett’s post-hoc tests were performed for pairwise comparisons; selected comparisons are highlighted 

****p < 0.0001, ***p < 0.001, **p < 0.01. (b) Cat B, 1-WAY ANOVA, F(4,20)=314.0, p < 0.0001, (c) 

APP, 1-WAY ANOVA, F(4,20)=5.550, p = 0.0036, (d) Aβ34, 1-WAY ANOVA, F(4,20)=10.27, p = 

0.0001, (e) Aβ40, 1-WAY ANOVA, F(4,20)=16.30, p < 0.0001, (f) Aβ42, 1-WAY ANOVA, 

F(4,20)=0.3056, p = 0.8708. 
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Supplementary Figure 7: Changes in protein levels of proteases with different knockdown conditions 

Representative Western blots from 6 independent experiments for combinatorial knockdowns in SH-SY5Y-

BACE1 cells. 
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Chapter III :  

GENERAL DISCUSSION 
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In this thesis, we have explored the life cycle of Aβ34 by studying the proteases that have 

key roles in the production and degradation of the peptide at the molecular and the cellular level: 

BACE1, γ-secretase, ADEs, and the activity of such enzymes in the context of their environment.  

In Manuscript I, we presented novel findings on BACE1’s dual function, because these are 

the basis to find ways to modulate the balance between amyloidogenic (Aβ production) and 

amyloidolytic (Aβ clearance) activities. For example, we found that the substrate to enzyme ratio 

affect this balance. In this section, I will discuss how this balance or imbalance could explain failed 

BACE1 inhibitor clinical trials and how it could shed light on the discovery of new BACE1 

modulators to target AD. Furthermore, we have presented results indicating that PS2 containing γ-

secretase provides substrates for BACE1’s amyloidolytic activity and processing of Aβ species 

into Aβ34 takes place in the endo-lysosomal system. I will discuss the current emphasis on 

attempts to inhibit or modulate PS1 and PS2 which are discussed in the AD field, and I will point 

out the clinical relevance of PS2 to Aβ degradation and AD progression based on my findings.  

In Manuscript II, we presented results that are important to understand which proteases and 

how these proteases influence the Aβ34 metabolism. Strikingly, we identified ECE1 as the major 

enzyme involved in Aβ34 clearance. I will discuss the potential use of ECE1 and other ADEs for 

biomarker development or improvement and the importance of Aβ34 as an intermediate 

degradation product for an early AD diagnosis.   
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1. BACE1, γ-secretase and Aβ34 

1.1.BACE1 in Clinical Trials and Open Questions 

Aβ peptides are generated in the amyloidogenic pathway which starts with the cleavage of 

APP by BACE1. Since BACE1 is considered as the rate limiting step for Aβ production resulting 

in the formation of amyloid plaques, and since BACE1 knockout mice did not have major 

morphological or behavioral deficits except hypomyelination in peripheral nervous system (Cai et 

al., 2001, Hu et al., 2006), BACE1 inhibition has been investigated as AD treatment. So far, all 

BACE1 inhibitors were discontinued in clinical trials; although they reduce Aβ burden and plaque 

load, they fail to improve cognitive functioning and/or have severe side effects (Hampel et al., 

2021, Kennedy et al., 2016, Kumar et al., 2018). Incomplete knowledge of BACE1’s biology and 

physiological functions as well as its downstream pathways might be the reason for such failures.  

BACE1 can cleave multiple substrates that have functions in neuronal migration, 

myelination, synaptic plasticity, axon guidance, and cell adhesion (Hampel et al., 2021). Complete 

inhibition of BACE1 blocks processing of many other substrates in addition to APP and leads to 

unwanted side-effects (Barão et al., 2016, McDade et al., 2021). Our work now adds the 

amyloidolytic activity of BACE1 to the picture. Previous clinical trials and pre-clinical research 

activities have not considered that inhibition of amyloidolytic activity of BACE1 (Aβ clearance) 

might be a major reason for failure. Mouse studies showed that there is no linear relationship 

between BACE1 levels and Aβ40 and Aβ42 production (Georgievska et al., 2015). BACE1 

inhibition seems to increase some Aβ species in the CSF (Mattsson et al., 2012) while reduction 

of BACE1 activity did not necessarily lower Aβ levels or amyloid burden (Devi and Ohno, 2013). 

Such observations could not be explained until now without understanding the role of BACE1 in 

amyloid clearance. 
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The work from our laboratory shows that BACE1 acts as an ADE and degrades Aβ species, 

proven for Aβ40 and Aβ42, into non-amyloidogenic Aβ34, the process called amyloidolytic 

activity of BACE1 (Liebsch et al., 2019). Our current work (Manuscript I) shows that BACE1 

inhibition leads to distinct results under enzyme or substrate surplus. When the substrate, APP, is 

in abundance, BACE1 inhibition lowers Aβ40 and Aβ42 levels. However, when the enzyme, 

BACE1, is in abundance, BACE1 inhibition elevates Aβ40 and Aβ42 levels. Conclusively, 

pharmacological inhibition of BACE1 acts first on amyloidolytic activity of BACE1 depending on 

the environment and the enzyme to substrate ratio. In Manuscript I, we show that in temporal 

cortex homogenates from AD patients, there are higher levels of BACE1 protein compared to 

healthy controls, which could point to a defense reaction based on the need for amyloidolytic 

activity in response to increased Aβ production. Thus, if these AD patients are treated with BACE1 

inhibitors, a slowdown of clearance could cause an increase in toxic Aβ levels that might further 

accumulate and finally lead to worsening of symptoms. 

Today, inconsistent results and futility of the BACE1 inhibitors suggest that BACE1 

inhibition is more complex and goes beyond APP cleavage by BACE1. The possibility that 

inhibitors may preferentially inhibit amyloidogenic or amyloidolytic activity suggest that BACE1 

inhibitors could now be tested for specifically targeting amyloidogenic activity of BACE1. An 

ideal BACE1 inhibitor without so-called “paradoxical” effects would lower Aβ production by 

inhibiting amyloidogenic cleavage of APP and at the same time would enhance Aβ clearance by 

boosting Aβ degradation of potentially aggregating and toxic Aβ species into non-aggregating 

Aβ34. Also, the concentration dependency of the inhibition might be crucial to modulate the Aβ40/ 

Aβ42 and Aβ34/Aβ42 ratio. Therefore, we suggest investigating concentration dependency and 

substrate specificity of BACE1 inhibitors. 
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1.2.Presenilin 1 and Presenilin 2 Mutations and Their Contributions to AD 

Genetic mutations associated with FAD are found in either APP (chromosome 21), PSEN1 

(chromosome 14) or PSEN2 (chromosome 1) (Levy-Lahad et al., 1995, Rogaev et al., 1995, 

Sherrington et al., 1995, St George-Hyslop et al., 1987, Tanzi et al., 1987). More than 300 

mutations in PSEN1 and about 90 mutations in PSEN2 have been reported 

(https://www.alzforum.org/mutations/psen-1 and https://www.alzforum.org/mutations/psen-2). 

Beyond its involvement in Aβ production as the catalytic subunit of the γ-secretase complex, PS 

has additional functions such as regulation of calcium homeostasis, apoptosis and neural 

differentiation (Bonds et al., 2015, Lazarov and Marr, 2010, Leissring et al., 2001, Leissring et al., 

2000, Wolozin et al., 1996).  

Most of the mutations in PSEN1 or PSEN2 genes are heterozygous mutations that change 

Aβ metabolism in the brain and drive amyloidosis in FAD patients (Weggen and Beher, 2012). 

Studies conducted with transfected cells, transgenic mice and primary cells from FAD patients 

showed that almost all of these mutations increase the Aβ42/Aβ40 ratio; therefore, they were 

suggested to be gain-of-function mutations (Weggen and Beher, 2012). However, it has been 

reported that processing of other substrates of γ-secretase, e.g., Notch, is reduced in the same 

models, indicating that these mutations are loss-of-function (Baumeister et al., 1997, Song et al., 

1999). APP cleavage by γ-secretase occurs in a stepwise manner producing Aβ peptides in two 

alternative pathways that converge at Aβ34: Aβ51 > 48 > 45 > 42 > 38 > 34 and Aβ49 > 46 > 43 

> 40 > 37 > 34 (Olsson et al., 2014, Takami et al., 2009). It is possible that PSEN1/2 mutations 

reduce the trimming of APP (carboxypeptidase-like activity) by reducing stability of the complex 

or by reducing the affinity of the enzyme for shorter Aβ species leading to accumulation of longer 

Aβ forms. Additionally, these mutations could favor the initial cleavage site and processing that 

https://www.alzforum.org/mutations/psen-1
https://www.alzforum.org/mutations/psen-2
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generates Aβ42 over the one generating Aβ40, both of which could explain the increase in 

Aβ42/Aβ40 ratio.  

Mutations in both PSEN1 and PSEN2 (e.g., PSEN1-M146L, PSEN1-L166P, PSEN1- 

ΔExon9, PSEN2-N141I) have similar effects on the Aβ42/Aβ40 ratio (Weggen and Beher, 2012); 

however, as there are more PSEN1 mutations reported and as the homozygous PSEN1-null mice 

is lethal (Donoviel et al., 1999), there has been a strong emphasis on PS1 in the AD field. Our 

work reveals that PS2 is equally important since PS2-γ-secretase is involved in Aβ clearance by 

providing substrates for BACE1’s amyloidolytic activity that results in the production of Aβ34 

(Manuscript I) (Figure 15). PS2 localization is restricted to endosomes and lysosomes and PS2 

contributes to the intracellular Aβ pool. FAD-linked PSEN2 mutations, such as PSEN2-N141I, 

increase the production of intracellular Aβ42 (Sannerud et al., 2016). In various transgenic AD 

mouse models, it has been reported that intraneuronal Aβ accumulation precedes extracellular 

amyloid plaque formation (Bayer and Wirths, 2010, Lee et al., 2022). It is possible that disrupted 

cellular homeostasis and lysosomal acidification in the disease state enhances PS2-γ-secretase 

processing of APP leading to more intracellular Aβ42 production which overwhelms 

amyloidolytic activity of BACE1 ultimately causing intracellular Aβ42 accumulation that spreads 

extracellularly.  



` 

104 
 

 
Figure 15: Cellular scheme for amyloidolytic activity of BACE1 

APP, BACE1 and γ-secretase are produced in the trans-Golgi network and trafficked to different 

compartments in the cell guided by adaptor proteins. PS1-γ-secretase is more broadly distributed in the cell 

including plasma membrane whereas localization of PS2-γ-secretase is restricted to late endosomes and 

lysosomes. BACE1 has its highest activity in the endo-lysosomal system. Therefore, endosomes and 

lysosomes provide an acidic environment for APP processing by BACE1 and PS2-γ-secretase, which yield 

longer Aβ species that are further degraded there by BACE1 into Aβ34. 

 

Over decades, γ-secretase has also been a target to treat AD. Numerous γ-secretase 

inhibitors (GSIs) and γ-secretase modulators (GSMs) were tested in clinical trials. GSMs evolved 

as a safer approach (Kukar and Golde, 2008). Unlike GSIs, GSMs do not interfere with the normal 

processivity of other γ-secretase substrates but interact with γ-secretase through allosteric binding 

site to APP-C99 to prevent Aβ deposition, lower the Aβ42:Aβ40 ratio and increase the processivity 

towards lower molecular weight Aβ species (Bursavich et al., 2016). However, due to limited 

potency, bioavailability, and central nervous system penetration, GSMs were abandoned (Eriksen 

et al., 2003, Green et al., 2009, Kumar et al., 2018). Such GSMs were not designed to specifically 

target PS1 or PS2. Consequently, a possible approach would be to design PS2 specific γ-secretase-

targeting compounds that enhance trimming of APP into non-amyloidogenic Aβ species, such as 

Aβ34. Our work successfully aimed to dissect differential roles of PS1 and PS2 in Aβ metabolism 
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while it would be important as a next step to test various PSEN mutations in both in vitro and in 

vivo models to confirm the influence of PS2, in comparison to PS1, on earliest intracellular Aβ 

oligomerization. Overall, this work highlights the neglected role and importance of PS2 in Aβ life 

cycle, failure of which could lead to earliest biochemical changes in AD. 

Targeting Aβ metabolism to prevent or slow down the progression of AD should include 

more than one target, e.g., both BACE1 and γ-secretase. Enhancing PS2-γ-secretase-mediated Aβ 

production that confines Aβ production in endosome/lysosomes and manipulating the dual role of 

BACE1 in a way to boost its amyloidolytic activity in endosome/lysosomes could increase Aβ 

clearance and could prevent both intracellular and extracellular Aβ accumulation. Clinical trials 

with Aβ-directed monoclonal antibodies that target Aβ oligomers and fibrils showed that repeated 

dosage is required to constantly remove Aβ aggregates (Sevigny et al., 2016). These antibodies 

target extracellular Aβ but not intracellular Aβ. One possibility is to block intracellular aggregation 

of Aβ by small molecules that can pass through plasma membrane and interact with Aβ. Overall, 

the treatments should also target intracellular Aβ accumulation to avoid further extracellular 

amyloid aggregations.  
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2. Aβ Clearance, ADEs, and Aβ34 

Genetic studies and current biomarker research provide evidence that the imbalance 

between Aβ production and clearance plays a critical role in AD pathology and the accumulation 

of Aβ deposits in the brain begins decades before the clinical diagnosis of AD (Hanseeuw et al., 

2019, Hardy and Higgins, 1992, Jack Jr et al., 2018, Jack Jr et al., 2019, Karran et al., 2011). Aβ 

clearance pathways include sequential cleavage of APP by γ-secretase, amyloidolytic cleavage of 

aggregation prone Aβ species by BACE1 and proteolytic degradation of Aβ species into Aβ 

fragments or non-aggregating Aβ forms by ADEs (Figure 16).  

 

 

 

 

Figure 16: Aβ clearance pathways leading to generation of Aβ34 

Aβ34 can be generated through several pathways including sequential cleavage of APP-C99 by γ-secretase, 

amyloidolytic cleavage of Aβ species by BACE1 and proteolytic degradation of Aβ species by several 

proteases.  
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Many studies have been conducted with cell lines, transgenic mouse models, post-mortem 

AD tissue and AD patients to unravel the roles of specific ADEs. Although some yielded promising 

results, for most of the ADEs, there is no consensus on how these proteases contribute to the 

disease state or how their protein and activity levels change with AD progression. Our study 

provides evidence that ECE1, which is the enzyme predominantly responsible for producing active 

Endothelin-1, also possesses a major role in Aβ34 degradation.  

We showed that ECE1 is the major Aβ34 degrading enzyme with little or no effect on Aβ40 

and Aβ42. Although the same result is obtained under both endogenous and BACE1 

overexpression systems, cell lines do not fully recapitulate the disease state. Therefore, the next 

step is to dissect the roles of ECE1 in in vivo systems such as transgenic mouse models or human 

derived induced pluripotent stem cells. Revealing ECE1 cleavage sites on Aβ34 is as important as 

its effect on Aβ34 levels. Identification of the full spectrum of Aβ species that are generated as a 

result of Aβ34 degradation by ECE1 will improve the understanding of Aβ clearance pathways. 

Therefore, further studies will unravel cleavage sites on Aβ34 and cleavage products of Aβ34 

degradation by ECE1.  

