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Abstract 

Alzheimer’s disease (AD) has grown to a global health crisis which comes with an urgent need 

for disease-modifying and preventative therapies. To advance current therapeutic approaches, 
it is crucial to identify the first pathogenic event (presumably amyloid-β misfolding) as well as 

mechanistically defined biomarkers along AD disease progression.  

In the first part of this thesis, we generated biomarker trajectories in an amyloid-β precursor 

protein (APP) transgenic mouse model that is widely used in the AD research field. We were 

then able to mimic in this mouse model the discrepancy in clinical settings between a 
therapeutic reduction of amyloid-β (Aβ) deposition and a lack of cognitive improvement, as 

assessed by neurofilament levels in the cerebrospinal fluid. Our data indicate an Aβ-dependent 
disease phase at which Aβ reduction prevented disease-associated neurodegeneration and 

an Aβ-independent phase characterized by proceeding neurodegeneration despite a reduction 
of brain Aβ. Interestingly, robust neurodegeneration was mainly associated with a saturated 

Aβ seeding activity, which in turn was not proportional to the level of brain Aβ deposition. Our 
data raise the hypothesis that seeding-active Aβ species are an important molecular link 

between Aβ deposition and neurodegeneration. The evaluation of this concept and its 
application in humans awaits further investigations.  

In the second part of this thesis, we used an APP transgenic mouse model with a prolonged 

Aβ aggregation lag phase. We then targeted the first Aβ nucleation event in vivo and 
characterized such early Aβ assemblies. Our results revealed that even before Aβ-deposition 

became histologically detectable, pre-amyloid Aβ species were clearly present. Further, 
immunotherapeutic targeting of such pre-amyloid seeds led to a substantial reduction in Aβ 

seeding activity and long-lasting beneficial effect on secondary pathologies. We thereby 
expand the therapeutic window for a promising Aβ-targeting therapy to a much earlier time 

point as previously assumed. Moreover, our data indicate that specific binding features of Aβ 
targeting antibodies determine whether an antibody recognized such early seeds. Since 

specific amyloid structures are associated with distinct toxicities, this knowledge offers 
potential implications for future antibody design for immunotherapies. 

In conclusion, the results of this thesis demonstrate the presence of pre-amyloid Aβ seeds. 

Direct targeting of such early Aβ seeds, or an early reduction in brain Aβ, have beneficial 
effects on secondary pathologies and neurodegeneration. Thus, our results expand the current 

therapeutic window to a new established disease phase characterized by the presence of pre-
amyloid seeds and low Aβ seeding activity with high potential for disease prevention.  
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1 Introduction 
1.1 Alzheimer’s disease - from discovery to a global health challenge 

In 1906, the psychiatrist and neuropathologist Alois Alzheimer presented the case study of 
Auguste D. at the Meeting of Psychiatrists in Tuebingen. The first symptoms of the 50-year-

old subject, which led to her hospital admission in 1901, were paranoia and sleep disorder, 
which fast progressed to memory impairment, aggressiveness and confusion (Alzheimer, 

1907). The detailed documentation of Auguste D.’s cognitive decline over more than 4 years, 
with the observed morphologically and histological alterations found in her brain, presented a 

disease that is now well-known as ‘Alzheimer’s disease’ (Hippius and Neundörfer, 2003). At 
the time, such unusual cases of illness, not covered by any textbook, became more frequent 

and Alois Alzheimer acknowledged the need to expand the spectrum of neurological diseases 

and the requirement of histological examinations for a definite diagnosis (Alzheimer, 1907). 

More than 100 years later, the estimated number of patients suffering from dementia exceeds 

50 million for 2019 (Nichols et al., 2022) of which approximately 60-80% account for 
Alzheimer’s disease (AD) (‘2020 Alzheimer’s disease facts and figures’, 2020). Studies on 

dementia prevalence and incidence worldwide noticed regional differences, which may 
underlie complex factors such as a country’s economic development, the life expectancy of a 

population as well as the quality and quantity of data reporting (Prince et al., 2015; Wu et al., 
2017). The prevalence of dementia in Germany in 2018 was 1.91% of the population, which 

was the third-highest in Europe after Greece (1.99%) and Italy (2.12%) (‘Dementia in Europe 

Yearbook 2019 - Estimating the prevalence of dementia in Europe’, 2019). Interestingly, within 
the past years, a decrease in dementia prevalence and incidence has been noticed (Wu et al., 

2017). Although a scientific explanation for this observation remains missing, for western 
countries an improvement in health among old age and an increase of the educational level 

have been hypothesized to reduce the risk of developing dementia (Wu et al., 2017). 
Nevertheless, the total number of people living with dementia is estimated to rise substantially 

due to a higher proportion of older people in the population and their increasing lifespan 
(Collaborators GBD 2019 Dementia Forecasting, 2022). An increase in dementia cases is 

predicted to be accompanied by an increase in the social-economic burden (Wimo et al., 2017; 
Michalowsky et al., 2019).  

The clinical representation of AD was shown to be manifold (Scheltens et al., 2016; Atri, 2019) 

with memory impairment being one early clinical feature associated with AD (Grober et al., 
2008) together with several other signs including changes in personality as well as depression 

(Bature et al., 2017). 
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The majority of AD cases are late-onset (LOAD) and sporadic (sAD), which refers to patients 

experiencing disease onset above 65 years of age and without confirmed genetic disposition 
in a gene implicated in AD, respectively (Carmona et al., 2018). The proportion of early-onset 

AD (EOAD) cases, with a clinical onset before the age of 65, is estimated to account for 1-2% 
(Sassi et al., 2014), although higher portions such as 5.5% (Zhu et al., 2015) have been 

reported as well. In the case of familial AD (fAD), a mutation causative for AD and the 
inheritance in an autosomal dominant trait is common (St. George-Hyslop et al., 1987). AD 

cases involving known causative mutations in APP, PSEN1 and PSEN2 are estimated to 

account for approximately 10-15% of all EOAD cases (Ayodele et al., 2021).  

 

1.2 Key pathological events of Alzheimer’s disease 

The neuropathological profile of AD includes extracellularly aggregated amyloid-β (Aβ) 

peptides forming senile plaques in a patient’s brain as well as intraneuronal misfolded Tau 
creating tangles (Hardy and Allsop, 1991). Furthermore, AD is a progressive disease featuring 

chronic inflammation (Kinney et al., 2018), impaired brain homeostasis (De Strooper and 
Karran, 2016) and neuronal death (Brokaw et al., 2020). A simplified scheme about some key 

pathological events in AD and some proposed relations between them is provided in Figure 1.  
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Figure 1 Overview of sequential pathogenic events in Alzheimer’s disease. From the top to the bottom: 
Genetic and/or environmental risk factors potentially lead to malfunction in microglia (Joshi et al., 2013; 
Parhizkar et al., 2019), disturbed amyloid precursor protein (APP) processing and/or amyloid-β (Aβ) 
clearance (Selkoe and Hardy, 2016), altered energy supply (Ryu et al., 2021) and/or mitochondrial 
dysfunction (Takeda et al., 2021). Disturbance of Aβ homeostasis due to one or several of these factors 
might lead to the formation of neurotoxic Aβ oligomers, mature Aβ fibrils or posttranslational 
modifications (PTMs) of Aβ. Secondary pathology including activated microglia, tau pathology and 
neuro-axonal degeneration is followed by pathogenic Aβ changes. However, the link between risk 
factors, Aβ and secondary pathologies, depicted as a linear course is a current topic of investigation (as 
reviewed by Hampel et al., 2021). Small arrows on both sites: Scientific evidence suggests a rather 
circular relationship where disturbed cell homeostasis might enhance/initiate secondary pathologies and 
vice versa, which again potentially results in more Aβ and associated pathology. Created with 
Biorender.com 

 

It remains debatable whether Aβ is causative for AD with dementia and cognitive impairment, 
but it was proposed that Aβ and Tau abnormal protein deposits, together, define AD as a 

distinctive neurodegenerative disease (Jack et al., 2018).  
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1.2.1 Amyloid-β peptide and its diverse aggregation entities  

Aβ peptides, mainly ending at the amino acid positions Aβx-40 (Aβ40) and Aβx-42 (Aβ42), are 

recognized as pathological deposits in an AD patient’s brain (Masters et al., 1985; Portelius et 
al., 2010). Physiological functions for endogenous Aβ based on rodent models, for instance in 

the regulation of learning and memory, have been formulated (Garcia-Osta and Alberini, 2009; 
Morley et al., 2010; Puzzo et al., 2011). The pathological accumulation of Aβ has been 

suggested to occur in response to a disturbed dynamic equilibrium of Aβ production and 

clearance (Thal, 2015; Thompson et al., 2021). Thus, an increased production and/or a failure 
of clearance and degradation, for instance, due to genetic disposition, ageing and/or 

environmental factors, putatively leads to pathological Aβ aggregation and amyloid fibril 
formation as described by the amyloid hypothesis (Selkoe and Hardy, 2016). In the course of 

Aβ aggregation, a wide range of assemblies, ranging from small Aβ oligomers to large, 
insoluble amyloid fibrils have been reported (Chen et al., 2017).  