Investigating the roles of ECE1 and cleavage products will aid the biomarker research and 

the development of novel tools used for early diagnosis of AD. Aβ34 has a potential to serve as an 

early biomarker for AD progression; however, its levels are lower in body fluids compared to other 

biomarkers of AD, such as Aβ40 and Aβ42. Treatment of body fluid samples with ECE1 inhibitors 

could impede rapid degradation of Aβ34 after sampling and increase its levels that is determined 

by immunoassays. Furthermore, Aβ34 is a meta-stable intermediate; therefore, if the cleavage 

products of Aβ34 are more stable, this study could pave the way to identify new biomarkers.  
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3. Concluding Remarks 

Although the underlying cause of protein deposition in AD remains unclear, 

neurodegeneration is believed to be influenced by the dysregulation of protein metabolism, 

either/both through increased production or/and decreased clearance of Aβ peptides. Results of my 

projects provide novel explanations and descriptions to molecular pathways involving Aβ34, 

including the dual role of BACE1, and roles of PS2-γ-secretase, and ECE1.  

The scientific evidence presented in this thesis supports that BACE1 is involved in both 

Aβ production that ultimately leads to formation of amyloid plaques and Aβ clearance that leads 

to conversion of toxic aggregation prone Aβ species into non-amyloidogenic Aβ34 and that 

imbalance between these two activities could be the explanation for the failure of BACE1 

inhibitors in clinical trials. Our finding that PS2-γ-secretase in endo-lysosomal compartments 

provides substrates for amyloidolytic cleavage by BACE1 emphasizes a novel role for PS2 in Aβ 

clearance. Furthermore, our study identifies a novel role for ECE1 as the major Aβ34 degrading 

enzyme.  

My thesis highlights the complex and highly dynamic nature of Aβ species in the brain and 

shows that manipulating this system towards enhanced clearance or manipulating intracellular Aβ 

levels is possible. Overall, revealing the life cycle of Aβ34 including the enzymes involved in AD 

will assist in the search for novel AD biomarkers, providing a better understanding of the molecular 

processes of AD pathogenesis, as well as facilitating the discovery of novel pathways and 

therapeutic targets.   
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ABBREVIATIONS 
 

 

AD Alzheimer disease 

ACE Angiotensin converting enzyme 

ADEs Amyloid-β-degrading enzymes  

AICD Amyloid precursor protein intracellular domain 

AP-1 Adaptor protein 1  

APLP Amyloid precursor-like proteins  

APP Amyloid precursor protein  

APP-C99 99-amino acid long C-terminus of amyloid precursor protein 

Aβ Amyloid-β  

Aβ42 42-amino acid long amyloid-β peptide  

BACE1 β-secretase / β-site amyloid precursor protein-cleaving enzyme 1  

BCA Bicinchoninic acid 

BSA Bovine serum albumin  

C57BL/6  C57 black 6 

Cat B Cathepsin B 

Cat D Cathepsin D 

CNS Central nervous system  

CO2 Carbon dioxide 

CSF Cerebrospinal fluid  

CTF C-terminus of amyloid precursor protein 

DAPI 4',6-Diamidino-2-Phenylindole, Dihydrochloride 

DMEM Dulbecco's Modified Eagle Medium 

DMEM/F12 Dulbecco's Modified Eagle Medium and Ham's F-12 

DMSO Dimethyl sulfoxide 

ECE1 Endothelin converting enzyme 1 

EDTA Ethylenediaminetetraacetic acid 

EEA1 Early-endosome associated protein 1 

ELISA Enzyme-linked immunosorbent assay  

ER Endoplasmic reticulum  

FAD Familial Alzheimer disease 

FBS Fetal bovine serum 

H2SO4 Sulfuric acid 

hAPP Human amyloid precursor protein 
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HEK293T Human embryonic kidney cells 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HRP Horseradish peroxidase 

ICC Immunocytochemistry 

IDE Insulin degrading enzyme 

LAMP1 Lysosome-associated membrane protein 1 

LLOD Lower limit of detection 

MALDI-MS Matrix-assisted laser desorption/ionization mass spectrometry  

MALDI-TOF Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry 

MCI Mild cognitive impairment  

MgCl2 Magnesium chloride 

MK-8931 Verubecestat 

MMP2 Matrix metalloproteinase 2 

MMP9 Matrix metalloproteinase 9 

MSD Meso Scale Discovery 

Na2HPO4 Disodium phosphate 

Na3VO4 Sodium orthovanadate 

NaCl Sodium chloride 

NaF Sodium fluoride 

NaH2PO4 Monosodium phosphate 

NBB The Netherlands Brain Bank  

NEP/MME Neprilysin 

NFT Neurofibrillary tangles  

NP-40 Nonyl phenoxypolyethoxylethanol 

Opti-MEM Improved Minimal Essential Medium 

PBS Phosphate buffered saline 

PBS-T hosphate-buffered saline solution with Tween-20 

PCR Polymerase chain reaction 

PEG Polyethylene glycol 

PET Positron emission tomography  

PMSF Phenyl-methylsulfonyl fluoride 

PS Presenilin 

PSEN Presenilin gene 

p-tau Phosphorylated tubulin-associated unit 

PVDF Polyvinylidene difluoride  

RIP Regulated intramembrane proteolysis  

RNA Ribonucleic acid 

sAPP Soluble amyloid precursor protein fragment 

SH-SY5Y Human neuroblastoma cell line 

SILK Stable isotope labeling kinetics  
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siRNA Small-interfering ribonucleic acid 

tau  Tubulin-associated unit 

TGN Trans-Golgi network  

Tris-HCl Tris hydrochloride 

t-tau Total tubulin-associated unit 

WCE Whole cell extract buffer 
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ARTICLE

Aβ34 is a BACE1-derived degradation intermediate
associated with amyloid clearance and Alzheimer’s
disease progression
Filip Liebsch 1, Luka Kulic2, Charlotte Teunissen 3, Adeola Shobo1, Irem Ulku 1, Vivienne Engelschalt4,

Mark A. Hancock5, Wiesje M. van der Flier6, Peter Kunach 7, Pedro Rosa-Neto 7, Philip Scheltens 6,

Judes Poirier8, Paul Saftig9, Randall J. Bateman10, John Breitner8, Christoph Hock2,11 & Gerhard Multhaup1

The beta-site APP cleaving enzyme 1 (BACE1) is known primarily for its initial cleavage of the

amyloid precursor protein (APP), which ultimately leads to the generation of Aβ peptides.

Here, we provide evidence that altered BACE1 levels and activity impact the degradation of

Aβ40 and Aβ42 into a common Aβ34 intermediate. Using human cerebrospinal fluid (CSF)

samples from the Amsterdam Dementia Cohort, we show that Aβ34 is elevated in individuals

with mild cognitive impairment who later progressed to dementia. Furthermore, Aβ34 levels

correlate with the overall Aβ clearance rates in amyloid positive individuals. Using CSF

samples from the PREVENT-AD cohort (cognitively normal individuals at risk for Alzheimer’s

disease), we further demonstrate that the Aβ34/Aβ42 ratio, representing Aβ degradation

and cortical deposition, associates with pre-clinical markers of neurodegeneration. We pro-

pose that Aβ34 represents a marker of amyloid clearance and may be helpful for the char-

acterization of Aβ turnover in clinical samples.
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The pathogenesis of Alzheimer’s disease (AD) is character-
ized by amyloid-β (Aβ) plaque formation in the brain1,2.
Sequential cleavage of the amyloid precursor protein (APP)

by β-secretase (BACE1) and the γ-secretase complex results in the
generation of Aβ species of varying lengths, e.g., Aβ38, Aβ40, and
Aβ423,4,5,6. More neurotoxic than Aβ38 or Aβ40, the Aβ42
peptide is prone to form oligomers (i.e., precursor to larger
fibrils), which are thought to contribute to plaque formation and
cognitive decline7.

To block the first step of amyloid production, the pharma-
ceutical industry has focused on inhibitors of BACE1 as a ther-
apeutic strategy for AD. However, BACE1 inhibitors have failed
in clinical trials due to side effects, possible toxicity, or the
absence of beneficial cognitive outcomes8. The lack of success
may also relate to the timing of administration, since treatments
in the symptomatic stage might be too late.

BACE1 levels are elevated in the neocortex of AD patients9–11.
Perhaps as a pathological response to fibrillar Aβ, the accumu-
lation of BACE1 in the vicinity of amyloid plaques can enhance
local Aβ generation12–16. However, excess BACE1 activity can
also lead to (i) alternative APP processing at the β’-site, gen-
erating metabolically labile Aβ11-X peptides17, or (ii) Aβ degra-
dation, by catalyzing the C-terminal truncation of Aβ40 and
Aβ42 into non-amyloidogenic Aβ3418–21. In human and canine
in vivo studies, cerebrospinal fluid (CSF) levels of Aβ34 decline
with pharmacological BACE1 inhibition, most likely due to an
interruption of the BACE1-mediated degradation of Aβ40 and
Aβ4222,23. However, the amyloidolytic roles of BACE1 in Aβ
metabolism are currently not well defined, either in health (i.e.,
physiological homeostasis) or disease (i.e., AD pathogenesis).

The pathological cascade of sporadic AD appears to be trig-
gered by impaired Aβ degradation and clearance24. Aβ clearance
from the brain can occur by several mechanisms including
interstitial fluid drainage, cellular uptake, and passive
elimination25,26. Enzymatic degradation generates specific pat-
terns of soluble Aβ peptides in the CSF27, as mediated by Aβ-
degrading enzymes (ADEs), which include metalloprotease family
members such as endothelin-converting enzyme (ECE), insulin-
degrading enzyme (IDE), and neprilysin (NEP)28. Results
obtained with 18O-labeling mass spectrometry demonstrated that
the Aβ peptide pattern in CSF is not generated by proteolytic
activities in CSF itself—except in the acute phase of a bacterial
meningitis29—but Aβ fragments are likely generated prior to
entering the CSF.

The normal clearance rate for Aβ40 or Aβ42 in human CSF is
estimated to be ~8% per hour30, but clearance is impaired by
approximately 30% in AD patients24. Aβ stable isotope labeling
kinetics (SILK) studies found that production and clearance of
soluble Aβ isoforms are similar for Aβ38 and Aβ40, but Aβ42
turnover is altered with increasing age and amyloidosis31.

Since we have previously shown that Aβ34 is a common
intermediate in the enzymatic processing of two distinct Aβ
degradation pathways6, the present study examines the levels and
metabolism of Aβ34 in the brains of BACE1-deficient mice, in
brain and CSF of rats treated with a BACE1-specific inhibitor, a
cultured human neuronal cell line (SH-SY5Y), and CSF samples
from individuals at various clinical stages of AD. To accomplish
this, we utilize a custom, ultra-sensitive Meso Scale Discovery
(MSD) electrochemiluminescence assay, using a monoclonal neo-
epitope antibody that binds specifically to the C-terminus of
Aβ34 with nanomolar affinity. Our results show that cerebral
BACE1 levels are limiting for Aβ34 generation in vivo. Specifi-
cally, in well-characterized clinical groups, CSF levels of Aβ34 are
notably elevated in individuals with mild cognitive impairment
(MCI) who later progressed to AD dementia. Compared with the
classical Aβ40/Aβ42 ratio (i.e., marker of amyloid deposition in

clinical practice), the Aβ34/Aβ42 ratio improves our ability to
distinguish between individuals with MCI who later converted to
AD from those who did not. Among cognitively normal indivi-
duals at risk for AD, an elevated CSF-Aβ34/Aβ42 ratio is detected
together with current biomarkers of pre-clinical AD, such as
elevated CSF levels of total-tau (t-tau) and phosphorylated (P181)-
tau. Furthermore, the overall Aβ clearance rates positively cor-
relate with CSF-Aβ34 levels in amyloid-positive (Aβ+)
individuals.

While the interesting Aβ34 biology of this article directly
impacts the design of future studies looking at Aβ turnover and
clinical studies involving BACE inhibitors, we anticipate that
combining markers of amyloid clearance (Aβ34 measurements)
and deposition (well-established Aβ42 measurements in CSF)
may provide a more complete biomarker panel to assess AD
samples (i.e., early-stage biochemical changes vs. late-stage pla-
que/tangle pathology). Future studies are needed to validate
whether an increased CSF-Aβ34/Aβ42 ratio may provide an
opportunity for earlier intervention strategies.

Results
Cerebral Aβ34 is decreased in BACE1-deficient mice. Given
that BACE1 can directly cleave longer Aβ species between Leu34
and Met35 in vitro19,20 (Supplementary Fig. 1), we hypothesized
that Aβ degradation would be affected by altered BACE1
expression levels in vivo. To test this, we analyzed endogenous
cerebral BACE1, APP, and Aβ levels from BACE1−/− and
BACE1+/− mice, as well as their wild-type (BACE1+/+) lit-
termates (Fig. 1a–g). In agreement with previously published
results32,33, BACE1 protein levels in the brain of BACE1+/−
mice were approximately half that of wild-type mice, as analyzed
by western blot (Fig. 1a, b). Furthermore, BACE1−/− mice had
significantly elevated levels of cerebral APP and/or solu-
ble APP (sAPP) compared with their BACE1+/− and wild-type
littermates, whereas there was no significant difference between
BACE1+/− and wild-type animals (Fig. 1a, c). Notably, the
former is possibly due to increased levels of full-length APP34.

We next measured endogenous levels of Aβ34, Aβ38, Aβ40,
and Aβ42 peptides in the brains of these same mice using a
custom 4-plex MSD multiplexing assay (Supplementary Methods,
Supplementary Figs. 2, 3). In agreement with previous findings in
mice and rats32,35,36, Aβ38, Aβ40, and Aβ42 were significantly
decreased in BACE1−/− mouse brains, whereas their levels did
not differ significantly between BACE1+/− and wild-type
littermates (Fig. 1e–g). As expected for a fragment generated
by BACE1 activity, cerebral Aβ34 levels were decreased in
BACE1−/− mice compared with BACE1+/− (Fig. 1d). Notably,
Aβ34 levels were also significantly lower in BACE1+/− mice
compared with wild-type littermates. Apparently, the cerebral
amyloidogenic processing of endogenous APP by BACE1 is not
impaired by a 50% decreased enzyme availability, as it is
indistinguishable in heterozygous knockouts and wild-type
littermates (Fig. 1e–g). Furthermore, the Aβ34/Aβ38, Aβ34/
Aβ40, and Aβ34/Aβ42 ratios revealed a step-wise decrease with
decreasing BACE1 levels (Fig. 1h–j). These findings support the
concept that cerebral BACE1 levels are limiting for its
amyloidolytic activity in vivo relying on conversion of the longer
Aβ species to Aβ34, whereas BACE1 levels are not limiting for
APP cleavage resulting in Aβ38, Aβ40, and Aβ42.

BACE1 inhibition lowers rat CSF and brain Aβ34 levels. To
independently assess whether the above findings hold true for the
pharmacological intervention with BACE1 activity, wild-type rats
were treated with the BACE1-specific inhibitor MK-893137. The
inhibitor had no effect on cerebral APP and/or sAPP levels
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(Fig. 2a, b). Cerebral Aβ34 levels were significantly decreased in
rats treated with concentrations of 1 and 20mg/kg (Fig. 2c). In
contrast, cerebral Aβ40 and Aβ42 levels were only decreased in
the 20 mg/kg but not the 1 mg/kg cohort (Fig. 2d, e). Conse-
quently, the ratios Aβ34/Aβ40 and Aβ34/Aβ42 were significantly
decreased at 1 and 20 mg/kg (Fig. 2f, g). In agreement with our
findings in BACE1+/− mice, these results indicate that cerebral
Aβ34 levels are more sensitive to changes in BACE1 activity than
the longer Aβ species.

We next measured CSF levels of Aβ34, Aβ38, Aβ40, and Aβ42.
CSF-Aβ34 was significantly decreased in the cohorts treated with
1 and 20 mg/kg (Fig. 2h), however, there was no change for Aβ38,

Aβ40, and Aβ42 (Fig. 2i–k). Furthermore, the ratios Aβ34/Aβ38,
Aβ34/Aβ40, and Aβ34/Aβ42 in CSF were significantly decreased
in the animals treated with 1 and 20 mg/kg (Fig. 2l–n). Overall,
the results of these experiments demonstrate that the pharma-
cological inhibition of BACE1 differentially affects the amyloido-
genic and the amyloidolytic activities of the enzyme in vivo.
Importantly, the latter seems more sensitive than the former to
the amount (Fig. 1) and activity (Fig. 2) of BACE1.

Aβ34 is an Aβ degradation intermediate. Previous studies
showed that APP and BACE1 expression can change the quantity
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of Aβ produced33,38. Therefore, we tested whether Aβ34 levels
would be affected by a surplus of either substrate or enzyme in a
human neuronal cell type. Using human neuroblastoma (SH-
SY5Y) cells stably overexpressing APP or BACE1 (Fig. 3a), we
measured secreted levels of Aβ34, Aβ38, Aβ40, and Aβ42 in the
supernatants using the ultra-sensitive 4-plex assay, whereas
sAPPβ and sAPPtotal were detected by western blot (Fig. 3a–h).
Overexpression of APP mildly increased Aβ34 levels (not statis-
tically different from empty plasmid (Mock)-transfected cells,
p= 0.06) and significantly elevated sAPPβ, sAPPtotal, Aβ38, Aβ40,
and Aβ42, as compared with Mock-transfected cells (Fig. 3b–h).

Conversely, in BACE1-overexpressing cells, Aβ34 levels were
significantly elevated approximately threefold compared with
APP-overexpressing conditions, whereas Aβ38, Aβ40, and Aβ42
levels showed only a mild trend toward elevation compared with
the control (Fig. 3e–h). Furthermore, more APP was shed from
either of these cell lines (Fig. 3c, d). Note that the apparent
molecular weights of endogenous APP and sAPPs are slightly
higher than those from APP695-transfected cells (Fig. 3a, b),
which is likely due to the fact that undifferentiated SH-SY5Y cells
express not only APP695 but also splice variants with KPI- and
OX-2 domains39,40. Overall, we conclude that a surplus of either
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substrate or enzyme affects APP processing differentially in the
human neuronal cell line, resulting in (i) increased Aβ38, Aβ40,
and Aβ42 release from APP-overexpressing cells, or (ii) an
enhanced degradation of all longer Aβ forms into Aβ34 in
BACE1-overexpressing cells.

To investigate whether BACE1 inhibition differentially affects
the Aβ profiles, SH-SY5Y cells overexpressing APP or BACE1
were treated with MK-893137 at approximately 20-fold of its
published IC50 (i.e., [MK-8931]= 100 nM, Fig. 4, Supplementary

Fig. 4). Conditioned medium from APP-overexpressing SH-SY5Y
cells showed significantly decreased levels of sAPPβ, Aβ34, Aβ38,
Aβ40, and Aβ42 in the presence of MK-8931 (Fig. 4a–d,
Supplementary Fig. 4a–c). Furthermore, a dose-inhibition curve
for MK-8931 was performed and sAPPβ (western blot), Aβ34
(MSD 1-plex), and Aβ40 (MSD 1-plex) were measured
(Supplementary Fig. 4d–f). In APP-overexpressing SH-SY5Y
cells, MK-8931 dose-dependently decreased sAPPβ (pIC50=
10.7 ± 0.3 (s.e.m.)), Aβ34 (pIC50= 14.1 ± 0.6), and Aβ40 levels

a

50

60 Anti-BACE1

Anti-actin
40

50

M
oc

k
BACE1

APP

80
110

80

kDa

110
160

260

Anti-APP

b

c d

e f

g h

M
oc

k
BACE1

APP

80

kDa

110

Anti-sAPPβ

80

110
Anti-sAPPtotal

5

4

3

2

1

0

15

10

5

0

80

60

40

20

0

200

150

100

50

0

1500

1000

500

0

250

200

150

100

50

0

M
oc

k
APP

BACE1
M

oc
k

APP

BACE1

M
oc

k
APP

BACE1
M

oc
k

APP

BACE1

M
oc

k
APP

BACE1
M

oc
k

APP

BACE1

sA
P

P
β 

[a
.u

]

sA
P

P
to

ta
l [

a.
u]

A
β3

4 
[p

g/
m

L]

A
β3

8 
[p

g/
m

L]

A
β4

0 
[p

g/
m

L]

A
β4

2 
[p

g/
m

L]

***
*** *** *** ***

*

***
***

******

*** ***
*** ***

ns

ns

ns

LLODLLOD

LLOD LLOD

p = 0.06

Fig. 3 Surplus of APP or BACE1 differentially affect APP processing. Using SH-SY5Y cells stably expressing APP695 or BACE1, cleavage of APP was
analyzed by western blot and ultra-sensitive MSD assay. Representative western blots for the examination of APP, BACE1, sAPPβ, and sAPPtotal (a, b), and
the corresponding quantification for the relative amounts of sAPPβ (c) and sAPPtotal (d). MSD multiplexing to quantify the absolute amounts of Aβ34 (e),
Aβ38 (f), Aβ40 (g), and Aβ42 (h). Data were collected from four independent experiments. Bars and error bars indicate mean ± s.e.m. c–h Data were
analyzed with one-way ANOVAs and Tukey’s post-hoc tests were performed for pairwise comparisons; selected comparisons are highlighted ***p < 0.001,
*p < 0.05, ns= nonsignificant p > 0.05. c sAPPβ, F(2, 9)= 131.2, p < 0.0001, d sAPPtotal, F(2, 9)= 190.3, p < 0.0001, e Aβ34, F(2, 9)= 70.04, p < 0.0001, f
Aβ38, F(2, 9)= 149.0, p < 0.0001, g Aβ40, F(2, 9)= 89.96, p < 0.0001, h Aβ42, F(2, 9)= 113.6, p < 0.0001

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-10152-w ARTICLE

NATURE COMMUNICATIONS |         (2019) 10:2240 | https://doi.org/10.1038/s41467-019-10152-w |www.nature.com/naturecommunications 5

www.nature.com/naturecommunications
www.nature.com/naturecommunications


a b

c

e f

g h

d

1.5

1.0

0.5

0.0

1.5

1.0

0.5

0.0

20

15

10

5

0

1500

1000

500

0

300

200

100

0

200

150

100

50

0

80

60

40

20

0

40

30

20

10

0

*** ***
*** ***

*** *** *** ***

*** ***
*** ***

** * ** p = 0.1

LLOD

LLOD LLOD

LLOD

LLOD LLOD

D
M

S
O

D
M

S
O

M
K

-8
93

1

D
M

S
O

D
M

S
O

M
K

-8
93

1

D
M

S
O

D
M

S
O

M
K

-8
93

1

D
M

S
O

D
M

S
O

M
K

-8
93

1

D
M

S
O

D
M

S
O

M
K

-8
93

1

D
M

S
O

D
M

S
O

M
K

-8
93

1

D
M

S
O

D
M

S
O

M
K

-8
93

1

D
M

S
O

D
M

S
O

M
K

-8
93

1

M
oc

k
M

oc
k

M
oc

k
M

oc
k

M
oc

k
M

oc
k

M
oc

k
M

oc
k

APP
APP

APP APP

BACE1 BACE1

BACE1 BACE1

sA
P

P
β 

[a
.u

]

A
β3

4 
[p

g/
m

L]

A
β4

0 
[p

g/
m

L]

A
β4

2 
[p

g/
m

L]
A

β3
4 

[p
g/

m
L]

A
β4

0 
[p

g/
m

L]

A
β4

2 
[p

g/
m

L]

sA
P

P
β 

[a
.u

]

Fig. 4 Surplus of APP or BACE1 affect BACE1 inhibition. Cleavage of APP was analyzed by western blot and ultra-sensitive MSD assays. Absolute or relative
amounts of products were quantified from SH-SY5Y cells stably expressing APP695 (a–d) or BACE1 (e–h). Quantification of relative amounts of sAPPβ
(a, e), and absolute amounts of Aβ34 (b, f), Aβ40 (c, g), and Aβ42 (d, h). Data were collected from four independent experiments. Bars and error bars
indicate mean ± s.e.m. Tukey’s post-hoc tests were performed for pairwise comparisons; selected comparisons are highlighted ***p < 0.001, **p < 0.01, *p <
0.05. a sAPPβ, one-way ANOVA, F(2, 9)= 26.6, p < 0.001, b Aβ34, one-way ANOVA, F(2, 9)= 296.1, p < 0.0001, c Aβ40, one-way ANOVA, F(2, 9)=
65.9, p < 0.0001, d Aβ42, one-way ANOVA, F(2,9)= 59.4, p < 0.0001, e sAPPβ, one-way ANOVA, F(2, 9)= 25.4, p < 0.001, f Aβ34, one-way ANOVA, F
(2,9)= 45.3, p < 0.0001, g Aβ40, one-wayANOVA, F(2, 9)= 30.8, p < 0.0001, h Aβ42, one-way ANOVA, F(2, 9)= 23.3, p < 0.001

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-10152-w

6 NATURE COMMUNICATIONS |         (2019) 10:2240 | https://doi.org/10.1038/s41467-019-10152-w |www.nature.com/naturecommunications

www.nature.com/naturecommunications


(pIC50= 11.3 ± 0.7) (Supplementary Fig. 4d–f). In contrast, in
conditioned medium from BACE1-overexpressing SH-SY5Y cells,
only the levels of sAPPβ and Aβ34 were significantly decreased in
the presence of the inhibitor (Fig. 4e, f, Supplementary Fig. 4g, h),
whereas Aβ38 and Aβ40 were significantly increased and Aβ42
levels showed a trend for being elevated, p= 0.1 (Supplementary
Fig. 4i, Fig. 4g, h). In BACE1-overexpressing SH-SY5Y cells, MK-
8931 only dose-dependently decreased sAPPβ (pIC50= 8.3 ± 0.3)
and Aβ34 levels (pIC50= 7.3 ± 0.2) (Supplementary Fig. 4j, l).
Interestingly, Aβ40 levels were decreased at high inhibitor
concentrations (p[MK-8931] >−6), elevated at intermediate
concentrations (−10 < p[MK-8931] <−6) and unchanged at
low concentrations (−10 > p[MK-8931]) (Supplementary Fig. 4k).
Ultimately, these results show that the response to pharmacolo-
gical BACE1 inhibition depends on the relative abundances of
BACE1 and its substrate APP. Notably, inhibition with
insufficient amounts of compound at high levels of BACE1 could
result in undesired elevated Aβ40 and Aβ42 levels. However,
BACE1 inhibitor doses used in vivo can effectively reduce the
levels of longer Aβ species37.

ADEs include the metalloproteases, a large group of proteases
that likely cleave Aβ peptide substrates28. In general, ADE-derived
fragments are short, soluble, and not prone to aggregate. To
investigate how Aβ34, Aβ38, Aβ40, and Aβ42 degradation is
affected by metalloproteases, we treated APP- or BACE1-
overexpressing SH-SY5Y cells with the metalloprotease inhibitor
phosphoramidon (PA). Supernatants were analyzed using the 4-
plex MSD assay as before (Fig. 5). In APP-overexpressing cells, PA
treatment significantly elevated the levels of all Aβ species
measured (Fig. 5a–d). In the presence of PA, however, Aβ34 was
increased approximately ninefold, whereas the levels of Aβ38,
Aβ40, and Aβ42 were only about two to threefold higher
(Fig. 5a–d). In agreement with previously published data21, these
findings imply that Aβ34 is more sensitive to metalloprotease-
mediated degradation compared with the longer species tested. In
BACE1-overexpressing cells, Aβ34 levels were increased by about
2.5-fold in the presence of PA, whereas Aβ38, Aβ40, and Aβ42
levels were not significantly changed (Fig. 5a–d). Together, these
results suggest that Aβ34 is a stable Aβ degradation intermediate of
the amyloid degradation cascade. Thus, we propose that in the
presence of surplus APP substrate, Aβ38, Aβ40, and Aβ42 are
degraded by both metalloproteases and the BACE1-mediated Aβ34
pathway (Fig. 5e). Conversely, in the presence of surplus BACE1
enzyme, longer forms of Aβ are predominantly degraded by
BACE1, yielding Aβ34 as a metastable cleavage product (Fig. 5e).

CSF-Aβ34 levels are associated with AD progression. To
explore the associations between Aβ34 and putative changes in
BACE1 expression observed in AD9–11, we analyzed Aβ34 in 98
human CSF samples from the Amsterdam Dementia Cohort.
Samples were collected from 22 people with subjective cognitive
complaints (SC), 17 with MCI that remained stable, 27 with MCI
that later progressed to AD dementia (i.e., MCI converters), and
32 AD patients. Using our MSD assay, we found significantly
elevated Aβ34 levels in the CSF of MCI converters when com-
pared with SC or MCI stable (Fig. 6a). Furthermore, the levels in
MCI converters showed a trend for being elevated compared with
AD patients (the greater variability is likely due to a larger het-
erogeneity in this group). CSF-Aβ34 levels from all groups did
not associate with age, the genetic risk allele APOE ε4, or gender
(Supplementary Fig. 5a–c). As expected, there was a decrease in
Aβ42 in AD patients and MCI converters compared with the SC
and MCI stable group (Fig. 6b). These changes are likely due to
the sequestration of Aβ42 into amyloid plaques and indicate that
MCI converters and AD patients are typically Aβ+41. The Aβ34/

Aβ42 ratio is significantly elevated in the MCI converter and AD
groups compared with the other groups (Fig. 6c).

To assess whether CSF-Aβ34 could provide important
information during the early stages of AD, we tested whether
Aβ34 could discriminate between MCI converters vs. non-
converters from the Amsterdam Dementia Cohort. Receiver
operating characteristic (ROC) curves of the CSF analytes were
used to determine the accuracy of distinction between the MCI
converters (i.e., prodromal AD) vs. stable patients. The area under
the curve (AUC) for Aβ34 alone was slightly smaller than for
Aβ42 (Fig. 6d). Interestingly, the Aβ34/Aβ42 ratio (AUC= 0.91)
significantly improved the diagnostic accuracy compared with the
classical Aβ40/Aβ42 ratio (AUC= 0.82) (Fig. 6e). An optimal
cut-off analysis42 yielded the best cut-off for an Aβ34/Aβ42 ratio
>0.245, where sensitivity was 81.48% and specificity 82.35%
(Supplementary Fig. 5d). The improved diagnostic accuracy of
the Aβ34/Aβ42 ratio seemed specific for the distinction between
MCI converters and stables. Similar AUCs ranging from 0.93 to
0.98 were obtained for Aβ42, Aβ40/Aβ42, and Aβ34/Aβ42 for the
distinction between the SC and MCI converters or the SC and AD
populations respectively (Supplementary Fig. 5e, f). For the
distinction between MCI converters and stable patients, p-tau and
t-tau yielded AUCs of 0.93 and 0.94, respectively (Fig. 6f). To
assess how Aβ34/Aβ42 compares with the core AD biomarkers43,
we calculated the ratio between the MCI converter and MCI
stable groups (Fig. 6g). Aβ34/Aβ42 ranked third after the core
markers, i.e., total- and phosphorylated-tau but before Aβ40/
Aβ42 and Aβ42 (Fig. 6g). Overall, these results suggest that using
Aβ34, an indicator for Aβ degradation in combination with Aβ42,
a core biomarker for Aβ deposition, can improve the accuracy of
prediction compared with Aβ40/Aβ42 regarding MCI patients
who will convert to dementia vs. non-converters. The Aβ34/Aβ42
ratio could complement but not supplant existing biomarkers,
such as CSF levels of total- and phosphorylated-tau. This finding
suggests that, at certain stages of Aβ34 elevation in the CSF, the
combination of this marker with reduced Aβ42 may indicate a
failure in the clearance pathway associated with AD progression.