The Aβ oligomer ‘pool’ associated with AD, encompasses multiple distinct assemblies such as 
Aβ dimers, (Walsh et al., 2000), trimers, tetramers (Chen and Glabe, 2006) and dodecamers 

(Lesné et al., 2006). The classification of an Aβ oligomeric assembly and its distinction from a 
protofibril, a transient stage between Aβ oligomers and amyloid fibrils, lacks a strict 

nomenclature (Glabe, 2008). Therefore, the general term of an Aβ oligomer, used in the 

scientific literature, might refer to multiple assemblies with a high level of structural and 
functional disparity. For instance, some consider soluble Aβ oligomers to be highly diffuse with 

a tendency to dissociate back to monomers rather than forming larger fibrils (Dear et al., 2020). 
Further, Aβ oligomers are recognized as neurotoxic assemblies associated with the Aβ 

aggregation process (Benilova et al., 2012) and there was a myriad of mechanisms proposed 
how oligomeric Aβ assemblies govern toxicity. For instance, Aβ oligomers might act as ligands 

for different receptors and compromise cell signalling upon binding (Pagano et al., 2018). Due 
to integration into lipid membranes, Aβ oligomers putatively disrupt the membrane integrity 

(Bode et al., 2019). Recently, the first atomic structure of Aβ42 oligomers incorporated into a 
lipid membrane-mimicking environment was published and indicated four Aβ42 peptides 

building a pore (Ciudad et al., 2020). The pore-forming properties of Aβ are considered as 

another mechanism by which oligomeric Aβ assemblies may exert toxic effects (Arispe et al., 
1994; Darling and Shorter, 2020), although the presence of these Aβ pores in patients remains 

to be shown.  

Soluble Aβ from postmortem AD brain material is highly active, reduces dendritic spine density 

in rodent hippocampus (Shankar et al., 2008) and accommodates neurotoxicity in neuronal 
cell culture (Hong et al., 2018). Surprisingly, such highly neuroactive, soluble assemblies, 
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presumably account for only a small proportion of the overall Aβ present in the brain (Hong et 

al., 2018). Furthermore, soluble Aβ assemblies of an amyloid precursor protein (APP) 
transgenic mouse model account for less than 1% of total brain Aβ but are potent inducers of 

Aβ deposition in vivo (Langer et al., 2011). A depletion of oligomeric Aβ from Aβ-containing 
brain homogenate delays Aβ plaque induction when introduced into a transgenic mouse model 

for cerebral amyloidosis, indicating Aβ oligomers might be important in the early phase of 
aggregation initiation (Katzmarski et al., 2020). However, several different, soluble oligomeric 

Aβ conformations were reported, highlighting the great heterogeneity of Aβ oligomers in 

postmortem brain tissue of AD patients (Bao et al., 2012) and a rodent disease model (Shankar 
et al., 2009).  

Although, Aβ peptides were recognized as the major components of parenchymal Aβ plaques, 
generally termed ‘senile plaques’ (Masters et al., 1985; Walker, 2020), other proteins have 

been identified within plaques as well (Xiong et al., 2019). For instance, the collagenous 
Alzheimer amyloid plaque component (CLAC), which is believed to have an impact on Aβ 

plaque morphology (Hashimoto et al., 2020). Although a different terminology for similar plaque 
types can be used, originally, senile plaques were classified based on different morphologies 

ranging from diffuse, compact and cored plaques (Walker, 2020). Aβ plaques can be visualized 

microscopically after immune-histological staining using antibodies directed against Aβ and 
amyloid specific dyes such as Congo Red (Ikeda et al., 1989). A more recent established class 

of amyloid dyes, termed luminescent conjugated oligothiophenes (LCOs), displays specific 
fluorescence emission spectra reflecting structural characteristics of Aβ plaques (Nilsson et 

al., 2007). Plaque maturation as a function of time visualized by LCO staining in mouse models 
for cerebral amyloidosis indicates conformational rearrangements within Aβ plaques (Nyström 

et al., 2013). Diffuse Aβ plaques are proposed to be an early entity in plaque development, 
mostly containing oligomeric Aβ species, whereby, compact plaques are considered to contain 

more densely packed Aβ assemblies with a great heterogeneity of aggregation intermediates 
(Röhr et al., 2020). Further, an enrichment of β-sheet Aβ assemblies within the core, 

surrounded by rather diffuses Aβ assemblies, was recognized in dense-cored plaques (Röhr 

et al., 2020). Data indicate that all three plaque morphologies can be detected in AD patients’ 
brains, although the proportion of dense-cored plaques increases with age (Dickson and 

Vickers, 2001). In addition to these morphotypes, recently, another plaque morphology 
associated with EOAD has been identified and termed ‘coarse-grained’ plaque (Boon et al., 

2020). In comparison to cored plaques, this morphotype is predominately composed of Aβ40 
the main aggregate in cerebral amyloid angiopathy (CAA) (Boon et al., 2020). CAA describes 

the observed aggregation of Aβ around the cerebral vasculature (Suzuki et al., 1994b; Alonzo 
et al., 1998). In more than 60% of AD patients, CAA was detected (Serrano-Pozo et al., 2013) 
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and is considered as a major contributor to cerebrovascular pathologies such as altered 

cerebral blood flow (Thal et al., 2009) and brain haemorrhages in AD (Yates et al., 2011; 
Greenberg et al., 2020). Coarse-grained plaques were observed exclusively in symptomatic 

AD patients and therefore, the authors concluded this plaque morphotype to be clinically 
relevant (Boon et al., 2020). Recent data indicate a protective role for dense-cored plaques 

due to the sequestration of toxic, diffuse Aβ (Huang et al., 2021). The contribution of senile 
plaques to secondary pathologies in AD remains controversial since only a minimal correlation 

between Aβ deposition and degree of cognitive decline has been described (Nelson et al., 

2012). Also, a great heterogeneity in conformational variants of aggregated Aβ within plaque 
cores was observed in sAD and fAD patients (Rasmussen et al., 2017) as well as in patients 

with slow and fast disease progression (Qiang et al., 2017; Liu et al., 2021). Despite the effort 
to allocate distinct Aβ assemblies to certain pathological events in AD, the individual 

contribution remains uncertain.  

 

1.2.2 Tau pathology in the context of amyloid-β  

The protein Tau is a member of the microtubule-associated protein-family, involved in 
maintaining microtubule stability and dynamic (Weingarten et al., 1975). Tau pathophysiology 

has been recognized in AD (Grundke-Iqbal et al., 1986) as well as in many other 

neurodegenerative diseases (Spillantini and Goedert, 2013). Recently, cryo-electron 
microscopy of Tau fibrils derived from patients with various tauopathies offered a detailed 

classification based on structural folds (Shi et al., 2021b). In the human central nervous system 
(CNS), six Tau isoforms are expressed, based on alternative splicing, containing 0, 1, or 2 N-

terminal inserts and 3 or 4 repeats in the microtubule-binding domain (Goedert et al., 1988, 
1989a; b). In the course of AD, Tau can form higher-order fibrils within neurons forming 

neurofibrillary tangles (NFT) (Wood et al., 1986) neuropil threads (NT) and as well as neuritic 
plaques (NP) (Braak et al., 1986) which refer to Tau-positive dystrophic neural processes 

surrounding Aβ plaques (Dickson, 1997).  

Protein phosphorylation is one of the most common post-translation modifications regulating 

essential cellular processes (Manning et al., 2002). The longest human Tau isoform contains 

85 potential phosphorylation sites of which approximately 50% have been reported to be 
phosphorylated in AD brains (Noble et al., 2013). Based on in vitro experiments using Tau 

isolated from human AD brain extracts, the phosphorylation state of Tau, hence referred 
generally as p-Tau, is suggested to impact Tau’s ability to maintain microtubule assembly and 

dynamics (Alonso et al., 1994). It has been proposed that in the course of AD, Tau becomes 
hyperphosphorylated and thereby loses its ability to bind and stabilize microtubule (Alonso et 
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al., 1996; Wang et al., 1996) but gains increased aggregation properties (Despres et al., 2017) 

which potentially leads to the formation of paired helical filaments (PHFs) resulting in NFT 
(Alonso et al., 2001). Many kinases are implicated in Tau phosphorylation from which three 

are strongly linked to diseases, namely glycogen synthase kinase 3 (GSK3) (Amaral et al., 
2021), cyclin-dependent kinase 5 (Wilkaniec et al., 2018) and extracellular signal-regulated 

kinase 2 (Qi et al., 2016). Tau pathology correlates, more closely with the severity of dementia 
in AD compared to Aβ pathology (Arriagada et al., 1992; Ingelsson et al., 2004). How Tau 

contributes to AD pathogenesis is currently not clearly defined, although experimental data 

provide evidence for the interrelationship between Aβ and Tau pathology (Busche and Hyman, 
2020). 

An inhibition of GSK3β reduces Tau phosphorylation without significant alterations of total tau 
and Aβ levels (Choi et al., 2014). Furthermore, an Aβ-dependent enhancement of GSK3β 

activity via α2A-adrenergic receptor signalling leads to increased Tau phosphorylation (Zhang 
et al., 2020). Aβ-mediated dysfunction in a mouse model expressing human APP is rescued 

upon endogenous Tau reduction (Roberson et al., 2007). Furthermore, Aβ plaque formation in 
a three-dimensional human neuronal cell culture leads to high levels of aggregated 

phosphorylated Tau. Convincingly, a reduction of Aβ production in these cultures results in 

decreased Aβ pathology and attenuated Tau pathology (Choi et al., 2014). Furthermore, the 
inhibition of Aβ generation in a mouse model for amyloidosis reduces cerebral Aβ pathology 

and attenuates an increase of Tau in cerebrospinal fluid (CSF) (Schelle et al., 2017). 
Aggregated Tau species isolated from patients with Aβ plaque pathology reveal higher 

bioactivity in a cell biosensor assay compared to human cases with solely Tau pathology 
(Bennett et al., 2017). In line with this observation, in vivo Tau seeding is enhanced in mouse 

models with Aβ pathology (He et al., 2017; Vergara et al., 2019) and injection of Aβ42 fibrils 
leads to increased numbers of NFT in Tau transgenic mice (Götz et al., 2001). Interestingly, in 

a mouse model with human and murine Tau, Aβ plaques appear to be larger, indicating Tau 
may also influence Aβ plaque pathology (Jackson et al., 2016), whereas, in the absence of 

murine Tau in the same model, Aβ plaques appear smaller (Pickett et al., 2019).  