To test whether changes in the Aβ34/Aβ42 ratio are already
detectable in earlier, pre-symptomatic AD, likely even before
signs of neuronal injury become evident, we analyzed another 94
human CSF samples from cognitively normal, at-risk individuals
from the PREVENT-AD cohort44. Individuals enrolled in this
study have no diagnosable cognitive dysfunction and are in good
general health, but they have a family history of a parent or
multiple siblings affected with AD dementia45–47. At enrollment,
these individuals were on average 10.2 years younger than the age
of dementia onset for their earliest-affected relative. Consistent
with our earlier Amsterdam Dementia Cohort findings, CSF-
Aβ34 levels in the PREVENT-AD samples were not associated
with age, APOE ε4, or gender (Supplementary Fig. 6a–c). We then
tested whether an increased Aβ34/Aβ42 ratio (optimal cut-off
Aβ34/Aβ42 > 0.245; Fig. 6e) could also be observed in cognitively
normal individuals from the PREVENT-AD cohort. We identi-
fied 17 out of 94 individuals (18.09%) with Aβ34/Aβ42 ratios that
were above our estimated cut-off.

According to current views, the asymptomatic phase of AD is
characterized by a sequential appearance of abnormalities,
starting with increased cortical Aβ deposition (stage 1), leading
to additional signs of neurodegeneration (stage 2; no abnormal-
ities are seen in stage 0)48. Figure 7a depicts the Aβ42 and t-tau
distribution of the PREVENT-AD samples from individuals at
different stages of pre-symptomatic AD, with most individuals
remaining in the stage 0 group. The horizontal and vertical dotted
lines and shaded areas represent Aβ4241 and t-tau cut-off
values49,50 and their inter-assay variances51 (Fig. 7a). The
biomarker assessments (validated CSF-Aβ42 cut-off values
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including the inter-assay variances41,51) indicated that 15
PREVENT-AD participants are likely candidates having pre-
clinical AD at stages 1 and 2 (Fig. 7a). Out of these, 11 presented
with Aβ34/Aβ42 ratios above our cut-off (11/15= 73.33%)
(Fig. 7a). In addition, 6 out of 73 (8.22%) individuals at stage 0
also showed an elevated Aβ34/Aβ42 ratio. Individuals with
elevated Aβ34/Aβ42 were not significantly older (Fig. 7b), but
they exhibited significantly increased Cardiovascular Risk Factors,
Aging, and Incidence of Dementia scores (CAIDE; Fig. 7c), and
significantly increased CSF levels of total- and phosphorylated-
tau (t-tau, p-tau; Fig. 7d, e).

CSF-Aβ34 correlates with Aβ clearance in Aβ+ individuals. In
MCI and sporadic AD brain tissue, the levels and enzymatic

activity of BACE1 are increased9–11 and localized to the sur-
roundings of amyloid deposits12–15. Above, we presented evi-
dence that Aβ34 (an amyloidolytic product of BACE1) is
associated with BACE1-mediated Aβ clearance and is elevated in
MCI converters, who show evidence of amyloid plaques (based
on their CSF-Aβ42 levels41). Thus, we analyzed the CSF con-
centrations of Aβ34, Aβ38, Aβ40, and Aβ42 in Aβ+ and amyloid-
negative (Aβ–) individuals (10 individuals per group; Fig. 8),
whose Aβ turnover was previously assessed by SILKTM 31.
SILKTM data of these 20 individuals were previously reported31

and we correlated our results with the published data. The frac-
tional turnover rate (FTR) or true fractional clearance rate31,
which is associated with the irreversible loss of Aβ38, Aβ40,
and Aβ4252, showed a significant positive correlation with the
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CSF-Aβ34 concentrations only in Aβ+ individuals (Fig. 8a–c).
Moreover, the CSF concentrations of Aβ38, Aβ40, and
Aβ42 showed no significant correlation with Aβ38, Aβ40, or
Aβ42 FTRs in our dataset (Fig. 8d–l). Interestingly, the ratio
Aβ34/Aβ42 correlated with all three FTRs in Aβ– individuals,
whereas the other ratios showed no correlation (Supplementary
Fig. 7a–i). Overall, the correlation between Aβ34 and the clear-
ance of the longer Aβ species is consistent with our results from
rodent brains and SH-SY5Y cells, suggesting that elevated BACE1
levels in Aβ+ individuals might shift Aβ38, Aβ40, and Aβ42 into
the Aβ34 degradation pathway. In conclusion, Aβ34 might serve
as a surrogate marker for the overall clearance of Aβ38, Aβ40,
and Aβ42 in Aβ+ and the ratio Aβ34/Aβ42 for the overall
clearance in Aβ– individuals.

Discussion
In the AD field, research has traditionally focused on the con-
version of APP into Aβ42 peptides leading to pathological amy-
loid plaque deposition in the brain and cognitive decline during
the clinical progression of the disease. In recent years, however,
emerging literature now identifies amyloid clearance as an
important paradigm to better understand amyloid imbalances in
sporadic AD patients.

BACE1 is thought to play a major role in the pathogenesis of
AD and several inhibitors have been evaluated in clinical trials for
their potential to slow or halt the production of neurotoxic Aβ
peptides8. In order to attenuate disease progression in individuals
with existing amyloid plaques, Aβ production would need to be
inhibited by at least 95% since deposition is expected to be fast in
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Aβ+ individuals, even at lowered rates of newly produced
Aβ53,54. Recently, current treatment approaches have been chal-
lenged based upon reports of disappointing results and adverse
effects from BACE inhibitor trials (press release, 25 October 2018,
Is there a role for BACE inhibition in Alzheimer’s treatment?,
Clinical Trials on Alzheimer’s Disease (CTAD) conference).

BACE1 levels are increased in the AD brain9–11, and this could
potentially result in increased Aβ production. However, a ~50%
reduction in cerebral BACE1 (as reported in BACE1+/− mice
and rats) does not alter Aβ38, Aβ40, and Aβ42 levels, suggesting
that half the usual amount of BACE1 is sufficient to fully process
endogenous APP32,33,35,36. Furthermore, increased enzyme levels
do not lead to an increased amyloid load in the brains of mice
overexpressing human BACE155.

We found that cerebral Aβ34 levels were decreased by about
30% in BACE1+/− mice and by about 40% in wild-type rats, 1 h
after intravenous injection of 1 mg/kg MK-8931 (with longer Aβ
species unaltered). In the CSF of these MK-8931-treated rats,
Aβ34 was the only Aβ species that was significantly decreased in
the 1 and 20 mg/kg groups. However, since we administered the
inhibitor intravenously, the greatest reduction in Aβ was likely
achieved much earlier than in the original study, where rats
received the compound orally and Aβ40 was significantly reduced
in CSF and cortex at 1 and 3 h37. Due to the different routes of
administration, our data cannot be directly compared with this
study37. In contrast to the initial APP cleavage, BACE1 is a
limiting factor for the amyloidolytic cleavage of longer Aβ species
into Aβ34. Furthermore, our data imply that cerebral BACE1

possesses Aβ-degrading properties in vivo, as consistent with an
earlier hypothesis based on in vitro studies19–21. The dichotomy
between the amyloidogenic and amyloidolytic roles of BACE1
becomes more evident in experimental systems with elevated
BACE1 levels. In the present study, for example, we found that an
excess of APP favors amyloidogenic Aβ peptide production, but
an excess of BACE1 results in increased Aβ degradation to Aβ34.
Our characterization of the BACE1-mediated Aβ34 pathway is
consistent with previous findings that cerebral BACE1 is not
limiting for Aβ production32,33,35,36, observations that until now
had remained unexplained due to our lack of understanding of
amyloidolytic BACE1 activity.

As BACE1-derived Aβ34 can be further degraded by PA-
sensitive metalloproteases21, it may be classified as a metastable
intermediate in the degradation cascade of amyloidogenic pep-
tides. The current findings show that this process is regulated by
BACE1 expression such that when BACE1 may become limiting
(i.e., when APP is overexpressed), amyloidogenic Aβ peptides are
enzymatically degraded by both metalloproteases and BACE1.
However, when BACE1 is present in sufficient or excess amounts
(i.e., when overexpressed), the Aβ34 pathway is favored. As
BACE1 is strongly expressed in neurons, particularly at sites of
Aβ production in the brain14,15, longer Aβ peptides may be
favorably converted into non-toxic Aβ34 at these sites. It is likely
that Aβ34 might have a specific biological function and anti-
apoptotic actions of this fragment on cultured human cells have
been described21, however, a more thorough characterization is
needed in order to determine its physiological role.
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Site-specific mutations in APP were found in rare cases of
familial early-onset AD (FEOAD) and processing at the β-
cleavage site of APP could be causally linked to increased and
decreased risk of AD. For example, β-cleavage of APP carrying
the Swedish mutation (KM670/671NL) is increased and causes
FEOAD56. In contrast, the Icelandic mutation (A673T) protects
against AD57, primarily by reducing the β-cleavage of APP,
as well as modulating Aβ aggregation58. In light of our findings, it
is plausible that the Icelandic mutation results in reduced Aβ
generation, whereas BACE1-mediated Aβ degradation still
occurs. Although inhibition of BACE1-mediated cleavage of APP

remains an attractive therapeutic approach in AD, it appears that
reducing BACE1-mediated generation of pathogenic Aβ peptides
alone will not be sufficient to stop plaque growth53,54. Further-
more, BACE1 inhibition is likely to affect amyloidolytic cleavage
of longer Aβ species into smaller, non-amyloidogenic Aβ34. For
this reason, we tested for clearance effects in human CSF and,
notably, we found elevated baseline levels of Aβ34 in MCI
patients who later progressed to AD. Aβ34 can be detected in
human plasma samples59, therefore, it would be interesting to test
whether its levels in CSF and plasma correlate or whether MCI
converters show elevated amounts of plasma-Aβ34. By combining
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Scale Discovery (MSD)). Aβ38, Aβ40, and Aβ42 clearance (fractional turnover rate, FTR) was previously measured using stable isotope labeling kinetic
(SILK)31. Samples were from n= 10 Aβ+ and n= 10 Aβ– individuals. Scatterplots of CSF-Aβ34 (a–c), Aβ38 (d–f), Aβ40 (g–i), or Aβ42 (j–l) with Aβ38 FTR
(a, d, g, j), Aβ40 FTR (b, e, h, k), or Aβ42 FTR (c, f, i, l). Pearson correlation coefficients (r) were computed to assess the relationship between the
variables. The Bonferroni adjusted p-values are: **p < 0.003, *p < 0.016, ns= nonsignificant p > 0.0125
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an indicator for Aβ degradation (i.e., Aβ34) and a biomarker for
Aβ deposition (i.e., Aβ42), we found that the Aβ34/Aβ42 ratio
significantly improved the diagnostic accuracy to distinguish
between prodromal AD and stable MCI compared with the
classical Aβ40/Aβ42 ratio. However, elevated CSF levels of p-tau
and t-tau showed the best distinction between the two MCI
groups. An elevated Aβ34/Aβ42 ratio in the prodromal stage of
AD could indicate that, at early stages of Aβ plaque formation
(i.e., decreased CSF-Aβ42 levels41), the increased levels and
amyloidolytic activity of BACE1 elicit a defense reaction (i.e.,
increased generation of Aβ34 to facilitate amyloid clearance).
Although BACE1 levels are elevated around fibrillar Aβ12–15, the
fibrillar conformation is resistant to BACE1 cleavage because of
its unique structure60 (under the condition of their co-presence in
a cellular compartment with a low pH). Aβ42 fibrils are stabilized
by hydrophobic clusters in such a way that they do not grant
BACE1 access to the Aβ34 cleavage site60. Furthermore, since
only Aβ42 turnover (and not Aβ38 or Aβ40) is altered when
amyloidosis has started31, the surplus of Aβ34 could be mainly
derived from Aβ42 since its conformation is different from Aβ38
and Aβ40. We speculate that intracellular Aβ42 can adopt a
conformation that is favorable for fibril formation, which makes it
especially susceptible to BACE1-mediated degradation at the
Aβ34 cleavage site.

We hypothesized that the Aβ34/Aβ42 ratio might be poten-
tially useful to monitor pre-symptomatic AD, as changes in the
classical biomarkers of AD pathogenesis can already be observed
before cognitive symptoms appear48. In human samples from the
PREVENT-AD cohort (i.e., at-risk individuals without current
cognitive impairment), we found that the Aβ34/Aβ42 ratio was
elevated, especially in individuals whose biomarker assessment
classified them in stages 1 and 2 (signs of cortical Aβ deposition).
Overall, few individuals in PREVENT-AD showed reduced CSF-
Aβ42 ( ≤ 647 pg/mL41). In families with autosomal-dominant
AD, reduced CSF-Aβ42 and increased tau in asymptomatic
mutation carriers were already detected 10–20 years before the
estimated age of onset61. At present, members of the PREVENT-
AD cohort tend to be several years younger compared with the
onset of dementia in their affected relative(s) and, in contrast to
mutation carriers, they probably vary substantially in their degree
of progression of pre-symptomatic AD. Interestingly, we identi-
fied individuals in stage 0 with an elevated Aβ34/Aβ42 ratio.
However, our data are cross-sectional and should not be inter-
preted as representing change over chronological ageing. There-
fore, it will be crucial to follow the longitudinal trajectory of Aβ34
in these individuals, in combination with classical CSF measures,
since we expect that these biomarker changes are closely related
to aging, as previously seen in cognitively normal middle-aged
volunteers62.

Consistent with the concept of amyloid clearance and deposi-
tion mechanisms indicating failed clearance in pre-symptomatic
stages of AD, we find that the Aβ34 levels in CSF correlate with
the overall clearance rates of Aβ38, Aβ40, and Aβ42 in Aβ+ but
not Aβ– individuals. In contrast, the CSF Aβ34/Aβ42 ratios
correlate with the overall clearance rates of Aβ38, Aβ40, and
Aβ42 in Aβ– but not Aβ+ individuals. Since inter-individual
variances in Aβ clearance rates are affected by various factors
including age, genetics, or pathological processes24,31,52,63, it is
rather unlikely that the levels of an individual protein, such as
BACE1, could determine the overall Aβ clearance from the brain.
However, our findings suggest that under pathological conditions,
elevated BACE1 levels in the brain direct a large proportion of
Aβ38, Aβ40, and Aβ42 into BACE1-mediated Aβ clearance via
the Aβ34 degradation pathway. Given this, Aβ34 might be used as
a marker for the overall clearance of these peptides in Aβ+
individuals. We speculate that under non-pathological conditions,

a special relationship exists between Aβ34 and Aβ42, which might
explain the correlation of their ratio with the overall Aβ clearance.
Once Aβ42 gets deposited in plaques, the correlation with
clearance is lost, likely due to an altered Aβ42 degradation. Under
these circumstances, Aβ34 alone becomes the predictor of
clearance rates.

In summary, our results show that, in vivo, BACE1 is limiting
for the degradation of longer Aβ peptides into the intermediate
Aβ34. The levels of this amyloidolytic fragment are elevated in the
CSF of prodromal AD patients (i.e., MCI that progresses to AD).
Thus, incorporating Aβ34 as a marker of amyloid clearance with
a marker of amyloid deposition (i.e., Aβ42) might complement
current CSF measures, especially in clinical intervention trials
that aim at a modulation of APP processing (Fig. 9). Ultimately,
the present study proposes that enzymatic processes affecting Aβ
metabolism are altered in early phases of AD and, accordingly,
Aβ34 can be used to monitor Aβ turnover at earlier stages of this
devastating disease.

Methods
Synthetic Aβ peptides. Synthetic peptides Aβ34, Aβ35, Aβ38, Aβ40, and Aβ42
(PSL, Germany) dissolved in formic acid and vacuum dried in a speed-vac
(Thermo) were resuspended (2 mg/mL) in 1% Milli-Q/ammonia water, ultra-
sonicated (10 min 4 °C), diluted to 1 mg/mL with Milli-Q and ultrasonicated again.
Peptide concentrations (ε= 1490M/cm), integrity, and molecular weight were
confirmed by absorption measurements at 280 nm (Synergy H1, BioTek Instru-
ments Inc. plate reader), Coomassie dye stains after performing denaturing poly-
acrylamide gel electrophoresis (SDS-PAGE), and matrix-assisted laser desorption
ionization mass spectrometry (Bruker UltrafleXtreme MALDI-TOF/TOF system in
standard reflector-positive mode; samples mixed 1:1 with α-cyanocinnamic acid
matrix and applied to ground steel targets using dried-droplet method).

BACE1-mediated Aβ degradation in vitro. BACE1 from Fc purification64 10 μg/
mL (a kind gift from Johan Lundkvist, AstraZeneca) was incubated with synthetic
Aβ35, Aβ40, or Aβ42 at 50 μg/mL for 10 min at 37° C in 20 mM (sodium acetate/
HCl, pH4.5), directly mixed 1:1 with α-cyanocinnamic acid matrix, and applied to
ground steel targets using dried-droplet method.

MSD assay. Using the ELISA Conversion Kit from MSD (USA), an
electrochemiluminescence-based assay was developed (neo-epitope specific Aβ34
and the sulfo-tagged 6E10 (binds to the N-terminus of human Aβ) or the sulfo-
tagged 4G8 for rodent samples (binds to the mid domain of Aβ)). High-bind or
custom-printed 4-plex plates (using our mab34, 4G8 (Biolegend) for pan-Aβ assay,
G2-10 for 1-plex Aβ40 assay, and MSD’s validated mouse monoclonal anti-Aβ38,
anti-Aβ40, as well as anti-Aβ42 antibodies, see MSD Aβ peptide V-PLEX) were
blocked (MSD 5% Blocker A in PBS) for 1 h at 22 °C and washed three times with
PBS-Tween (PBS-T) for 1 min at 22 °C, loaded with SULFO-TAGTM 6E10 or 4G8
detection antibody (diluted to 1× in MSD Diluent 100) and sample or peptide
calibrator (in MSD Diluent 35 or cell culture medium), and incubated for 16 h at
4 °C with shaking at 600 rpm. After three washing steps with PBS-T for 1 min at
22 °C, 150 μL 2× MSD read buffer was added per well. All plates were read using an
MSD QuickPlex SQ 120 Imager and data analyzed using MSD Workbench®
software. Standard curves were fitted using a non-linear four-parameter logistic fit
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Fig. 9 Conceptual model of early changes in AD. Before a clinical diagnosis
of Alzheimer’s disease (AD), decades of Aβ peptide deposition lead to
plaque formation in pre-symptomatic and prodromal stages of the disease.
Incorporating Aβ34 (marker of enzymatic Aβ degradation) with measures
of Aβ42 (marker for cerebral Aβ deposition) could complement current
biomarker assessments and provide additional information about Aβ
turnover
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with 1/y2 weighting. The equation is:

y ¼ b2 þ
b1 � b2

1þ x
b3

� �b4 ð1Þ

y= signal, x= concentration, b2= estimated response at infinite concentration,
b1= estimated response at Zero concentration, b3=mid-range concentration,
b4= slope factor.

In the WORKBENCH® software, lower limit of detection (LLOD) was
determined as the analyte concentration equivalent to the signal that is 2.5×
standard deviations (SD) above the back-fit signal of the blank. Assay performance
(inter-plate, intra-plate coefficient of variation (CV), LLOD, and upper limit of
detection (ULOD)) were assessed using peptide calibrators in MSD diluent 35
(Supplementary Fig. 1e). Spike-and-recovery and linearity-of-dilution assessments
for human CSF samples (compared with calibrators in MSD diluent 35) are given
in Supplementary Table 1.

Western blot analysis. Lithium dodecyl sulfate loading buffer (Invitrogen) with 2-
Mercaptoethanol (final concentration 5% (v/v)) was added to samples and the mix
was heated to 70 °C for 10 min. Proteins were separated on 4–12% bis/tris gradient
gels. Novex® Sharp Pre-Stained Protein Standard (Invitrogen) was used. Peptides/
proteins were transferred onto polyvinylidene fluoride membranes (Millipore) by
tank blotting (Bio-Rad) at 4 °C. The primary antibodies, anti-actin C4 dilution
1:4000 (Millipore, Catalog #MAB1501), anti-APP ectodomain 22C11 dilution
1:10,000 (Millipore, Catalog #MAB348), anti-BACE1 D10E5 dilution 1:2000 (Cell
Signaling, Catalog #mAb5606), anti-sAPPβ dilution 1:2000 (IBL, Catalog
#JP18957), and secondary antibodies dilutions 1:10,000 (horseradish peroxidase-
conjugated anti-mouse, anti-rabbit, Promega, Catalog #W4021 and # W4011), were
used. Most important full-size western blots are displayed in Supplementary Fig. 8.
Signals were recorded on ImageQuant LAS 500 or Amersham Imager 600 (GE
Healthcare Life Sciences).

Mouse brain lysates. We complied with all relevant ethical regulations for animal
testing and research. Brains were obtained from BACE1−/− and BACE1+/−
mice, as well as their wild-type littermates65 in accordance with the guidelines of
the Institutional Animal Care and Use Committee at the University of Kiel. Frozen
mouse brains were thawed on ice, weighed and homogenized in 100 mM Tris-HCl,
150 mM NaCl, 2× complete protease inhibitor cocktail (Roche) using gentle-
MACS™ M Tubes/Dissociator at 4 °C (Miltenyi Biotech). Triton X-100 was added
for a final concentration of 1% and brain homogenates were lysed for 1 h at 4 °C.
Lysates were centrifuged at 10,621 × g in a microfuge (Eppendorf) at 4 °C for 15
min to remove nuclear fraction. Samples were diluted in the appropriate buffers for
protein determination using bicinchoninic acid assay (BCA assay, Pierce) and MSD
assays.

Pharmacological treatment of rats. We complied with all relevant ethical reg-
ulations for animal testing and research. Experiments were approved by the McGill
Animal Care Ethics Committee. Six to 8 weeks old male Sprague–Dawley rats were
housed at the Douglas Mental Health University Institute animal facility and
treatments were performed in accordance with the guidelines of the Canadian
Council on Animal Care. Rats were intravenously injected with indicated con-
centrations of MK-8931 (Selleckchem) or vehicle (20% Cyclodextrin) and samples
were collected after 1 h of treatment. CSF was collected with the aid of a stereotaxic
instrument to appropriately position the head of the rat and samples stored at
−80 °C. Brain tissue samples were harvested and immediately preserved on dry ice,
later stored at −80 °C. Rat brain lysates were prepared in the same way as mouse
brain lysates.

Plasmids, mutagenesis. Human full-length BACE1 (isoform A) and human full-
length APP (isoform APP695, with an N-terminal Myc tag and a C-terminal FLAG
tag), in the mammalian expression vector pCEP4, Hygro (Invitrogen) were used for
expression. All constructs were verified by DNA sequencing.

Cell culture and transfection. Human neuroblastoma (SH-SY5Y) cells (DSMZ
No.: ACC 209; DSMZ, Braunschweig/ Germany) were cultured in 50% Dulbecco’s
modified Eagle’s medium, 50% Hams-F12, 10% fetal bovine serum, 2 mM L-glu-
tamine, 0.5 mM sodium pyruvate, 1× MEM non-essential amino-acid solution in a
humidified incubator at 37 °C with 5% CO2. Cells were routinely tested for
mycoplasma contamination. SH-SY5Y cells were transfected using TransFectinTM

according to the manufacturer’s instructions (Bio-Rad) and stable clones were
selected using 250 µg/mL Hygromycin B. For experiments, culturing medium
without Hygromycin B was used and conditioned for 16 h. Protease inhibitors,
were dissolved in Dimethyl sulfoxide (DMSO) at a 1000× concentration and
compared with vehicle treatment (DMSO 1:1000). Cells were harvested on ice. Cell
culture supernatants were collected, centrifuged for 10 min at 450 × g in a micro-
centrifuge at 4 °C and used for further analysis. Cells were washed once on ice with
ice-cold PBS++ and lysed in 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 20 mM 3-
[(3-cholamidopropyl) dimethyl-ammonio]-1-propanesulfonate (CHAPS), 2×
Complete protease inhibitor (Roche), for 60 min at 4 °C. Cell lysates were

centrifuged for 15 min at 10,621 × g in a microcentrifuge at 4 °C to remove nuclear
fraction.

CSF samples. We complied with all relevant ethical regulations for work with
human participants. The studies were performed in accordance with The Code of
Ethics of the World Medical Association (Declaration of Helsinki). The studies
were approved by the regional ethics committees. Written informed consent was
received from participants prior to inclusion in the studies.

CSF samples for initial assay development were received from the Clinic at
the Division of Psychiatry, Zurich. CSF samples from individuals with SILK
data31 were obtained from the Department of Neurology, Washington
University in St. Louis. CSF samples from individuals with different clinical
diagnoses were received from the Amsterdam Dementia Cohort and the time
interval between CSF collection and assessment of cognition was <24 h66. CSF
samples from cognitively normal individuals at risk for AD (PREVENT-AD
study) were received from the Douglas Mental Health University Institute and
the time interval between CSF collection and assessment of cognition was on
average 5.6 ± 3.9 (SD) months44. The experimentalist was blinded from
diagnosis until completion of measurements. Diagnoses of probable AD67 or
MCI68, were made by consensus of a multidisciplinary team according to
diagnostic criteria. For the Amsterdam Dementia Cohort, patients who
presented with cognitive complaints but were considered as normal after
thorough investigation (i.e., criteria for MCI, dementia or any psychiatric or
neurological results not fulfilled) were defined as patients with subjective
cognitive complaints (SC). Subjects were followed annually and MCI to AD
conversion (or MCI that remained stable) was defined based on conversion to
AD within 3 years after the CSF collection, and stable as no conversion occurred
within 3 years. Lumbar punctures after an overnight fast were performed using
the Sprotte 24-gauge atraumatic needle. Samples were aliquoted into propylene
cryotubes and stored at −80 °C. Procedures from the BIOMARK-APD
consortium of the EU Joint Program in Neurodegenerative Disease were used for
sample preparation and measurements69. A summary of samples included in the
study is given in Supplementary Table 2. CSF t-tau, p-tau, and Aβ42 were
measured using INNOTEST ELISA; Fujirebio (formerly Innogenetics).

Statistical analysis. The statistical evaluation was carried out by GraphPad Prism,
SPSS, MedCalc Version 18.2.1, and the indicated statistical tests and algorithms
(analysis of variance (ANOVA), t-test, Pearson correlation, Mann–Whitney U-tests,
Spearman correlations, De Long statistics to compare ROC curves70). The optimal
cut-off (point on the ROC curve with the minimum distance (d) to sensitivity= 1 and
specificity= 1)42 was determined using Pythagoras’ theorem:

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� sensitivityÞ2 þ ð1� specificityÞ2

q
ð2Þ

Individual data points, mean and s.e.m. are displayed in the figures. Data were
tested for normality, using violation of the Shapiro–Wilk test at p < 0.01 as the
criterion. Data sets not meeting the normality assumption were analyzed using
non-parametric tests (as indicated in the figure legends).

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
Data used in the preparation of this article were obtained from the Pre-symptomatic
Evaluation of Novel or Experimental Treatments for Alzheimer’s Disease (PREVENT-
AD) program (http://www.prevent-alzheimer.ca) data release 2.0 (30 November 2015,
Update: 07 June 2016). Other relevant data are available directly from the authors.
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A B S T R A C T   

Proteolysis catalyzed by the major lysosomal aspartyl protease cathepsin-D (CTSD) appears to be of pivotal 
importance for proteostasis within the central nervous system and in neurodegeneration. Neuronal Ceroid Lip
ofuscinosis (NCL) type 10 is caused by a lack of CTSD leading to a defective autophagic flow and pathological 
accumulation of proteins. We previously demonstrated a therapeutic-relevant clearance of protein aggregates 
after dosing a NCL10 mouse model with recombinant human pro-cathepsin-D (proCTSD). Similar results could be 
achieved in cells and mice accumulating α-synuclein. Prompted by these positive effects and our in vitro findings 
showing that cathepsin-D can cleave the Alzheimer’s Disease (AD)-causing amyloid beta peptides (Aβ), we 
envisaged that such a treatment with proCTSD could similarly be effective in clearance of potentially toxic Aβ 
species. 

We demonstrated that CTSD is able to cleave human Aβ1–42 by using liquid chromatography-mass spec
trometry. Intracerebral dosing of proCTSD in a NCL10 (CTSD knockout) mouse model revealed uptake and 
processing of CTSD to its mature and active form. However, the re-addition of CTSD did not obviously affect 
intracellular APP processing or the generation of soluble APP and Aβ-species. ProCTSD treated HEK cells in 
comparison with untreated cells were found to contain comparable levels of soluble and membrane bound APP 
and Aβ-species. Also, the early intracranial application (P1 and P20) of proCTSD in the 5xFAD mouse model did 
not change Aβ pathology, plaque number and plaque composition and neuroinflammation, however we observed 
an increased level of Aβ1–42 in the CSF. 

Our data confirm proteolytic cleavage of human Aβ1–42 by CTSD but exclude a prominent role of CTSD in APP 
processing and Aβ degradation in our in vitro and in vivo models.   

1. Introduction 

Lysosomes are of pivotal importance for macromolecule and protein 
degradation (Saftig and Klumperman, 2009). Endocytosis, phagocytosis 
or autophagy deliver the substrates to lysosomal proteases. Cathepsins 
are the major lysosomal proteases. After synthesis in the endoplasmic 
reticulum as inactive pro-forms they transit to lysosomes where they are 
proteolytically processed to mature fully active forms (Katunuma, 
2010). Cathepsins have been implicated in a wide range of cellular 
functions including bulk protein degradation, antigen processing and 

presentation, proprotein processing, degradation of matrix constituents 
and initiation of apoptotic processes. 

The aspartyl protease cathepsin-D (CTSD) is ubiquitously expressed 
and plays a pivotal role in the central nervous system. This is reflected by 
a loss of cathepsin-D in mice and men leading to a severe congenital 
neurodegenerative disease classified as Neuronal Ceroid Lipofuscinosis 
type 10 (NCL10). Undegraded protein aggregates in neurons lead to cell 
death associated with premature death in patients and in a NCL10 
mouse model (Saftig et al., 1995; Koike et al., 2000; Steinfeld et al., 
2006). In contrast, cathepsin-B or cathepsin-L deficiency in mice does 
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not lead to such severe phenotypic changes indicating a redundant 
function of some cathepsins. However, mouse models harbouring a 
combined loss of cathepsin-B and -L share a comparable drastic 
phenotype as found in cathepsin-D knockout mice (Felbor et al., 2002; 
Di Spiezio et al., 2021). The predominant role of cathepsin-D is already 
indicated by the observation that it can constitute as much as 10% of the 
soluble lysosomal protein in rat liver. Cathepsin-D’s concentration in
side liver was estimated to reach 0.7 mM (Dean and Barrett, 1976). In 
early studies based on the inhibitor pepstatin it was estimated that 
cathepsin-D contributes to about 10–50% of lysosomal protein degra
dation (Dean, 1975). 