In humans, Aβ and Tau are considered to be both associated with cognitive decline in 
preclinical AD patients and necessary for memory decline (Hanseeuw et al., 2019; Sperling et 

al., 2019). However, the underlying molecular relationship between Aβ and Tau, due to their 
co-occurrence and the involvement of several regulators in both pathologies, including 

microglial activation, endocytic system and lipid metabolism, awaits further investigation 
(Busche and Hyman, 2020). 
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1.2.3 The ambivalent role of microglia in Alzheimer’s disease   

The inflammatory response in the CNS generally termed neuroinflammation, can be triggered 

by various pathological events such as infections, exposure to neurotoxins and head trauma 
(Leng and Edison, 2020). Furthermore, complex pathways including the complement system 

(Lian et al., 2016; Liddelow et al., 2017; Litvinchuk et al., 2018) and cytokine signalling (Fillit et 
al., 1991; Patel et al., 2005; Heneka et al., 2012) can modulate the neuroinflammatory 

response. 

Microglia are recognized as phagocytosis-competent immune cells resident in the brain 
(Ransohoff and Cardona, 2010), with implications in brain development (Paolicelli et al., 2011), 

maintenance of synaptic plasticity (Nguyen et al., 2020) and immune surveillance (Nimmerjahn 
et al., 2005). In recent years, human genome-wide association studies identified more than 25 

AD-associated genetic variants in or in close proximity of genes uniquely expressed in 
microglia (Yang et al., 2021), positioning neuroinflammation as a putative target for treatment 

intervention (Leng and Edison, 2020). 

Whether microglia function in neurodegeneration is beneficial or deleterious remains 

debatable. One currently recognized assumption proposes an initial beneficial role of the 
immune response in AD, which may become detrimental when it develops into a chronic state 

(Webers et al., 2020). The level of microglial activation correlates well with Aβ deposition in 

MCI and AD patients (Fan et al., 2017; Dani et al., 2018). Furthermore, microglial activation, 
Aβ and Tau together are a reliable and precise predictor for cognitive worsening with microglia 

forecasting the spreading of Tau (Pascoal et al., 2021). Transcriptional profiling and single 
microglia sequencing in APP and Tau transgenic mouse models indicate Aβ but not Tau 

pathology provokes microglial response that is associated with an upregulation of known AD-
related risk genes (Sierksma et al., 2020). So-called disease-associated microglia (DAM) is an 

AD-specific microglia population with a distinct transcriptional profile (Keren-Shaul et al., 
2017). Interestingly, distinct transcriptional DAM profiles in response to solely Aβ pathology 

(AD1) or Aβ plus Tau pathology (AD2) have been reported (Gerrits et al., 2021). While AD1-
microglia are associated with a direct response to Aβ and share high similarity to the 

phagocytic/activated profile reported for amyloid mouse models (Keren-Shaul et al., 2017; 

Sierksma et al., 2020), the AD2-microglia profile has not been reported before and its 
functional role remains to be assigned (Gerrits et al., 2021).  

Trem2 (triggering receptor expressed on myeloid cells 2) is a cell surface receptor expressed 
in microglia (Klesney-Tait et al., 2006) which positively regulates phagocytosis and 

downregulates the inflammatory response in AD (Hickman and Khoury, 2014). Conversion 
from homeostatic microglia to DAM follows a two-step mechanism with an initial Trem2-
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independent and a second Trem2-dependent step (Keren-Shaul et al., 2017). A genetic variant 

in Trem2 resulting in an amino acid substitution at position 47 (of histidine for arginine), was 
detected in AD patients and hypothesized to govern an increased risk for AD through impaired 

inflammatory responses (Guerreiro et al., 2013; Jonsson et al., 2013). Microglia clustering 
around Aβ plaques is Trem2-dependent and in patients carrying a Trem2 risk variant, fewer 

plaque-associated microglia have been observed (Prokop et al., 2019). Similar has been 
observed in disease models (Meilandt et al., 2020; Lee et al., 2021). A lost plaque association 

of microglia results in more diffuse Aβ-plaques, mitigated microglial activation and increased 

Tau pathology (Wang et al., 2016; Yuan et al., 2016; Meilandt et al., 2020; Lee et al., 2021). 
These observations are in line with the proposed ‘barrier’ function of microglia, protecting 

neurons from the diffuse Aβ halo around plaques which may contain toxic oligomeric species 
(Condello et al., 2015). Interestingly, the effects of Trem2 on Aβ seems to be disease stage-

dependent as at later disease stage a decrease in plaque accumulation was noted (Meilandt 
et al., 2020).  

The protective barrier function was shown to decline in ageing microglia, resulting in more 
severe Tau pathology and axonal dystrophy around Aβ plaques (Condello et al., 2015; Yuan 

et al., 2016). ‘Inflammaging’ describes a chronic activation of the immune system which, in 

course of ageing, potentially becomes damaging (Franceschi et al., 2000, 2018). Data indicate 
chronic activation of microglia can compromise the homeostatic function and thereby 

eventually lead to neuronal cell loss (Sobue et al., 2021).  

Microglia have been assigned an ambivalent role in AD: on one hand they were implicated in 

Aβ clearance (Liu et al., 2010; Rivera-Escalera et al., 2019) and on the other hand microglial 
activation might provoke neurotoxicity (Liddelow et al., 2017). Data interpretation aiming to 

enlighten microglia function and signalling in health and disease remains challenging due to 
recognized differences of microglial responses and transcriptional profiles in distinct 

experimental models (Das et al., 2016; Melief et al., 2016).  

 

1.3 Amyloid precursor protein cleavage  

Aβ is a cleavage product of the subsequent processing of APP by β- and γ-secretase, termed 
amyloidogenic pathway (Fig. 2b, Vassar et al. 1999; De Strooper et al. 1998). The alternative 

pathway involves an initial α-secretase processing step instead of β-secretase cleavage (Fig. 
2a, Sisodia 1992; Kuhn et al. 2010).  
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Figure 2 Schematic presentation of amyloid precursor protein processing (APP). (a) In the non-
amyloidogenic pathway, the first cleavage of APP is conducted by α-secretase, followed by proteolytic 
processing by γ-secretase resulting in p3 and intracellular domain of APP (AIDC). (b) The amyloidogenic 
pathway is initiated by β-secretase and subsequently γ-secretase cleavage, liberating amyloid-β (Aβ) 
isoforms with variable carboxy-terminus and AIDC. Additionally, after the initial secretase cleavage by 
α- and β-secretase, soluble APP α (sAPPα) and β (sAPPβ), respectively, are released. Created with 
Biorender.com 

 

APP is a type I transmembrane protein, harbouring the Aβ sequence within the membrane-

spanning domain (Goldgaber et al., 1987; Kang et al., 1987; Tanzi et al., 1987). Due to 
alternative splicing, three major isoforms of APP with 695, 751 or 770 amino acids, termed 

APP695, APP751 and APP770, respectively, are expressed (Müller et al., 2017). Different 
intracellular trafficking routes for APP have been described. In cell culture, APP can be cleaved 

on the plasma membrane (Sisodia, 1992), however, the majority of synthesized APP was 
shown to traffic from the trans-Golgi network (TGN) directly to early endosomes with only a 

minority of APP reaching the plasma membrane (Toh et al., 2017a). Clathrin-depending 

endocytosis of APP from the plasma membrane subjects APP into the endocytic compartment 
for cleavage (Cirrito et al., 2008). From the endosomal pathway, retrograde transport might 

localize APP back to the TGN (Vieira et al., 2010), where the majority of APP is processed in 
cell culture experiments (Choy et al., 2012). APP trafficking can have a great impact on health 

and disease, as APP sorting determines cleavage and therefore, missorting can result in an 
increased Aβ production (Tan and Gleeson, 2019).  
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1.3.1 The α - and β-secretase cleavage of the amyloid precursor protein 

The β-secretase, also known as beta-site amyloid precursor protein cleaving enzyme 1 

(BACE1), is an aspartyl protease with two aspartic acids in its catalytic centre (Vassar et al., 
1999). The enzymatic optimum of BACE1 is at low pH (Sinha et al., 1999). Consistently, the 

enzyme colocalizes with Golgi and endosomes (Vassar et al., 1999), organelles providing an 
acidic environment. APP cleavage by BACE1 is considered to be the rate-limiting step in the 

generation of Aβ peptides (Capell et al., 2002; Toh et al., 2017b). BACE1 cleavage of APP 

results in soluble APP β (sAPPβ) and a membrane-bound carboxyl-terminal fragment β 
(CTFβ) (Vassar et al., 2014). The CTFβ fragment serves as a substrate for γ-secretase 

cleavage, resulting in the intracellular domain of APP (AIDC) and the release of Aβ peptides 
(De Strooper et al., 1998; Wolfe et al., 1999). Additional to its role in the initialization of the 

amyloidogenic pathway, BACE1 has been suggested to be involved in proteolytic degradation 
of Aβ resulting in Aβx-34 (Aβ34) due to a correlation of Aβ34 and the overall clearance rates of 

Aβx-38 (Aβ38), Aβ40  and Aβ42 in CSF of amyloid positive patients (Liebsch et al., 2019). 
Nevertheless, the underlying cleavage mechanism of Aβ peptides by BACE1 awaits further 

investigation. 