Interestingly, the application of pro-CTSD in a NCL10 preclinical 
mouse model could accelerate lysosomal protein degradation. It led to 
clearance of the pathologically relevant protein aggregates and reduced 
gliosis and neurodegeneration (Di Spiezio et al., 2021; Marques et al., 
2020). This type of protease replacement strategy also increased the life 
span of these mice (Marques et al., 2020). This strategy was used to 
provide additional protease activity to foster the proteolytic capacity of 
lysosomes. In an independent study intraocular administration of CTSD 
effectively restored the disrupted autophagy-lysosomal pathway and 
reduced the retinal degeneration by promoting the survival of photo
receptors and rod bipolar cells (Liu et al., 2022). The beneficial effect of 
adding recombinant human CTSD to disease models was also illustrated 
by recent findings in α-synucleinopathy models where application of 
pro-CTSD to cells and mice with enhanced synuclein pathology 
increased α-synuclein degradation (Prieto Huarcaya et al., 2022). 

CSTD has also been implicated in the pathogenesis of Alzheimer’s 
Disease (AD). Late onset AD had been linked with a variation in the gene 
encoding for CSTD (Davidson et al., 2006) which is also associated with 
an increase of Aβ1–42 and tau in cerebrospinal fluid (Papassotiropoulos 
et al., 2002; Riemenschneider et al., 2006). It is of note that early studies 
already identified a degrading activity of cathepsin-D towards tau 
(Kenessey et al., 1997) and Aβ (Hamazaki, 1996; McDermott and 
Gibson, 1996). In a more recent study, cathepsin-D turned out to be one 
of the principal intracellular Aβ-degrading proteases that can influence 
Aβ42/40 ratios via differential degradation of Aβ1–42 vs. Aβ1–40 (Suire 
et al., 2020). An upregulation of CTSD as a possible adaptive response in 
AD neocortex was also described (Chai et al., 2019). Recently, lysosome 
activity has also been linked to the intraneuronal build-up of Aβ which 
later leads to neuronal cell death and extracellular Aβ-deposits (Lee 
et al., 2022). 

The major hypothesis tested here was that an initiation of lysosomal 
proteolysis by endoproteolysis through CTSD could contribute to 
increased overall lysosomal proteolysis and autophagic flux after 
application of proCTSD and endogenous processing of the pro-form into 
the active form in lysosomes. Cathepsin-D application should reduce 
both the intracellular and extracellular levels of the neurotoxic and 
aggregation prone amyloid peptides. Using cell-based assays and studies 
in a preclinical NCL mouse model and the 5xFAD mouse model we 
observed efficient uptake of proCTSD which raised intra-lysosomal ac
tivity and expression of the mature active form of the protease. In the 
different experimental systems, however, a significant impact of the 
therapeutic enzyme on APP processing, Aβ levels, plaque formation and 
neuroinflammation was not observed. This finding suggests that a CTSD- 
based enzyme therapy may be inappropriate to modulate the Aβ-caused 
pathology in AD. 

2. Results 

2.1. Recombinant human pro-cathepsin-D (rhproCTSD) is self-activated 
in vitro and cleaves amyloid beta 1–42 

A recombinantly expressed form of human pro-cathepsin-D 
(rhproCTSD) dosed to mouse models of neuronal ceroid lipofuscinosis 
(Marques et al., 2020) and α-synucleinopathy (Prieto Huarcaya et al., 
2022) revealed its therapeutic value to remove protein aggregates 

including α-synuclein. The expression and activity of CTSD in connec
tion with lysosomal proteolysis have been linked to the pathogenesis of 
AD and the processing and removal of amyloid peptides (Di Domenico 
et al., 2016). We were first interested to investigate wheather our 
rhproCTSD could also cleave Aβ1–42 in vitro. The pro-form of CTSD does 
not display a considerable proteolytic activity which makes it attractive 
as a drug for in vivo dosing where it remains inactive in the interstitial 
fluid but is activated after endocytic uptake in cells and delivery to ly
sosomes. For the use in vitro, we supported self-activation of rhproCTSD 
by incubating it for at least 30 min at a lysosome-like pH of 4.5. Under 
this condition the enzyme was fully active (Fig. 1A) and was detected as 
a mature 30 kDa CTSD form by immunoblot analysis (Fig. 1B). When 
such a pre-activated fraction of 2 μg rhproCTSD was co-incubated for 15, 
30 and 60 min with 100 μM Aβ1–42 peptides and analyzed by liquid 
chromatography-mass spectrometry (LC-MS) specific cleavage frag
ments were observed. While the educts in our experiment contained 
<2% of pre-cleaved peptides, according to the summed peptide spectral 
matches (Supplementary Fig. S1), a number of hydrolysis products were 
observed after 15 min (Fig. 1C, D, Supplementary Fig. S1). In particular, 
hydrolysis C-terminal to Phe19, leading to two peptides with masses of 
2314.50 Da (average mass) and 2217.61 Da, representing the N- and the 
C-terminal cleavage product, respectively, could be detected and 
confirmed by MS/MS experiments (Supplementary Fig. S1). The C-ter
minal fragment was additionally proteolyzed C-terminal to Leu34 after 
15 min. In addition, further processing products of the N-terminal 
(cleavage C-terminal to Leu17) and the C-terminal fragment (loss of the 
N-terminal Phe20) were observed. The later, two products were further 
increased in abundance at longer incubation times. In a control, the 
Aβ1–42 peptide/ rhproCTSD was additionally incubated with pepstatin 
A, an aspartyl protease inhibitor. Here, no cleavage products could be 
observed; the increased fraction of the oxidized peptide (Met35) 
compared to the educt is common for Met-containing peptides at 
elevated incubation times. In summary, rhproCTSD is able to rapidly 
degrade the Aβ1–42 peptide under the chosen acidic in vitro conditions. 

2.2. Intracranial dosing of rhproCTSD in an NCL10 model did not affect 
the expression of mouse Aβ-species 

Having provided an in vitro proof of principle that rhproCTSD is able 
to proteolytically process Aβ1–42 we tested if also an in vivo application of 
the pro-enzyme has an impact on APP amyloid peptide metabolism. 
Using the previously mentioned model of NCL10 (CTSD− /− knockout 
(KO) mice) (Koike et al., 2000) we intracranially dosed 0.1 mg rhpro- 
CTSD at postnatal day 1 and 20 (Fig. 2A). Cathepsin-D was taken up 
by neurons (MAP-2-positive cells) and microglia (Iba 1-positive cells) as 
demonstrated by fluorescence microscopy (Fig. 2B) and detection of the 
mature active form of cathepsin-D by immunoblot analysis (Fig. 2C). 
The therapeutic effect of rhproCTSD became evident since treated mice 
did not lose weight caused by the disease progression, compared to PBS 
injected mice (Supplementary Fig. S2A). Biochemical analysis of the 
brain lysates revealed that cathepsin-D deficiency did not alter the 
expression levels of the full-length form of the murine amyloid precursor 
protein (APP) as well as the level of the C-terminal APP fragments C99 
and C83, respectively (Fig. 2C, D). Dosing the CTSD KO mice with 
rhproCTSD did also not change levels of APP and APP-C99. There was a 
~ 40% decrease of APP-C83 levels after treatment indicating that this 
fragment could be subject to lysosomal CTSD degradation (Fig. 2D(ii)). 
Importantly, the soluble APP fragments showed a tendency towards 
decreased levels of sAPPα and sAPPβ in homogenates of CTSD KO brains 
(Fig. E). However, treatment did only mildly but not significantly in
crease these levels (Fig. 2F). By immunoblot, endogenous Aβ could not 
be detected in the membrane bound and soluble fractions of the brain 
homogenates (Fig. 2C, E). ELISA and MSD measurements of soluble 
(diethylamine, DEA), insoluble (formic acid, FA) and RIPA (complete 
cell lysis) fractions of Aβ1–40 and Aβ1–42 did not reveal a clear trend 
towards an anti-amyloid effect of the rhproCTSD application (Fig. 2G, 
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Supplementary Fig. S2 B). In summary, after intracranial dosing of 
rhproCTSD in the CTSD KO mice the enzyme was endocytosed by neu
rons and microglia and matured to the active form. However, this 
treatment did not obviously affect the processing of APP or the gener
ation of soluble APP and Aβ fragments. 

2.3. RhproCTSD application to human APP overexpressing cells 

Although the CTSD KO (NCL10) mouse model is suitable to follow up 
the therapeutic effect of rhproCTSD dosage (Marques et al., 2020) the 
levels of APP and Aβ are very low and despite of a neurodegenerative 
phenotype and lysosomal dysfunction these mice do not develop typical 
AD pathologies (Koike et al., 2000). To investigate whether cathepsin-D 
would alter APP and Aβ metabolism we used HEK293 cells expressing 
the human wildtype APP or the swedish mutant of APP (APPswe) 
(Mullan et al., 1992). These cells as well as wildtype HEK293 cells were 
incubated for 48 h with 20 μg/ml rhproCTSD with or without Pepstatin 
A (PepA) (Fig. 3A). Cathepsin-D was taken up and processed to the 
proteolytically active forms (Fig. 3B). HEK cell lysates (Fig. 3B) and 
supernatants (Fig. 3D) were analyzed by immunoblot to quantify APP 
fragments (Fig. 3C,E). No changes in cell lysates of flAPP, APP-C83 and 
APP-C99 were noted (Fig. 3C). Interestingly, pepstatin A inhibition 
caused statistically significant upregulated levels of Aβ1–42 (Fig. 3C(vi)). 
In the supernatant of the cultured cells (where the rhproCTSD was not 
self-activated; Supplementary Fig. S3) no effect on the levels of soluble 
APP fragments sAPPα and sAPPβ (Fig. 3E(i) and (ii)), as well no obvious 
change in levels of amyloid fragments (Aβ1–37, Aβ1–40 and Aβ1–42, Fig. 3E 
(iii)-(v)) was observed. 

2.4. Analysis of rhproCTSD uptake and Aβ clearance in an Alzheimer 
mouse model 

The cell-based data suggest that application of rhproCTSD did not 
influence APP-dependent proteolysis. However, to exclude that this is 
limited to a specific cellular system and experimental set up with the 
chosen incubation times we decided to study the effect of the intracra
nially dosed therapeutic enzyme in a well-established AD mouse model. 
We have chosen the 5xFAD mice that express human APP mutations 
(Swedish (K670N/M671L), Florida (I716V), and London (V717I)) and 
presenilin transgenes (M146L and L286V). These mice are well suited to 
study AD-related pathology such as amyloid plaque formation, gliosis 
and Aβ-accumulation starting in two-month-old mice (Oakley et al., 
2006). We took profit from our experiences with the dosing study in the 
NCL10 model where the therapeutic enzyme was intracranially deliv
ered at postnatal day P1 and P20 and could be detected in brain lysates 
for >31 days (Marques et al., 2020). We hypothesized that such an early 
delivery of rhproCTSD would interfere with the early production of Aβ 
and the processing of APP in the 5xFAD mouse model. To adapt the 
previously established protocol to the 5xFAD mice we first analyzed 
mice at 2 and 3 months of age for soluble APP fragments and Aβ. 
Immunoblot analysis revealed that two-month old brains contained 
considerable levels of hsAPPα and minute levels of Aβ. Aβ species were 
clearly detectable by immunoblot in three-month-old brain lysates 
(Supplementary Fig. S4 A). Subsequently, we intracerebrally dosed the 
5xFAD mice at P1 and P20 with rhproCTSD. Mice were sacrificed and 
their brains were analyzed at one, two or three months of age (Supple
mentary Fig. S4 B). The dosed enzyme was readily detectable as the 
mature and active form of CTSD in brain lysates of one-month-old mice 
(Fig. 4A). Sets of one-month-old (Fig. 4 A,B), two-month-old (Supple
mentary Fig. S4 C,D) and three-month-old (Fig. 4C,D) wild-type and 
5xFAD mice either injected with PBS or with rhproCTSD were bio
chemically analyzed for soluble proteins (DEA fraction), membrane- 
bound proteins (RIPA fraction) and insoluble proteins (formic acid 
fraction). At one month of age (Fig. 4A) the rhproCTSD-dosed 5xFAD 
brain samples showed no obvious changes in the levels of sAPPα, sAPPβ 
and soluble Aβ (Fig. 4B(i)-(iii)) compared to the PBS-dosed 5xFAD. Also, 

in the RIPA fractions the levels of full-length APP, APP-CTFs C99 and 
C83 as well as the intracellular levels of Aβ (Fig. 4B(iv)-(vi)) did not 
change after treatment. Whereas mature CTSD was present in the cell 
lysates, this did not cause a change in the number of lysosomes as 
indicated by an unchanged level of the lysosomal membrane protein 
LAMP-1 (Fig. 4B(vii)). At two months of age (Supplementary Fig. S4 C, 
D) the immunoblot analysis confirmed the data from the one-month old 
cohort of mice. Here we quantified the amounts of Aβ1–40 and Aβ1–42 in 
wild-type and 5xFAD DEA, RIPA and FA fractions by ELISA and observed 
a trend towards upregulated Aβ1–40 and Aβ1–42 levels of the 5xFAD mice 
treated with rhpro-CTSD in all of the investigated fractions (Supple
mentary Fig. S4 E). At three months of age (Fig. 4C,D) we observed a 
slight but statistically significant decrease of APP-CTF83 (Fig. 4D(iv)) 
and LAMP-1 (Fig. 4D(vii)) after dosing. However, all other APP frag
ments including the Aβ peptide did not change. The lack of an effect on 
Aβ-species was also confirmed in ELISA studies revealing an increase in 
Aβ in the one and three-month-old 5xFAD mice as compared to wild- 
type mice (Fig. 4E). However, rhproCTSD dosing did not change these 
levels in neither sample fraction. Additionally, we compared the 
amounts of Aβ1–34, Aβ1–38, Aβ1–40, Aβ1–42 of 3-months-old wild-type and 
5xFAD mice via 4-plex MSD assays (Liebsch et al., 2019) (Supplemen
tary Fig. S4 F) but failed to detect changes after treatment. It is of note 
that when cerobrospinal fluid (CSF) was investigated in one-month-old 
mice rhproCTSD treatment even increased the levels of Aβ1–42 (Fig. 4 F). 
To analyze the stability of the applied recombinant CTSD in mice we 
compared samples from one, two and three months old wild-type and 
5xFAD mice injected either with PBS or rhpro-CTSD by immunoblot and 
an CTSD activity assays (Supplementary Fig. S4 G-I). We found an 
increased CTSD activity and expression in the one month old 5xFAD 
mice treated with rhpro-CTSD. The expression of the mature form of 
CTSD was still increased in two months old mice. It is of note that there 
was no increased CTSD activity measurable at two and three-month-old 
mice. Taken together, we did not find evidence for an obvious effect of 
CTSD treatment on Aβ levels as well on soluble and intracellular APP 
fragments. 