The alternative processing of APP, the non-amyloidogenic pathway, is carried out by α-

secretase and results in soluble APP α (sAPPα) and carboxyl-terminal fragment α (CTFα) 

(Sisodia, 1992; Kuhn et al., 2010). In humans, so far 20 members of the ADAM (a disintegrin 
and metalloprotease) protein family have been identified (‘ADAM metallopeptidase domain 

containing’, no date; Souza et al., 2020) from which ADAM10 was shown to be mainly 
responsible for α-secretase activity in neurons (Kuhn et al., 2010). ADAM10 is a membrane-

bound proteinase which cleaves APP within the Aβ domain, releasing sAPPα to the 
extracellular space (Sisodia, 1992; Kuhn et al., 2010) and membrane-bound CTFα, where it is 

further cleaved by γ-secretase liberating AICD and p3 (Haass and Selkoe, 1993; Nhan et al., 
2015). 

 

1.3.2 Liberation of amyloid-β isoforms by γ-secretase cleavage  

The γ-secretase is a protease complex consisting of four subunits, namely presenilin enhancer 
2 (PEN2), anterior pharynx-defective 1 (APH-1), nicastrin and presenilin-1 or 2 (PS1 or 2) 

(Kimberly et al., 2003; Sato et al., 2007; Lu et al., 2014). Presenilin is the catalytic subunit of 
this complex and is located within the membrane domain, making γ-secretase an 

intramembrane aspartyl protease (De Strooper et al., 1998; Wolfe et al., 1999). PEN2 and 
APH-1 are believed to have functions in stabilizing the protease complex (Prokop et al., 2004; 
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Niimura et al., 2005) and nicastrin in the substrate recognition (Shah et al., 2005). The γ-

secretase catalyses the regulated intramembranous proteolysis of different type I 
transmembrane proteins such as APP and is important for proper Notch signalling (De 

Strooper et al., 1998, 1999).  

The first proteolysis of CTFβ by γ-secretase occurs at the epsilon site on position 48 or 49 

producing either Aβx-45 or Aβx-46, respectively (Weidemann et al., 2002; Sato et al., 2003). This 
initial proteolysis is followed by a tripeptide cleavage of Aβx-48 to Aβx-45 or Aβx-49 to Aβx-46 to Aβx-

43, resulting in Aβ42 and Aβ40, respectively (Takami et al., 2009). This tripeptide cleavage is 

facilitated by three substrate-binding pockets in γ-secretase (Bolduc et al., 2016b). 

The previous substrate shedding of APP, resulting in CTFα or CTFβ, is required prior to γ-

secretase cleavage and is considered to be generally true for γ-secretase substrates (Struhl 
and Adachi, 2000). However, γ-secretase substrate recognition is an ongoing topic of research 

and experimental evidence indicates γ-secretase can cleave APLP1 (amyloid precursor-like 
protein 1), a member of the APP protein family (Schauenburg et al., 2018) and the membrane-

bound receptor B-cell maturation antigen (BCMA) (Laurent et al., 2015) without previous 
shedding. The underlying substrate recognition mechanism is currently undefined but data 

suggest a rather passive recognition based on size, where nicastrin act as gate-keeper by 

sterically blocking substrates retaining longer ectodomains (Bolduc et al., 2016a). 
Furthermore, the flexibility of the substrate’s transmembrane domain (Götz et al., 2019), as 

well as the formation of a hybrid β-strand of cleavage substrate and catalytic subunit PS1 
(Yang et al., 2018; Zhou et al., 2019) are hypothesized to be crucial elements for substrate 

recognition. Recently, data indicate that γ-secretase together with BACE1 and APP form a 
large, enzymatic active complex in vitro, resulting in an Aβ42 to Aβ40 ratio similar to the one 

observed in cell culture (Liu et al., 2019).  

 

1.3.3 Genetic variants affecting amyloid precursor processing in health and disease 

Disease causative mutations in the genes APP, PSEN1 and PSEN2 encoding for APP and the 
catalytic subunits of γ-secretase, PS1 and PS2, respectively, are hypothesized to govern AD 

by altering APP processing (Selkoe and Hardy, 2016). For instance, the AD causative double 

mutation in APP, resulting in an amino acid substitution at position 670 from lysine to 
asparagine and at position 671 from methionine to leucine (Mullan et al., 1992). This mutation 

was found in two families from Sweden experiencing EOAD and therefore was termed APPSwe 
(Mullan et al., 1992). The APPSwe genetic variant leads to an increase in total Aβ (Citron et al., 

1992), without significantly changing the Aβ42 to Aβ40 ratio (Ancolio et al., 1999). A different 
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APP mutation, first described in a Londoner cohort (termed APPLon) leads to an amino acid 

substitution at position 717 from valine to isoleucine (Goate et al., 1991). APPLon carriers 
display increased levels of Aβ42 peptides compared to Aβ40 and thus harbour an increased 

Aβ42 to Aβ40 ratio (Suzuki et al., 1994a; Scheuner et al., 1996). A convenient explanation for 
the different outcomes observed in these two mutant APP might be provided by the location of 

the amino acid substitutions. In the APPSwe variant the amino acid sequence alteration is 
located at the cleavage site for BACE1 (Tomasselli et al., 2003; Deng et al., 2013), whereas 

the APPLon affects the γ -secretase cleavage site (De Jonghe et al., 2001).  

A great proportion of mutations associated with fAD are detected in the catalytic subunit PS1 
of γ-secretase (‘PSEN-1 - ALZFORUM’, no date). PSEN1 mutations associated with AD lead 

to an increase in Aβ42 when genetically introduced into mice (Borchelt et al., 1996; Duff et al., 
1996). Interestingly, a comprehensive in vitro analysis of 138 AD-associated PSEN1 mutations 

indicates that the vast majority of tested genetic variants indeed increase the Aβ42 to Aβ40 ratio, 
although, lower the total production of Aβ compared to wildtype PSEN1 (Sun et al., 2017). The 

use of such an artificial in vitro setting might limit the applicability of these data to the complex 
environment in a patient’s brain, as stated by the authors (Sun et al., 2017). Despite its function 

as a catalytic active subunit in γ-secretase, PS1 is implicated in many cellular events such as 

macroautophagy (Lee et al., 2010), neuronal apoptosis (Zhang et al., 1998) and insulin 
signalling (Maesako et al., 2011). AD causative mutations in PSEN1 can elevate the cellular 

cholesterol levels in cell culture (Grimm et al., 2005). A cholesterol-rich membrane composition 
is hypothesized to favour the colocalization of APP with the active BACE1 and γ-secretase 

complex within lipid rafts and thereby enhancing the amyloidogenic pathway (Cho et al. 2019).  

Additional to malign mutations associated with AD, a protective mutation in APP has been 

reported as well (Jonsson et al., 2012). This APP variant harbours a missense mutation and 
results in an amino acid substitution at position 673 from alanine to threonine (A673T), close 

to the BACE1 cleavage site (Jonsson et al., 2012). It was first discovered in the Icelandic and 
Scandinavian populations and is suggested to be protective against AD by lowering the overall 

production of Aβ (Jonsson et al., 2012). Interestingly, an alteration at the same position to 

valine (A673V) leads to an increased risk to develop AD by an enhanced Aβ production (Di 
Fede et al., 2009). Although, an association with AD is only given at a homozygous state of 

this variant (Di Fede et al., 2009). 

Alterations of the amyloidogenic pathway due to genetic variants in APP as well as in the 

involved secretases are highly complex and demand a further scientific investigation to fully 
understand the underlying mechanisms. Together, malign as well as protective alterations 

point toward the great significance of this pathway for health and disease.  
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1.4 Translational animal models of Alzheimer’s disease pathology 

In order to perform experimental research which aims to elucidate pathological sequences in 

AD, choosing an appropriate disease model is decisive for the transferability of results from 
the model to humans. The most common disease models in biomedical research are rodent 

models with rats and mice accounting for approximately 95% of all laboratory animals 
(Hickman et al., 2017). Rodents as well as non-human primates, the closest biological relatives 

to humans, do not develop the full AD phenotype in their lifespan (Walker and Jucker, 2017). 

Genetically modified marmosets harbouring a deletion of exon 9 of PSEN1 show enhanced 
production of Aβ42 in fibroblast cells and might present the first primate model of fAD (Sato et 

al., 2020). Whether this model develops Aβ and Tau pathology in the brain, reassembling the 
human AD phenotype, remains to be seen. The authors expect the onset of Aβ pathology in 

these animals from 2-3 years of age (Sato et al., 2020). Great fields of applications are 
considered for such an AD model including biomarker studies as well as testing of clinical 

therapeutics (Sato et al., 2020). However, the close proximity of non-human primates to 
humans evokes ethical debates about their use in biomedical research (Olsson and Sandøe, 

2010; Prescott, 2020).  

Genetically modified mouse lines overexpressing human genes involved in the generation of 
Aβ, such as APP and PSEN1, with or without AD-associated mutations, are reassembling the 

Aβ plaque pathology of AD and lack NFT (Drummond and Wisniewski, 2017). To overcome 
this limitation, AD-derived Tau intracranially introduced into amyloid-laden mouse brains can 

result in NFT and NP formation (He et al., 2017). Another approach for the establishment of 
Tau pathology in an amyloidosis mouse model is an additional genetic modification of the gene 

encoding for Tau, MAPT (Oddo et al., 2003). MAPT harbouring a mutation which leads to an 
amino acid substitution of proline for leucine at position 301 in human Tau results in 

frontotemporal dementia with parkinsonism linked to chromosome 17 in humans (Hutton et al., 
1998; Spillantini et al., 1998) and tangle formation in mice (Oddo et al., 2003). In a small 

proportion of sAD patients screened, genetic variants in MAPT have been identified and 

although putatively not causative for the disease, were hypothesized to co-operate with 
pathological changes in Aβ (Sala Frigerio et al., 2015). Recent work on Tau fibril structures via 

electron microscopy expands the current classification of Tau pathology, since disease-
specific differences in Tau folding have been detected which were unrecognized beforehand 

(Shi et al., 2021b). This analysis might help to evaluate how accurate Tau pathology in animal 
models may model the pathology observed in humans. 
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Mouse models are far from perfect in remodelling the full spectrum of AD pathology but an 

isolated investigation of a specific pathological feature, often considered as a disadvantage, 
provides the opportunity to study mechanistic relationships in a simplified model (Radde et al., 

2008). Furthermore, the in-depth characterization of the homogenous disease model and 
tissue collection along the full disease course allows treatment intervention at precise disease 

stage. These aspects make a disease model for biomedical research superior to patients, 
potentially possessing great variability in terms of pathology and disease stage which escape 

current detection methods using biomarkers. 

 
1.5 Biomarkers along Alzheimer’s disease continuum 

In 2016, a system was introduced which suggests dividing the major biomarkers used in AD 

diagnostic into three categories (A/T/N) and thereby becoming a useful tool for an unbiased, 
descriptive classification of AD based on biomarkers (Jack et al., 2016). In this scheme, ‘A’ 

refers to pathophysiological changes in Aβ, ‘T’ gives a measure for Tau pathology and ‘N’ 
reflects neurodegeneration (Jack et al., 2016). The A/T/N framework has been edited and 

refined in the past years with the aim to improve its predictive value and accuracy (Ebenau et 
al., 2020; Bucci et al., 2021; Cullen et al., 2021; Delmotte et al., 2021; Song et al., 2022). Some 

biomarker changes according to the A/T/N system are presented as a scheme in Figure 3.  

 

 

Figure 3 Schematic representation of a neuron with amyloid-β (Aβ) and Tau pathology and the 
respective biomarkers for Alzheimer’s disease (AD) in line with the A/T/N scheme. The A/T/N system is 
intended to provide an unbiased descriptive classification of AD based on biomarkers, which can be 
measured using positron emission tomography (PET) and in body fluids including blood and 
cerebrospinal fluid (CSF) (Jack et al., 2016). ‘A’ presents biomarker changes in Aβ most likely due to 
aggregation. ‘T’ describes pathological changes in tau, which can reflect tau pathology and to some 
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degree, Aβ pathology induced release of phosphorylated Tau into the CSF. ‘N’ provides a biomarker 
measure for neuro-axonal damage. Adapted from (Hansson, 2021), created with BioRender.com.  

 

1.5.1 Biomarkers for cerebral amyloid-β pathology  

The pathological event of Aβ deposition in the brain can be detected by biomarker changes 
specific for Aβ such as in vivo imaging of plaques using positron emission tomography (PET) 

as well as estimating Aβ in the body fluids CSF and blood (Jack et al., 2016). 

High ligand retention on amyloid PET using PET-ligands such as Pittsburgh compound B (PiB), 

an 11C-labeled thioflavin-T derivate which binds to the amyloid structure of Aβ, is specific for 
β-amyloidosis (Klunk et al., 2004). More recently, 18F-labeled Aβ tracers targeting specifically 

insoluble Aβ fibrils in plaques have been approved for AD diagnostic measures (Hansson, 

2021). PET scans in AD provide information about the topography (Pascoal et al., 2020) and 
severity of pathological changes, such as the overall amyloid load (Clark et al., 2011; Fleisher 

et al., 2011; Bullich et al., 2021). Therefore, PET imaging is a powerful tool for diagnosing as 
well as monitoring the disease progression. However, with increasing age of patients, the 

accuracy of an Aβ-PET scan for AD diagnosis decreases as the prevalence of amyloid 
pathology was shown to increase with age in cognitively normal and impaired individuals 

(Jansen et al., 2015).  

Fluid biomarkers for the detection of pathological changes in Aβ are currently based on blood 

and CSF (Zetterberg and Blennow, 2021). In CSF, significant differences in Aβ38 Aβ40 and Aβ42 

levels were found in AD patients compared to healthy controls, but interestingly, solely the 

Aβ42 to Aβ40 ratio was able to discriminate AD from non-AD dementias such as frontotemporal 

dementia (Janelidze et al., 2016). A decrease in CSF Aβ42 is also proposed to be one of the 
earliest biomarker changes in AD, detectable with current methods (Milà‐Alomà et al., 2020). 

The ratio between Aβ42 and Aβ40 shows high accuracy in detecting cortical Aβ aggregation, 
although these fluid biomarkers detected more Aβ-positive individuals compared to the Aβ-

PET scan (Milà-Alomà et al., 2021). The reason for this discordance might underly the applied 
Aβ-PET threshold (Milà-Alomà et al., 2021). However, further validation is needed. Using the 

ratio of Aβ42 to Aβ40 offers the advantageous option to normalize inter-individual differences in 
the overall production and clearance of Aβ (Janelidze et al., 2016; Deltombe et al., 2022). 

Blood-based biomarkers for Aβ are less invasive compared to lumbar biopsy and becoming 
increasingly sensitive (Teunissen et al., 2022). Evaluation of Aβ plasma biomarkers such as 

Aβ42 to Aβ40 ratios using mass spectrometry reveals high levels of concordance with Aβ-PET 

results (Nakamura et al., 2018). However, due to the comparable low change in Aβ42 to Aβ40 
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ratios in blood, so far blood-based biomarkers for Aβ reach not the sensitivity and specificity 

of CSF Aβ measures (Zetterberg and Blennow, 2021). 

 

1.5.2 Tau phosphorylation state as a biomarker in Alzheimer’s disease  

Similar to Aβ plaques, Tau pathology can be visualized by increased ligand retention on PET 
using either Tau specific PET-ligands such as [11C]PBB3 (Maruyama et al., 2013) or ligands 

binding Aβ and Tau aggregates like [18F]FDDNP (Shoghi-Jadid et al., 2002; Wang and Edison, 

2019). Nevertheless, Tau PET imaging is limited to the visualization of Tau deposits (Leuzy et 
al., 2019), whereas the detection of early disease-related changes in Tau, for instance, the 

phosphorylation-state, requires fluid-biomarker analysis (Barthélemy et al., 2020a).  

Several p-Tau species have been identified in the blood (Barthélemy et al., 2020b) and CSF 

(Ishiguro et al., 1999) in patients associated with AD. In CSF, three broadly recognized 
biomarkers are Tau phosphorylated at threonine-181 (p-Tau-181), at threonine-217 (p-Tau-

217) and threonine-231 (p-Tau-231) (Suárez-Calvet et al., 2020). In particular, the CSF and 
blood p-Tau-181 variant is an established biomarker for AD, a good indicator for Aβ pathology 

(Clark et al., 2021) and predictive for memory decline (Therriault et al., 2021). The p-Tau-217 
variant measured in CSF is highly indicative for Aβ plaque load and exceeds p-Tau-181 in 

specificity and sensitivity (Barthélemy et al., 2020c; Janelidze et al., 2020a). Interestingly, in 

fAD the levels of specific p-Tau species detected in CSF change over the time course of AD 
progression, indicating a dynamic process in Tau phosphorylation depending on the 

pathological state and disease stage (Barthélemy et al., 2020a). An increase in CSF p-Tau-
181 and p-Tau-217 was detected when Aβ plaque onset becomes apparent by PiB-PET, 

however, a decrease is recognized at the onset of Tau pathology, detectable by PET 
(Barthélemy et al., 2020a). Some p-Tau species in the blood are reliable biomarkers for Tau 

and Aβ pathology (Barthélemy et al., 2020b; Janelidze et al., 2020b; O’Connor et al., 2020; 
Ashton et al., 2021). Recently, combinations of several blood-biomarkers such as Aβ42 to Aβ40 

ratio, p-Tau-217 or p-Tau-181 with other accessible measures, for instance, plasma 
neurofilament light (NfL) reveal promising results with increased accuracy for the prediction of 

cognitive decline and the risk for AD (Cullen et al., 2021; Palmqvist et al., 2021).  

 

1.5.3 Neurofilament light reflects disease-unspecific neurodegeneration  

A hypothetical biomarker model along the AD continuum (preclinical, prodromal and dementia 

stage), predicts Aβ and Tau pathology are followed by progressive neuronal and synaptic loss 
resulting in tissue atrophy (Hampel et al., 2021).  
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Fluid biomarkers for neurodegeneration have the potential to detect early pathological changes 

decades before severe brain atrophy becomes apparent (Pereira et al., 2017; Preische et al., 
2019). Neurofilament proteins, encompass NfL, NfM (neurofilament middle), NfH 

(neurofilament heavy), peripherin and α-internexin, which are the structural building blocks of 
intermediate filaments found in the cytoplasm of neurons (Yuan et al., 2017). The release of 

neurofilaments into CSF and blood is considered as a result of neuronal death or axonal 
damage although, the mechanism underlying NfL liberation is currently unknown (Thebault et 

al., 2020). In neurological healthy infants between zero and four years of age, high NfL levels 

have been detected in blood serum (Nitz et al., 2021), which is hypothesized to reflect 
programmed cell death in the developing CNS (Buss et al., 2006). NfL is one of the most 

recognized biomarkers for neuronal loss in AD and other neurodegenerative diseases, 
including Creutzfeldt-Jakob disease (CJD) (Kanata et al., 2019), amyotrophic lateral sclerosis 

and frontotemporal dementia (Olsson et al., 2019). Increased levels of NfL are also detectable 
in patients who experienced traumatic brain injury (Graham et al., 2021), classifying NfL as a 

general marker for neuronal damage. Since the majority of AD patients are experiencing late 
disease onset (Carmona et al., 2018), it is important to acknowledge that NfL increases due to 

normal ageing, which is hypothesized to reflect age-dependent neurodegeneration (Idland et 

al., 2017) and/or remodelling of neural circuits (Kaeser et al., 2021).  