2.5. Plaque morphology, number and neuroinflammation after 
intracranial rhproCTSD dosing in the 5xFAD mouse model 

Despite the fact that our biochemical analysis did not reveal alter
ations in the expression levels of Aβ peptides we studied plaque for
mation, number and morphology after intracerebrally dosing the 
rhproCTSD. Using staining for Aβ and LAMP-1, as an indicator for the 
presence of lysosomes we observed in both PBS- and rhproCTSD-treated 
three-month-old brain cortices the formation of plaques which were 
surrounded by LAMP-1-positive cells (Fig. 5A). Calculation of the 
number of these structures in cortices and hippocampus did not reveal 
differences when PBS-injected and rhproCTSD-dosed mice were 
compared (Fig. 5B, Supplementary Fig. S5 A). Since the used E610 
antibody also detects soluble Aβ fragments we also applied AmyloGlo 
staining (Schmued et al., 2012) to selectively stain amyloid plaques 
(Fig. 5C). The number of plaques and the plaque size in cortices and 
hippocampus was not affected after rhproCTSD dosing in the 5xFAD 
model (Fig. 5D, Supplementary S5 B). To not exclude earlier signs 
associated with the neurodegenerative process in the 5xFAD model we 
were interested if the treatment would affect neuroinflammation exerted 
by microglia and astroglia cells. Both, the degree of microgliosis (Fig. 5 
E, F) and astrogliosis (Fig. 5 G, H; Supplementary Fig. S5 D) as judged by 
immunostaining and a ramification analysis (Fig. 5F, Supplementary 
Fig. S5 C) with Iba1 and GFAP did not change in the brains of three- 
month-old 5xFAD mice after having received rhproCTSD. These data 
clearly show that treatment with rhproCTSD did not affect the devel
opment of neuroinflammation which corresponds with a lack of an effect 
of the therapeutic enzyme on the levels of Aβ species.  
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3. Discussion 

The endo-lysosomal system has long been regarded as one of the most 
important intracellular factors affecting the molecular pathogenesis in 
AD. It has been realized that autophagic/lysosomal dysfunction and 
deficient lysosomal proteolysis contribute to the development of AD 
(Nixon, 2017). This assumption is supported by a boosted lysosomal 
proteolysis seen in an AD-mouse model after removal of cystatin B, an 
endogenous inhibitor of lysosomal cysteine proteases which led to an 
improvement of the Aβ levels, amyloid depositions and cognitive deficits 
(Yang et al., 2011). It is of note that different cystatins act in different 
ways, i.e. cystatin B is localized within the lumen of lysosomes (Yang 
et al., 2011) inhibiting cysteine proteases (e.g. cathepsin B,L,S,H), while 
cystatin C is found in the cytosol under oxidative stress conditions, 
protecting the cells from cathepsin leakage into cytosol (Watanabe et al., 
2014). 

Another study showed accelerated Aβ deposition after pepstatin A 
treatment, an aspartic protease inhibitor (Yamada et al., 1996). 
Furthermore, recent observation highlighted that dysfunctional auto
phagosomes are the basis of intracellular fibrillar Aβ accumulation (Lee 
et al., 2022). 

CTSD has raised attention as a therapeutic target in AD (Di Domenico 
et al., 2016) through a considerable number of studies. The importance 
of CTSD as a principle lysosomal protease for lysosomal proteolysis in 
neurons is illustrated by the severe neurodegeneration associated with a 
lack of the protease in human, mice and sheep (Saftig et al., 1995; 
Steinfeld et al., 2006; Tyynela et al., 2000). The lack of CTSD leads to the 
congenital variant NCL10 of neuronal ceroid lipofuscinosis, severe 
lysosomal storage diseases (LSD) with accumulation of protein aggre
gates, blindness and neuronal death (Jalanko and Braulke, 2009). 
Prompted by the successful application of a “protease replacement 
therapy” in the NCL10 model leading to an improvement of neuropa
thology and lifespan extension (Marques et al., 2020) and clinically 
approved approaches to treat LSDs even with severe neurological 
manifestations (Schulz et al., 2018) we studied the efficacy of such a 
novel potentially therapeutic approach in cellular and animal models of 

AD. This was encouraged also by exogenously applied rhproCTSD that 
led to a decrease of pathological α-synuclein conformers in vivo and a 
restoration of endo-lysosome and autophagy function (Prieto Huarcaya 
et al., 2022). In AD, the pathological hallmarks are accumulations of Aβ 
and tau proteins and reduced clearance of both through the autophagy- 
lysosomal system has been suggested (Nixon and Yang, 2011). There
fore, we have chosen an approach to foster lysosomal proteolysis by 
supplying additional cathepsin-D in cell-based and in vivo models of AD 
with an increased expression of APP and accumulation of Aβ. This was 
especially relevant since studies implicated CTSD in the processing of 
APP forms (Ladror et al., 1994), in degradation of tau (Kenessey et al., 
1997) and Aβ (Suire et al., 2020), respectively. In vitro the principle 
ability of the pre-activated CTSD to cleave in a time-dependent fashion 
Aβ1–42 could be confirmed. CTSD endopeptidase cleavage prefers hy
drophobic residues at P1 (Sun et al., 2013) and such residues are present 
within the Aβ sequence at positions Phe4, Leu17, Phe19, Phe20, and 
Leu34. Our LC-MS analysis of the in vitro digestion verifies these posi
tions except from Phe4. Additionally, a CTSD-mediated cleavage site is 
shown for Glu22. In the NCL10 model pathological accumulation of 
proteins and a defect in autophagic flux could be reversed (Marques 
et al., 2020; Liu et al., 2022) after intracerebral and intravitreal dosing of 
rhproCTSD. However, the successful delivery of CTSD to lysosomes in 
different cell types of the CNS did not apparently affect APP processing, 
stability of APP CTFs and the level of Aβ. This is also in accordance with 
early studies that failed to show a direct role of CTSD in neuronal APP 
processing (Saftig et al., 1996). In cellula experiments studying cells with 
an overexpression of wildtype and the Swedish mutant of APP revealed 
that also in this set up, despite successful uptake and maturation of 
exogenously added CTSD, no significant impact of the protease in APP 
processing and the generation of soluble APP fragments including Aβ 
could be observed. Most importantly, we also intracerebrally applied 
pro-CTSD very early to one of the best described AD mouse models, the 
5xFAD mice. Careful analysis of the brains of these mice after one, two 
and three months of age did not reveal a therapeutic effect in terms of a 
reduction of Aβ species, reduced plaque burden and neuroinflammation. 
Despite that, we focused on the early stages of pathology in these mice it 

Fig. 1. In vitro digestion of Amyloid beta by recombinant human cathepsin-D. A The graph shows the measured CTSD-activity of self-activated rhproCTSD over time 
at pH 4.5. By cleaving a quenched CTSD-substrate the fluorescence intensity can be measured after excitation at 360 nm. B Western Blot of pre-incubated rh-pro- 
CTSD in processing buffer (0.1 M Tris-HCl, 3 mM EDTA, 5 mM Cysteine pH 4.5) shows activation of proCTSD (pCTSD) into mature CTSD (mCTSD). C Determined 
cleavage sites by rhCTSD within human aβ1–42. D Most abundant peptides identified following enzymatic digestion of aβ1–42 after 0 min (Control), 15 min, 30 min, 
or 60 min), or protease treatment plus the addition of pepstatin A (PepA, 60 min. incubation). Peptides detected with >9 peptide spectral matches (PSM) are shown, 
peptide prevalence was plotted as a percentage of the total PSM counts for each time point/treatment. 
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is conceivable that the dramatic and continuous production of Aβ in 
these AD mouse model (Manji et al., 2019) would have masked a 
possible therapeutic effect of CTSD. However, our analyses of the NCL10 
mouse model as well as in the HEK cell system where also no effect of 
CTSD was observed argue against this assumption. Of note, CTSD 
application raised the level of Aβ1–42 in the CSF of 5xFAD mice. It was 
suggested that CTSD may have a BACE1-like activity on APP especially 
when the Swedish version of APP is expressed (Hook et al., 2008) This 
could indicate that an increase of CTSD activity leads to a preference 
towards full length APP compared to Aβ. It is also conceivable that CTSD 
increases CSF Aβ1–42 levels in an indirect way by accelerating the 
maturation of other lysosomal enzymes such as the cysteine protease 
CTSB. Similar to CTSD and BACE1, also CTSB as a cysteine hydrolase 
may act as with a BACE1-like activity (Hook et al., 2005). 

3.1. Limitation of the study and perspectives 

Our selected approach with the 5xFAD model was to accelerate 
lysosomal proteolysis by dosing rhproCTSD as early as possible to lower 
Aβ levels as soon as they might appear. However, despite a relative long 

half-life of the dosed enzyme (Marques et al., 2020) in mouse brain we 
were unable to detect significant activity of the enzyme at two and three 
months of age. A regular dosing protocol for longer periods may be 
suited to judge “therapeutic” effects at later stages. It should, however 
be noted that the progressive nature of the Aβ pathology observed in the 
5xFAD mice may counteract any expected positive effect of the treat
ment at later time points. 

Despite that, we have disproven our initial hypothesis that an 
exogenous delivery of the principle lysosomal protease CTSD assists in 
the amyloid degrading pathway, the lack of a therapeutic effect also 
raises important questions for future research. How important are 
lysosomal proteases for APP and Aβ metabolism? Does one require an 
application of a mixture of lysosomal proteases both active as endo- or 
exopeptidase to allow sufficient breakdown and disappearance of Aβ 
species? Our recent study where an application of cathepsin B and L for 
the removal of protein aggregates in neurodegeneration was investi
gated (Di Spiezio et al., 2021) suggested a hierarchical process of ac
tivities of both cysteine and aspartyl proteinases. In summary, lysosomal 
protease supplementation may be a useful approach to remove un
wanted protein accumulation by improving lysosomal proteolytic 

Fig. 2. Intracranial injection with rhproCTSD of CTSD-deficient mice has no evident effect on APP processing. A Scheme of intracranial injection area and time 
schedule for CTSD KO mice. B Immunohistochemistry of the cortex of P23 CTSD-deficient mice injected with 0,1 mg rhproCTSD shows the neuronal marker MAP2, 
the microglia marker Iba1 and CTSD. Nuclei are stained with DAPI Scale bar: 20 μm, insert: 5 μm. C Immunoblot of RIPA samples from brains of P23 WT mice treated 
with PBS and CTSD-deficient mice injected with either PBS or 0,1 mg rhproCSTD. Antibodies directed against epitopes of cathepsin-D, APP and aβ1–42 were used. 
Brains from APP KO and 5xFAD served as an antibody control (n = 3). D Quantifications of full-length APP and C-terminal fragments C83 and C99. GAPDH was used 
as loading control. E Immunoblot of DEA samples from brains of P23 WT mice injected with PBS and CTSD-deficient mice injected with either PBS or rhproCTSD 
along with control samples from brains of APP KO and 5xFAD mice. Antibodies directed against epitopes of cathepsin-D, APP and aβ1–42 were used. F Quantification 
of soluble APP fragments, normalized to Ponceau S staining (n = 3). G ELISA analysis of RIPA, DEA, FA brain samples and plasma from P23 WT mice injected with 
PBS and CTSD-deficient mice with PBS or 0,1 mg rhproCTSD (n = 3). Data represent mean ± SEM. Statistical analysis was performed by using one-way ANOVA with 
a Tukey’s multiple comparison test. ** p < 0.01, * p < 0.05. 
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degradation. However, in the case of Aβ degradation most likely more 
than one lysosomal protease has to act in concert. 

4. Material and methods 

4.1. Cell lines and treatment 

Human Embryonic Kidney (HEK) WT and overexpressing human 
Amyloid Precursor Protein (HEK hAPP) and Swedish mutated APP (HEK 
APPswe) cells were cultured in Dulbecco’s modified Eagle Medium 
(DMEM) containing 4.5 g/L of D-Glucose and L-glutamine (Thermo 
Fisher Scientific) and were supplemented with 10% (v/v) fetal bovine 
serum (FBS) and 1% Penicillin/Streptomycin (Pen/Strep). HEK hAPP 
and HEK APPswe cells were additionally treated with 200 μg/ml 
Geneticin (G418, Invivogen). Cells were cultivated at 37 ◦C/ 5% CO2. 
Cells were plated into 6 cm-dishes one day before any assay was 
implemented. For the treatment with recombinant proCTSD 
(rhproCTSD) cells were carefully washed three times with PBS and 20 
μg/ml and/or 10 μg/ml Pepstatin A (PepA) was added to DMEM con
taining 1% FBS and 1% Pen/Strep for 48 h. 

4.2. Mouse models and intracranial injection 

In agreement with the German animal welfare law all animal 
handling and care were performed according to the guidelines of the 
Christian- Albrechts-University of Kiel. The Ministry of Energy, Agri
culture, the Environment and Rural Areas Schleswig-Holstein approved 
animal experiments under the reference number V242–40536/2016 
(81–6/16). All mice were housed in individually ventilated cage (IVC) 
under a 12 h light/12 h dark cycle with free access to food (pellets by 
Sniff Spezialdiäten, V1534) and water. Mice cages were maintained in a 
room with a temperature between 19 and 22 ◦C and humidity of 
45–60%. 

CTSD-deficient mice (NCL10 model) were obtained from heterozy
gotes matings and genotyped as previously described (Saftig et al. 1995). 
5xFAD mice (AD model, expressing human APP and PSEN1 transgenes 
with a total of five AD-linked mutations: Swedish (K670N/M671L), 
Florida (I716V), and London (V717I) mutations in APP, and the M146L 
and L286V mutations in PSEN1) were generated with a C57BL/6 N 
background and genotyped for its transgenic mutations in PSEN1. 

Intracranial injections with 10 μl of 10 μg/μl recombinant pro- 
cathepsin D (purified as described in (Marques et al., 2020)) were per
formed at P1 and P20 for both CTSD-deficient and 5xFAD mice as 

Fig. 3. Inhibition of Cathepsin-D increases cellular amyloid β 42 in HEK APPswe cells. A Cathepsin-D activity assayed with an artificial fluorescent substrate in HEK 
WT, hAPP and APPswe cell lysates over a time period of 90 min. B Immunoblot of cell lysates of HEK WT, hAPP and APPswe cells treated with 20 μg/ml rhproCTSD 
with or without 10 μg/ml pepstatin A (PepA). APP KO mouse brain lysates and human aβ1–42 protein served as antibody controls. Antibodies directed against 
cathepsin-D, various epitopes of APP and aβ species were used. C Quantifications of N- and C-terminal APP and amyloid β fragments of cell lysates from (B). GAPDH 
served as loading control (n = 4–7). D Immunoblot of supernatant of cells shown in (B). Antibodies detecting, CTSD, soluble APPα and APPβ and various aβ species 
were used. Ponceau S staining was used to verify equal loading amounts. E Quantifications of samples from (D) (n = 6–7). Ponceau S staining served as loading 
control. Data represent mean ± SEM. Statistical analysis was performed by using one-way ANOVA with a Tukey’s multiple comparison test. ** p < 0.01, * p < 0.05. 
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previously described (Marques et al., 2020). Briefly, mice were anaes
thetized using isoflurane (2% in oxygenized air). The PBS or proCTSD 
was injected in the cauda putamen with a microsyringe (30 G) using a 
spacing devise with an injection depth of 1.15 mm over a period of 3 
min. Injections in pups P1 were done in the right hemisphere, while P20 
injections were done in the left hemisphere. For transcardially perfusion 
with 0.1 M phosphate buffer CTSD-deficient mice were anaesthetized by 
intraperitoneal injection of 10 mg/ml Ketamine (Bremer Pharma GmbH, 
26,706) and 6 mg/ml Rompun® (Bayer, KPOCCNU) in 0.9% (w/v) NaCl 
solution and at P22 (Fig. 2A) and 5xFAD after one, two or three months 
(Supplement Fig. S4 B). Brains were collected, the right hemisphere 
fixed with 4% PFA (paraformaldehyde) for immunohistochemistry and 
the left hemisphere was snap-frozen in liquid nitrogen for biochemical 
analysis. 