In AD patients, elevated CSF NfL concentrations provide a measure that can dissect AD and 

control groups (Zetterberg et al., 2016; Olsson et al., 2019; Dhiman et al., 2020). Further, CSF 
NfL concentrations correlate with an increase in brain atrophy in patients with MCI (Zetterberg 

et al., 2016) and are an indicator for the severity of cognitive impairments in patients with AD 
and frontotemporal dementia (Olsson et al., 2019). Similar has been observed in blood plasma, 

where NfL levels predict a decline in cognitive performance (Sugarman et al., 2020; He et al., 
2021). In rodent disease models as well as AD patients, NfL levels in blood and CSF correlate 

with each other (Bacioglu et al., 2016; Jin et al., 2019). These data indicate blood NfL is a non-
invasive, accessible biomarker with biological relevance for neurodegeneration. Interestingly, 

plasma NfL is not predictive for the conversion of MCI to AD (Sugarman et al., 2020) whereas 

the serum NfL rate of change anticipates disease progression at early, pre-symptomatic stages 
of fAD (Preische et al., 2019). Furthermore, high baseline levels in plasma NfL are associated 

with an increased risk to develop AD (De Wolf et al., 2020).  

NfL is a many-sided biomarker reflecting on one hand neurodegeneration in disease and on 

the other age-dependent neurological processes, which together point towards the importance 
of the combination of several disease-specific biomarkers for a reliable diagnosis of AD. 
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1.6 Mechanisms of amyloid formation in Alzheimer’s disease 

Many neurodegenerative diseases share general commonalities such as their chronic and 
progressive nature, an increased prevalence with ageing, neuronal loss in specific areas and 

selective brain volume loss (Gan et al., 2018; Soto and Pritzkow, 2018). A molecular hallmark 
of these diseases, is the initial misfolding of a protein, inducing further aggregation of more 

proteins in a template-dependent manner, resulting in disease-specific amyloid deposition 
(Prusiner, 2012; Walker and Jucker, 2015). 

Such templated protein aggregation was initially used to describe the infectious agent of 

scrapie, a prion disease affecting sheep (Griffith, 1967). The term ‘prion’ was established in 
1982 and describes a ‘proteinaceous infectious particle’ (Prusiner, 1982). The cellular prion 

protein (PrPC) is a host-encoded cell-surface glycoprotein (Stahl et al., 1987; Haraguchi et al., 
1989). The disease-associated prion protein (PrPSc) forms pathological deposits (Prusiner, 

1998a) as observed in bovine spongiform encephalopathies (BSE) in cattle (Hope et al., 1988) 
and CJD in humans (Merz et al., 1983). Although PrPSc and PrPC do not differ in amino acid 

sequence, they possess different biochemical features and tertiary protein fold (Prusiner, 
1998b). PrPSc was shown to have a higher degree of β-strand structural fold compared to PrPC 

(Pan et al., 1993).  

 

1.6.1 Amyloid-β templated aggregation  

Templated protein aggregation can lead to amyloid fibrils with a characteristic cross-β fold due 

to the alignment of β-strands of the incorporated proteins perpendicular to the fibrils’ long axis 
(Tycko, 2015). The initial step of the aggregation process is termed ‘nucleation’ and describes 

the formation of an aggregation nucleus or seed, which refers to the smallest unit, presumably 
an oligomer, facilitating amyloid fibril formation (Chatani and Yamamoto, 2018). One of the first 

assays to follow amyloid formation in vitro established ThT fluorescence spectroscopy to 
visualize the aggregation process of Aβ (LeVine, 1993). The time-dependent aggregation 

follows a sigmoidal curve which was divided into three distinct sections; the lag, elongation 
and plateau phase (Jarrett and Lansbury, 1993). Interestingly, the longitudinal amyloid-PET 

load in MCI and AD patients follows a sigmoid formation as well when plotted as a function of 

time (Clifford et al., 2013). A schematic overview of the distinct primary and secondary 
nucleation pathways, which will be described in the following sections, as well as the 

elongation phase of Aβ aggregation, is provided in Figure 4.  
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Figure 4 Nucleation pathways of amyloid-β aggregation. Primary nucleation of amyloid-β (Aβ) 
monomers results in a seeding competent aggregation nucleus which facilitates elongation into 
protofibrils and mature fibrils formation. Aβ fibrils can facilitate secondary nucleation events. The 
molecular mechanism of Aβ primary nucleation is currently undefined. Three potential pathways are 
depicted in a, b and c. a) The nucleation according to the nucleation-dependent model describes the 
initial misfolding of an Aβ monomer with subsequential recruitment of additional monomers which are 
forced into an aggregation-prone fold. b) The nucleation-conversion model describes the assembly of 
Aβ monomers into oligomers while preserving their native fold. The close proximity of monomers is 
considered to favour the change of a structural conversion into an aggregation-prone nucleus. c) 
Heterogenous primary nucleation describes the association of Aβ monomers with heterogeneous 
molecules such as lipid membranes which potentially facilitate an initial misfolding of Aβ, resulting in 
accelerated aggregation. In d and e, secondary nucleation events are shown. d) In the monomer-
dependent nucleation process, the surface of a mature fibril is considered to aid nucleation of associated 
Aβ monomers. e) The monomer-independent nucleation pathway describes the fragmentation of a fibril 
into smaller seeding competent units. Created with BioRender.com. 

 

The molecular mechanism of Aβ nucleation is a current topic of investigation and several 
models have been proposed among two, the classical ‘nucleation-dependent model’ (Jarrett 

and Lansbury, 1993) and the ‘nucleation conformational conversion model’, will be described. 

 

1.6.2 Aggregation models to describe the primary nucleation of amyloid-β 

Amyloid aggregation, according to the nucleation-dependent model, is believed to occur above 

a critical Aβ concentration of initially naïve folded proteins, leading to the formation of an 
aggregation nucleus (Jarrett and Lansbury, 1993) (Fig. 4a). This nucleation event is 

considered to involve the transition from a largely α-helical or intrinsically disordered Aβ 
peptide to an amyloid fold by partial exposure of disordered protein segments and/or a 

rearrangement of the secondary protein structure, both being energetically unfavourable 
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(Zheng et al., 2016; Grasso and Danani, 2020). Therefore, the formation of such a nucleation 

seed is considered to be a rare and rate-limiting event in the Aβ aggregation cascade 
(Eisenberg and Jucker, 2012; Ghosh et al., 2016). 

The nucleated conformational conversion model might present a variation of the classic 
nucleation-dependent model (Serio et al., 2000). In the nucleation-dependent model, structural 

rearrangement is a precondition for aggregation, while in the conversion model, the formation 
of Aβ assemblies precedes structural conversion (Serio et al., 2000; Chatani and Yamamoto, 

2018). The nucleation conformational conversion model proposes a leading role of early 

aggregates in the nucleation process (Lee et al., 2011). Small oligomers or prefibrillar 
intermediates are hypothesized to form, thereby increasing the chance of intermolecular 

interactions and facilitating the conversion into a β-sheet rich structure which subsequently 
functions as a seeding competent nucleus (Garcia et al., 2014) (Fig. 4b). The differences 

between both models might appear minor, however, a precise understanding of the molecular 
mechanism of Aβ nucleation, generally termed ‘seed formation’, is essential as it potentially 

presents the earliest target opportunity to prevent amyloid aggregation. 

 

1.6.3 Driving forces for homogenous and heterogenous primary nucleation events 

Due to the transient nature of early aggregation assemblies, direct experimental examination 

of their formation is challenging and thus many data modelling amyloid formation were 
obtained by theoretical computer studies (Grasso and Danani, 2020) or by adaption of general 

mechanisms from other research areas, such as crystallography (So et al., 2016). 

The critical concentration of a protein, which refers to the monomer concentration required for 

polymerization to occur (Jarrett and Lansbury, 1993), together with its aggregation propensity 
was shown to be decisive for aggregation (Ciryam et al., 2013). Furthermore, supersaturation, 

defined as the ratio between the cellular protein concentration and the critical concentration of 
a protein, was proposed to be a major driver of protein aggregation in neurodegenerative 

diseases (Ciryam et al., 2015). In line with this, Aβ42 peptides aggregated and formed 
oligomers in vitro above a critical monomer concentration (Novo et al., 2018). In cell culture, 

synthetic Aβ42 but not Aβ40 was shown to aggregate within lysosomal/endosomal 

compartments after internalization by murine cortical neurons and neuroblastoma cells (Hu et 
al., 2009). An uptake into lysosomal/endosomal compartments increased the concentration of 

Aβ by two orders of magnitude compared to that in the extracellular fluid, which was 
hypothesized as a driving factor in the aggregation process (Hu et al., 2009). 
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In vitro performed aggregation studies based on homogenous monomeric Aβ solutions 

examine the ‘homogenous primary nucleation’ (Srivastava et al., 2019). Additionally, 
environmental factors like the presence of surfaces have the potential to either accelerate or 

inhibit nucleation (Grigolato and Arosio, 2021). The initial amyloid nucleation as a result of 
cooperative interactions of distinct molecules is referred to as ‘heterogenous primary 

nucleation’ (Srivastava et al., 2019) (Fig. 4c). Aβ42 nucleation was greatly enhanced by 
cholesterol-rich lipid membranes via a heterogeneous nucleation pathway (Habchi et al., 

2018). Furthermore, in cell culture, Aβ42 aggregation was observed on cell surfaces, which was 

accelerated by actin-driven cell membrane protrusion (Kuragano et al., 2020). It is 
hypothesized, heterogeneous Aβ nucleation requires lower concentrations of Aβ peptides and 

is, due to the great complexity within a cell, more likely to occur in natural systems compared 
to homogeneous nucleation (Srivastava et al., 2019). However, current scientific models lack 

the ability to incorporate all putative biologically relevant nucleators in their study designs and 
therefore can model the nucleation process only incomplete. 

 

1.6.4 Secondary nucleation pathways 

The presence of mature amyloid fibrils creates the possibility of a ‘secondary nucleation’ 

pathway (see Törnquist et al., 2018 for review). This type of nucleation can be further divided 

into ‘monomer-dependent secondary nucleation’, describing the formation of a new 
aggregation nucleus by monomers, catalysed by the surface of an amyloid fibril (Zimmermann 

et al., 2021) (Fig. 4d) and ‘monomer-independent secondary nucleation’, for instance, 
fragmentation referring to an amyloid fibril breakage that results in smaller fragments which 

serve as new nucleation seeds (Marrero-Winkens et al., 2020) (Fig. 4e). Above a critical 
concentration of Aβ42 fibrils, secondary nucleation is hypothesized to overtake primary 

nucleation (Cohen et al., 2013). Similar to secondary nucleation via fragmentation, an 
exogenous formed seed can act as a template and induce/accelerate aggregation in vitro 

(Jarrett and Lansbury, 1993; Harper and Lansbury, 1997) and in vivo (Kane et al., 2000; Meyer-
Luehmann et al., 2006) when introduced into a system with available respective monomer 

entities. 
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2 Material and Methods 
2.1 Experimental animals and conducted treatments and interventions 

To study biomarker trajectories and their dependency on Aβ, female and male heterozygous 
C57BL/6J-TgN(Thy1-APPSw,Thy1-PSEN1*L166P)21 (APPPS1) mice (Radde et al., 2006) as 

well as transgene-negative (WT) mice were used. Male heterozygous C57BL/6J-TgN(Thy1.2-
hAPP751-KM670/671NL)23 (APP23) mice were (Sturchler-Pierrat et al., 1997) used for 

passive immunization studies. Heterozygous male and female C57BL/6 JNpa-
Tg(Thy1App)23/1Sdz (APP23N) mice were used as hosts for in vivo seeding assays as well 

as for titer experiments following passive immunization. No differences were noted in 
phenotype between APP23 and APP23N. All mice were bred at the Hertie Institute for Clinical 

Brain Research (Tübingen, Germany) and experiments were performed according to the 

veterinary office regulations of Baden-Wuerttemberg (Germany), after approval by the local 
Animal Care and Use Committee. An estimation of the required group size was done using the 

statistical power analysis program G*Power or based on experience from previous 
experiments.  

 

2.1.1 BACE1 inhibitor treatment 

The BACE1 inhibitor NB-360 provided by Novartis was milled and mixed into food pellets for 

rodents at a concentration of 0.5 g NB-360 kg-1 food pellets. APPPS1 and WT mice were fed 
ad libitum either BACE1 inhibitor containing pellets or control pellets without NB-360 but with 

identical formula (Neumann et al., 2015; Schelle et al., 2017). APPPS1 mice were either 

treated for 3 months, referred to as ‘short-term’ or for 9.5 and 20 months, both referred to as 
‘chronic’ treatment. The chronic treatment was also conducted with WT mice. Short-term 

treatments were initiated at the age of 1.5, 12 and 18.5 months, referred to as ‘young’, ‘adult’ 
and ‘aged’ groups, respectively. The chronic treatment for 20 months was initiated at the age 

of 1.5 months and is further referred to as ‘young-chronic’ whereas the 9.5-month treatment 
was started at 12 months of age and accordingly is referred to as ‘adult-chronic’. 

 

2.1.2 Passive immunization 

Male APP23 mice received passive immunization intraperitoneally for 5 consecutive days. For 

this, antibodies were thawed on ice and applied at a concentration of 0.5 mg per mouse and 

day. Mice used for biochemical and histological analyses of Aβ as well as secondary 
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pathologies within the brain were either sacrificed 1.5 or 6 months post-injection. Mice used 

for the antibody titer study were sacrificed 1, 7, or 21 days post-injection.  

The chimeric murinized (cm) versions of the human antibody Gantenerumab 

(cmGantenerumab, (Bohrmann et al., 2012)), Aducanumab (cmAducanumab, (Sevigny et al., 
2016; Arndt et al., 2018)), Solanezumab (m266 (DeMattos et al., 2001)), Crenezumab (mC2 

(Adolfsson et al., 2012)) and Donanemab (mE8 (DeMattos et al., 2012)) were used. 
Furthermore, the monoclonal murine anti-wheat auxin immunoglobulin G (IgG) 2a (Amsbio, 

Abingdon, UK) and murine IgG2a antibody P1.17 (unknown antigen (Sevigny et al., 2016)) as 

control 1 (Ctrl 1) and control 2 (Ctrl 2), respectively, were used as control antibodies. 
cmGantenerumab, m266, and mC2 were provided by Lundbeck (Copenhagen, Denmark), 

cmAducanumab (cmAdu) and P1.17 were provided by Biogen (Cambridge, MA), and mE8 was 
provided by the Fraunhofer Institute for Cell Therapy (Dresden, Germany). The antibodies 

were recombinantly generated and purified. The antibody variable light chain-murine kappa 
constant domain and variable heavy chain-mIgG constant domain were cloned into a 

mammalian cell expression vector. After cell transfection, the culture media was collected and 
ultracentrifuged. Antibodies were isolated applying either protein-A or protein-G Sepharose 

affinity chromatography with a subsequent buffer exchange to PBS (Invitrogen, Carlsbad, CA) 

according to standard protocols for monoclonal antibody purification. Sterile filtration of 
antibodies was performed using 0.2 µm filters. Antibodies were stored at -80°C. The antibody 

Beta1 has been described previously (Paganetti et al., 1996; Meyer-Luehmann et al., 2006).  

 

2.1.3 Intracerebral injections into APP23 host mice 

Bilateral stereotaxic injection of 2.5 µl of a sample was done into the hippocampi of 2- to 3-
month-old APP23 mice (n=5-7 mice per group). For this, mice were deeply anaesthetized via 

intraperitoneal injections of either the 3-component anastatic (fentanyl 0.05 mg kg-1 body 
weight, midazolam 5 mg kg-1 body weight, medetomidine 0.50 mg kg-1 body weight) or a 

mixture of ketamine (110 mg kg-1 body weight) and xylazine (20 mg kg-1 body weight) in saline. 
A Hamilton syringe was used to deliver the sample into the hippocampus (anteroposterior, 

−2.5 mm; left/right, ±2.0 mm; dorsoventral, −1.8 mm) at a rate of 1.25 μl min-1 and further held 

in the injection site for 2 min before being withdrawn. The incision has been cleaned and 
closed. In case the 3-component anastatic was used, an antidote (flumazenil 0.5 mg kg-1 body 

weight and atipamezole 2.5 mg kg-1 body weight) was applied subcutaneously. Mice were 
monitored closely after surgery until full recovery.  
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For the preparation of brain homogenates (see below), of APPPS1 mice treated with BACE1 

inhibitor or corresponding control pellets, homogenisation buffer (150 mM NaCl, 5 mM EDTA, 
50 mM Tris, and Pierce protease and phosphatase inhibitor) (Thermo Fisher Scientific, 

Waltham, MA) was used, except for brains from the group ‘young-chronic’, which were 
homogenised in PBS (Gibco, Thermo Fisher Scientific). Brain homogenates from one 

treatment group were pooled and centrifuged at 3000 g for 5 min. The supernatant was 
collected (referred to as ‘seeding extract’), aliquoted and frozen at -80°C. For each injection, a 

fresh aliquot was thawed shortly before usage. For the estimation of the seeding dose 50 

(SD50), seeding extracts were serially diluted up to 10-4 in PBS and also injected.  

PBS-homogenates from mice receiving passive immunization with control antibody or cmAdu 

were used for bilateral stereotaxic injections. Brain homogenates of one treatment group were 
pooled aliquoted and frozen at -80°C. For each injection, a fresh aliquot was thawed shortly 

before usage. 

Enzymatic liquified ARPA (‘Antibody Recognition Profiling of amyloid b assemblies’, see 

below) fractions (F1 to F2) of PBS-homogenates from the frontal cortex of three pooled AD 

patients (see below) were used for bilateral stereotaxic injections. After separation by size and 
enzymatic digestion, the fractions were aliquoted, frozen at -80°C and shortly before usage 

thawed. Fractions were serially diluted up to 10-2 in PBS to estimate the SD50. 

Mice receiving seeding extract of APPPS1 mice were sacrificed 6 months post-injection, 

whereas mice inoculated with brain homogenate of mice receiving passive immunization or 
ARPA fractions containing human brain material, were sacrificed after 8 months.  

 

2.1.4 Collection of cerebrospinal fluid and brain 

Mice were deeply anaesthetized using a mixture of ketamine (115 mg kg-1 body weight) and 

xylazine (10 mg kg-1 body weight) in saline via an intraperitoneal application. As soon as the 

mouse showed a negative pedal reflex response, as an indicator of deep pain recognition, 
CSF collection was initiated. CSF was collected as described previously (Eninger et al., 2022). 

Briefly, the dura mater was punctured with a syringe (30 G, 0.3 x 8 mm needle size) to access 
the cisterna magna. Using a 20 µl GELoader tip (Eppendorf Vertrieb), CSF was collected. After 

centrifugation at 2000 g for 10 min, CSF was checked for any kind of cell debris or blood 
contamination. CSF was aliquoted and frozen at -80°C.  