4.3. Western blot analysis 

Cells were washed three times in ice cold PBS and lysed in RIPA 
buffer (50 mM Tris-Cl, 150 mM NaCl, 1% NP-40, 0.05% sodium 

deoxycholate, 0.01% SDS, pH 7.5), supplemented with 1× (Roche, 
11836145001) on ice for 1 h. Lysates were cleared by centrifugation at 
13.000 rpm for 10 min at 4 ◦C. Brain lysates were generated by DEA 
extraction for soluble proteins followed by RIPA extraction for mem
brane and cytosolic proteins and FA extraction for insoluble proteins. 
Tissue was first homogenized with porcelain beads (PeqLab) in DEA 
buffer (50 mM NaCl, 0,2% diethylamine, pH 10) with 1× complete 
Protease Inhibitor Cocktail with a Precellys® 24 homogenizer (Bertin) at 
6500 g for 30 s at 4 ◦C. The supernatant was cleared by ultracentrifu
gation at 130.000 g for 1 h at 4 ◦C. The supernatant contains soluble 
proteins while the resulting pellet was further resuspended in RIPA 
buffer (20 Mm Tris-HCl [pH 7,5], 150 mM NaCl, 1 mM Na2EDTA, 1% 
NP-40, 1% sodium deoxycholate, 2,5 mM sodium pyrophosphate) and 
dissolved with Precellys at 6500 g for 30 s at 4 ◦C. After centrifugation at 
5000 g for 10 min at 4 ◦C the supernatant was ultracentrifuged again at 
130.000 rpm for 1 h at 4 ◦C. The supernatant contains the membrane 
bound proteins. The first pellet from the RIPA lysate contains insoluble 
proteins which gets resuspended in 70% formic acid (FA fraction) and 
again ultracentrifuged at 130.000 rpm for 1 h at 4 ◦C. The resulting 

Fig. 4. Intracranial injection with rhproCTSD of 5xFAD mice has no beneficial effect on preventing aβ load within the mouse brain. A Immunoblot of soluble and 
membrane bound protein fractions from brain hemispheres of one-month-old female WT and 5xFAD mice intracranially injected with either PBS or 0,1 mg 
rhproCTSD at P1 and P20. Antibodies detecting CTSD, Lamp-1, various APP species and aβ were used. Brain lysate of an APP KO mice was used as antibody control 
for APP antibodies. Ponceau S staining served as loading control. B Quantitative analysis of one-month-old female 5xFAD shown in (A) (n = 2–4). C Representative 
immunoblot of DEA, RIPA an FA fractions from brain hemispheres of three-month-old female WT and 5xFAD mice intracranially injected with either PBS or 0,1 mg 
rhproCTSD at P1 and P20. Antibodies directed against epitopes of CTSD, Lamp1, various APP species and aβ were used. APP KO brain lysate was used as an antibody 
control for APP antibodies. Ponceau S staining verified equal loading amounts. D Quantitative analysis of three-month-old female 5xFAD shown in (C) (WT: n = 7, 
5xFAD: n = 7). E ELISA analysis of samples used in (A) and (C). (one month: WT: n = 2, 5xFAD: n = 3–4; three months: WT: n = 2, 5xFAD: n = 7). F ELISA analysis of 
CSF (cerebrospinal fluid) collected from one-month-old 5xFAD injected with either PBS or 100 μg rhproCTSD (n = 2–4). Data represent mean ± SEM. Statistical 
analysis was performed by using one-way ANOVA with a Tukey’s multiple comparison test. **** p < 0,001, *** p < 0,005, ** p < 0.01, * p < 0.05. 
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supernatant contains insoluble proteins. Protein concentration was 
determined using the BCA assay (Thermo Fisher Scientific) and dena
tured with 5× Laemmli (60 mM Tris-Cl pH 6.8, 2% SDS, 10% glycerol, 
5% β-mercaptoethanol, 0.01% bromophenol blue) for 5 min at 95 ◦C. 
Equal amounts of denatured lysates were separated by electrophoresis 
on 4–12% NuPage gradient gels (Thermo Fisher Scientific, NP0336BOX) 
continuously running at 80 V. Then, proteins were transferred to a 
nitrocellulose membrane (Whatman, GE Healthcare, 10426994) using 
wet blotting. The membranes were blocked for 30 min with 5% dry milk 
in TBS-T (20 mM Tris/HCl pH 7.0, 150 mM NaCl, 0.1% (v/v) Tween® 
20). The following primary antibodies were used: 1:1000 rat anti-Lamp1 
(1D4B, Developmental Studies Hybridoma Bank, Iowa City, IA, USA), 
1:1000 mouse anti-Lamp1 (H4A3, DSHB), 1:500 goat anti-CTSD 
(AF1014, R&D Systems), 1:2000 mouse anti-tubulin (E7, DSHB), 
1:2000 rabbit anti-GAPDH (sc-25778, Santa Cruz Biotechnology), 
1:1000 rabbit anti-APP (A8717, Sigma), 1:1000 mouse anti-APP 
(22C11, Thermo Fisher Scientific), 1:1000 mouse anti-β-Amyloid 
(6E10, Biolegend), 1:1000 rabbit anti-β-Amyloid (18058, Biolegend), 
1:1000 rabbit anti-sAPPβ-WT (18957, IBL), 1:2000 mouse anti-sAPPβ- 
swe (6A1, IBL), β-Amyloid Antibody Sampler Kit (85314T, Cell 
Signaling). Afterwards, blots were washed with TBS-T for 30 min and 

incubated for 1 h at RT with 1:10.000 secondary antibodies coupled to 
horseradish-peroxidase (HRP) (goat anti-rabbit HRP, rabbit anti-goat 
HRP, goat anti-mouse HRP, goat anti-rat HRP) in blocking solution. 
Horseradish peroxidase activity was detected by ImageQuant™ LAS 680 
(GE Healthcare) after incubation with Amersham ECL Advanced West
ern Blotting Detection kit (GE Healthcare, RPN2135). 

4.4. Immunostainings 

Mouse brains were fixed in 4% PFA for 4 h to be subsequently 
washed in phosphate buffer (PB) at 4 ◦C overnight, immersed in 30% 
sucrose in PB, and stored at 4 ◦C. Sections (35 μm) were cut sagittal with 
a Leica SM 2000R sliding microtome (Leica Microsystems) with dry-ice 
cooling and stored in PB containing 0.02% (w/v) sodium azide. Floating 
slides were washed three times with PB, blocked and permeabilized 
0.5% Triton X-100, 4% normal goat serum (Gibco) and incubated 
overnight with rabbit 1:750 anti-Iba1 (GTX100042, GeneTex), mouse 
anti-GFAP (G3893, Sigma), 1:500 rabbit anti-CTSD (kindly provided by 
Prof. Andrej Hasilik, Münster), 1:750 rat anti-Lamp1 (1D4B, DSHB) and 
1:300 mouse anti-β-Amyloid (6E10, Biolegend) antibodies in blocking 
solution. After three washing steps with 0.25% Triton X-100 in PB, 

Fig. 5. Intracranial injection with rhproCTSD of 5xFAD mice does not lead to advantages on clearing aβ and does not prevent inflammation in 5xFAD brain. A 
Immunostainings from stained with DAPI (blue), anti-aβ (red, 6E10, Biolegend) and Lamp-1 (green, 1D4B, DSHB). Scale bar: 500 μm. B Counted aβ plaques in cortex 
of three-month-old female 5xFAD mice double injected with either PBS or 0,1 mg rhCTSD (n = 7). C Staining of aβ plaques with Amylo-Glo RTD Amyloid Plaque 
Stain Reagent (Biosensis) from cortex of three-month-old female 5xFAD mice double injected with either PBS or 0,1 mg rhproCTSD. Scale bar: 200 μm. D Number and 
size (μm2) of aβ plaques from cortex (n = 7). E Immunostainings of microglia (Iba1, GeneTex, green) of the hippocampus of three-month-old female 5xFAD mice 
double injected with either PBS or 0,1 mg rhproCTSD. Nuclei are stained with DAPI (blue, Sigma-Aldrich). Scale bar: 100 μm. F Ramification analysis of microglia 
(Iba1-positive) in the cortex of three-month-old female 5xFAD mice double injected with either PBS or 0,1 mg rhproCTSD (n = 7). G Immunostainings of astrocytes 
(GFAP, Sigma-Aldrich, green) from the cortex of three-month-old female 5xFAD mice double injected with either PBS or 0,1 mg rhproCTSD. Nuclei are stained with 
DAPI (blue). Scale bar: 50 μm. H Analysis of the GFAP-positive area (μm2) in the cortex of three-month-old female 5xFAD mice double injected with either PBS or 0,1 
mg rhproCTSD (n = 7). Data represent mean ± SEM. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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sections were incubated with 1:750 Alexa Fluor-conjugated secondary 
antibodies (A21208 donkey anti-rat 488, A21202 donkey anti-mouse 
488, A21203 donkey anti-rabbit 594, A21203 donkey anti-mouse 594, 
A78947 donkey anti-rat 647, A31573 donkey anti-rabbit 647, A21447 
donkey anti-goat 647, Thermo Fisher Scientific) for 3 h at room tem
perature, washed again 3 times in washing buffer, and finally cover
slipped in Mowiol/DABCO. For AmyloGlo staining the brain sections 
were dried at 55 ◦C on a gelatin-coated slide, transferred into a 70% 
ethanol solution for 5 min, washed in water and then incubated for 10 
min with the AmyloGlo staining solution. Slides were briefly rinsed with 
0,9% saline solution and coverslipped in Mowiol/DABCO. Imaging was 
performed on the Zeiss laser scanning microscope 980 with Airyscan 2 
(Zeiss) or the Keyence fluorescence microscope BZ-X 800 (Keyence). 

4.5. ELISA 

To quantify mouse and human amyloid β 1–40 and 1–42 from CTSD- 
deficient and 5xFAD mice the DEA, RIPA and FA factions were analyzed 
after total protein determination by using the ELISA Kits from IBL 
(27718, 27719, 27720, 27721, IBL). To also determine amyloid β in the 
CSF, the mice were anaesthetized and the CSF was collected from the 
cisterna magna compartment using a glass capillary. The CSF was snap- 
frozen in liquid nitrogen until usage for ELISA. The assay was performed 
according to the supplier’s manual. 

4.6. MSD assay 

An electrochemiluminescence-based assay was developed (neo
epitope specific Aβ34 and the sulfo-tagged 6E10 (binds to the N-termi
nus of human Aβ) or the sulfo-tagged 4G8 for rodent samples (binds to 
the mid domain of Aβ)) using the ELISA Conversion Kit from MSD (USA). 
High-bind or custom-printed 4-plex plates (using our mab34, 4G8 
(Biolegend) for pan-Aβ assay, G2–10 for 1-plex Aβ40 assay, and MSD’s 
validated mouse monoclonal anti-Aβ38, anti-Aβ40, as well as anti-Aβ42 
antibodies, see MSD Aβ peptide V-PLEX) were blocked (MSD 5% Blocker 
A in PBS) for 1 h at 22 ◦C and washed three times with PBS-Tween (PBS- 
T) for 1 min at 22 ◦C, loaded with SULFO-TAG TM 6E10 or 4G8 detec
tion antibody (diluted to 1× in MSD Diluent 100) and sample or peptide 
calibrator (in MSD Diluent 35 or cell culture medium), and incubated for 
16 h at 4 ◦C with shaking at 600 rpm. After three washing steps with 
PBS-T for 1 min at 22 ◦C, 150 μl 2× MSD read buffer was added per well. 
All plates were read using an MSD QuickPlex SQ 120 Imager and data 
analyzed using MSD Workbench® software. Standard curves were fitted 
using a non-linear four-parameter logistic fit. 

4.7. Purification of recombinant human pro-cathepsin D 

HEK 293-EBNA cells stable expressing pCEP-Pu containing pro-CTSD 
were grown in purification medium (DMEM, 2.5% FBS and 1% Pen/ 
Strep for one week. Cell culture supernatant was collected, filtrated and 
concentrated via an Amicon system and an ultrafiltration disk with a 10 
kDa cutoff (Millipore, PLGC07610). Recombinant protein was purified 
via its N-terminal His-Tag using a His-Trap 1 ml column (GE Healthcare, 
29–0510-21) on an Aekta Purifier System (GE Healthcare) and eluted 
with 250 mM imidazole (Roth, X998.4) in PBS, pH 7.4. The protein was 
further purified via size exclusion chromatography on a Superdex 75 
column (GE Healthcare, GE17–5174–1). Monomeric rhCTSD was 
concentrated using a Vivaspin 20 tube with 10 kDa cutoff (Sartorious, 
VS2002). The purified protein was stored at -20 ◦C. 

4.8. Cathepsin activity assay 

To measure Cathepsin D activity in cells, lysates were prepared in 
RIPA buffer without protease inhibitors to keep protease activity. Ac
tivity buffer (50 mM sodium acetate (pH 5.5), 0.1 M NaCl, 1 mM EDTA, 
and 0.2% Triton X-100) containing 10 μM of CTSD substrate (P-145, 

Enzo Life Sciences) together with tested sample and pre-activated 
rhproCTSD as control was incubated at 37 ◦C and the fluorescence 
was measured over a time of 90 min using a Synergy™ HT Multi- 
Detection microplate reader (exc: 360 nm; em: 440 nm, band pass 40). 

4.9. Liquid chromatography-mass spectrometry (LC-MS) 

To analyze the ability of our purified cathepsin D to cleave human 
recombinant amyloid β 42, pro-cathepsin D was pre-activated in 50 mM 
sodium acetate and 50 mM NaCl at pH 4.5 for 2 h at 37 ◦C and after
wards incubated with 100 μM of human amyloid β 42 (151–002, Enzo) 
with or without Pepstatin A at 37 ◦C. Samples were collected after 0, 15, 
30 and 60 min and directly frozen at -20 ◦C and analyzed via LC-MS. 
Aliquots of the samples were diluted 1:100 in LC loading buffer (3% 
acetonitrile (ACN) and 0.1% trifluoroacetic acid in water), and trans
ferred to glass autosampler vials. LC-MS analysis was performed on a 
Dionex U3000 nanoRSLC UHPLC (Thermofisher, Dreieich, Germany) 
equipped with an Acclaim PepMap100 column (2 μm particle size, 75 
μm × 500 mm) and μ-precolumn (300 μm × 5 mm) coupled online to a Q 
Exactive HF mass spectrometer (Thermofisher, Bremen, Germany). The 
eluents used were; eluent A: 0.05% formic acid (FA), eluent B: 80% ACN 
+ 0.05% FA. The separation was performed over a programmed 40-min 
run. Chromatographic conditions were: 4% B for 3 min followed by a 
linear gradient from 4% to 50% B over 10 min, a 2-min increase to 90% 
B, and 10 min at 90% B. Following this, an inter-run equilibration of the 
column was achieved by 15 min at 4% B. A constant flow rate of 300 nl/ 
min was used and 1 μl of sample was injected per run. Acquisition of data 
was performed on the Orbitrap Q Exactive HF mass spectrometer uti
lizing HCD fragmentation at a normalized collision energy of 27. A full 
scan MS acquisition was performed (resolution 60,000) with subsequent 
data dependent MS/MS (resolution 15,000) of the top 10 most intense 
ions; dynamic exclusion was enabled (2 s duration). 

Database searches were performed in Proteome Discoverer (Ver. 
2.2.0.388) using the SequestHT search algorithm and combined data
base that included the Aβ1–42 peptide, cathepsin D, and the cRAP list of 
commonly occurring laboratory contaminants. Small database search 
criteria were employed in which a fixed PSM was used and only peptides 
assigned as high confidence (Maximum delta Cn:0.5). 

4.10. Statistical analysis and data analysis 

Data are shown as mean ± S.E.M. For statistical analysis one-way 
ANOVA was employed using GraphPad Prism 5 (Graph Pad Software, 
Inc., San Diego, USA): * P < 0.05; ** P < 0.01; *** P < 0.001; **** P <
0.0001. 

The ramification analysis was done using the Sholl Analysis plugin in 
ImageJ (Fiji) with following setting: start radius: 4.4 μm, step size: 3.3 
μm, end radius: 34,9 μm. For each brain sample two slides were analyzed 
in the hippocampal region (CA1, CA3 and dentate gyrus) and cortex. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.nbd.2022.105919. 
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