Following CSF collection, each mouse was perfused transcardially with ice-cold PBS (Gibco, 
Thermo Fisher Scientific). The brain was accessed. Mouse brains used for histological as well 

as biochemical analyses were bisected by a mid-line sagittal cut and the lower brainstem and 
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the cerebellum were removed. One hemisphere was snap-frozen on dry ice, while the other 

was fixed in 4% paraformaldehyde (PFA) in PBS for 2 days at 4°C. After fixation, the brain was 
incubated in 30% sucrose in PBS for 2 days at 4°C and subsequently frozen in 2-methyl-

butane on dry ice. All frozen brain samples were stored at -80°C until further analyses. For 
solely histological analyses, mouse brains were not bisected and fixed as a whole in PFA as 

described. 

 

2.2 Human brain tissue 

Human tissue samples were obtained from 6 clinically and pathologically diagnosed AD cases 
(54 to 81 years of age; all Braak stage VI) as well as two healthy subjects (80 and 86 years). 

The samples were obtained from the Emory University Goizueta Alzheimer’s Disease 
Research Center (ADRC) and acquired under proper Institutional Review Board (IRB) 

protocols with consent from families. Human brain tissue was homogenized in PBS (Gibco, 
Thermo Fisher Scientific) at a final concentration of 10% (w/v), aliquoted and frozen at -80°C 

until further analyses.  

 

2.3 Biochemical analyses of brain samples 

2.3.1 Brain tissue homogenisation  

Frozen brain tissue was homogenised at 10% (w/v) in sterile PBS (Gibco, Thermo Fisher 
Scientific) or homogenisation buffer (150 mM NaCl, 5 mM EDTA, 50 mM Tris, and Pierce 

protease and phosphatase inhibitor) (Thermo Fisher Scientific, Waltham, MA) with the 

Precellys®24 high-throughput tissue homogeniser (Bertin Technologies; 7-ml lysing tubes with 
2.8-mm ceramic beads). Homogenisation was carried out at 5500 r.p.m twice for 10 s with a 

10-s break in between. To prepare seeding extract, 10% brain homogenate was centrifuged 
for 5 min at 3000 g. The supernatant was collected, henceforth referred to as ‘seeding extract’, 

aliquoted and frozen at -80°C until further use.  

 

2.3.2 Brain amyloid-β estimation by electrochemiluminescence-linked immunoassay 

Aliquots of 10% brain homogenates or seeding extracts were thawed on ice. For direct formic 
acid extraction, thawed brain homogenates were mixed with cold formic acid (FA; Sigma-

Aldrich; minimum purity of 96%) at a ratio of 1:3.2. Samples were sonicated on ice for 35 s and 

centrifuged at 25,000 g for 1 h at 4°C. The supernatants were collected and neutralized (1:20) 
with neutralisation buffer (1 M Tris base, 0.5 M Na2HPO4, 0.05% NaN3 (w/v)). 
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For the serial extraction of Aβ, 130 µl brain homogenate was mixed with an equal amount of 

2% Triton X-100 and incubated on ice for 15 min. During this incubation time, every 5 min 
samples were shortly vortexed. Samples were centrifuged at 100,000 g for 15 min at 4°C, the 

supernatant was collected (termed ‘Triton-soluble fraction’), aliquoted and frozen at -80°C. The 
pellets were further used for FA extraction. According to the volume of the aspirated 

supernatant, the pellet was mixed with cold 70% (v/v) FA (diluted in H2O). Sonication, 
centrifugation and supernatant neutralisation was done as described before. This fraction was 

termed the ‘FA-soluble fraction’. 

An estimation of Aβx-38, Aβx-40 and Aβ x-42 in brain homogenates/ seeding extracts was done by 
an electrochemiluminescence (ECL)-linked immunoassay (Meso Scale Discovery), based on 

the commercially available V-PLEX Aβ Peptide Panel 1 Kit using either 6E10 or 4G8 as 
detection antibodies. The assays were performed according to the manufacturer’s instructions. 

In brief, the pre-coated 96-well plates were blocked for 1 h with buffer (Diluent 35, Meso Scale 
Discovery) and washed three times with 0.05% Tween 20 (Carl Roth) in PBS (v/v). In order to 

stay within the linear range of the assay, formic acid extracts were diluted up to 1:300, 
depending on the Aβ load of the sample. Diluted extracts were incubated with either SULFO-

TAGTM-labeled 6E10 or 4G8 detection antibody for 2 h at room temperature. Unbound 

detection antibodies were removed by washing three times with 0.05% Tween 20 (Carl Roth) 
in PBS (v/v). MSD Read Buffer T was added and the plate was immediately read on the Sector 

Imager 6000. Internal reference samples were included as controls on every plate. Data 
analysis was performed using either the MSD DISCOVERY WORKBENCH software 2.0 or 

3.0. Samples measurements with a coefficient of variation (CV) >20% of the calculated sample 
concentration were excluded. For individual Aβ values below the respective assay detection 

limit, a fixed value, the lower limit of detection of the plate divided by √2, was imputed (Maia 
et al., 2013). 

Brain Aβ in formic acid extracts from the 2- to 8-month-old untreated APP23 mice were 
measured on the SimoaTM platform (Quanterix, Billerica, MA) using the Simoa Human Aβ40 1.0 

and Simoa Human Aβ42 1.0 immunoassay kits (Quanterix, Billerica, MA), according to 
manufacturer’s protocol. Formic acid extracts were diluted at 1:16 and 1:4 for Aβ40 and Aβ42, 

respectively.  

 

2.3.3 Antibody Recognition Profiling of amyloid-b assemblies (ARPA) 

Agarose electrophoresis was used to semi-natively separate Aβ assemblies by size 

(Bagriantsev et al., 2006). A 2% low-melting agarose gel (w/v) (Thermo Fisher Scientific) in 
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semi-denaturing buffer (200 mM glycine and 25 mM Tris base) and 0.1% sodium dodecyl 

sulfate (SDS) was prepared in a gel cassette (Thermo Fisher Scientific). For electrophoretic 
separation, the gel was placed into a Bolt Mini Gel Tank (Thermo Fisher Scientific), filled with 

semi-denaturing buffer containing 0.1% SDS (v/v). Brain homogenate (65 µg total protein) was 
mixed with sample buffer (20 mM Tris-acetate (w/v), 0.5 mM EDTA (v/v), 2% SDS (v/v), 

0.025% bromophenol blue (v/v), 5% glycerol (v/v)), incubated for 7 minutes at room 
temperature and instantly loaded into the agarose gel. Note that for intracerebral injections of 

ARPA fractions, seeding extract was loaded instead of 10% brain homogenate. The SeeBlue 

Plus2 pre-stained protein standard (Thermo Fisher Scientific) was used as a reference and gel 
electrophoresis proceeded until the phosphorylase marker band migrated 4 cm within the gel. 

The agarose gel was fractionated into pieces of 0.7 cm x 0.5 cm for the comb fraction (F1), 
and 0.7 cm x 1 cm for all other fractions (F2 to F7). Each fraction was placed into a 1.5 ml tube 

(Protein LoBind, Eppendorf AG) and either used for enzymatic liquefaction or melting with 
denaturing sample buffer.  

The gel fragment for enzymatic digestion was diluted to 0.5% agarose (w/v) in elution buffer 
(50 mM Bis-Tris, 1 mM EDTA, pH 6.8), melted at 65°C for 10 min at an agitation rate of 

1,200 r.p.m and cooled down to 43°C for 15 min. Agarase from Pseudomonas atlantica 

(Sigma-Aldrich) at a concentration of 0.5 U 100 µl-1 agarose (0.5%) incubated for 1 h at 43°C 
with a constant shaking of 1,200 r.p.m. Samples were frozen and stored at -80°C until further 

use. 

For quantitative analyses by western blotting, an agarose piece was melted using denaturing 

sample buffer (62.5 mM Tris-HCl pH 6.8; 8.3% glycerol (v/v), 2% SDS (v/v), 100 mM 
dithiothreitol (DTT), 0.025% bromophenol blue (w/v)) at 90°C for 10 min. Melted fractions were 

stored at -20°C until further processing.  

Protein G DynabeadsTM (Thermo Fisher Scientific) and Aβ-targeting antibodies (as described 

above) were used for immunoprecipitation (IP) of size-separated Aβ assemblies from liquified 
agarose pieces. The conjugation of the capture antibody to the beads was performed 

according to the manufacturer’s instructions. Antibody conjugated beads were mixed with 

enzymatically digested agarose pieces and incubated overnight at 4°C while mixing. The 
sample to bead ratio for amyloid-laden brain material was 1:1 and for brain material derived 

from pre-depositing mice, a sample to bead ratio of 5.25:1 was used. Also, 75-time more 
sample as input was used when derived from pre-depositing mice compared to amyloid-laden 

brain material. Unbound sample was removed from the coupled beads by washing twice with 
PBS-T (0.05% Tween20 (v/v)). Beads were transferred into new tubes and bound proteins 

were eluted using 1x NuPAGE LDS Sample Buffer (Thermo Fisher Scientific) containing 
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150 mM DTT at 70°C for 10 min. The eluate was transferred to a new 1.5 ml tube (Protein 

LoBind, Eppendorf AG), frozen and stored at -80°C until denaturing immunoblot analysis. 

Western blot analyses were carried out using NuPAGE 4-12% Bis-Tris Protein Gels (Thermo 

Fisher Scientific) with 1x MES SDS Running Buffer (Thermo Fisher Scientific). After gel 
electrophoresis, proteins were blotted onto a nitrocellulose membrane (semi-dry; Bio-Rad 

Laboratories, Hercules, CA), equilibrated in glycine transfer buffer (192 mM glycine, 25 mM 
Tris base, 20% methanol (v/v)). The membrane was placed in PBS (Gibco, Thermo Fisher 

Scientific) and boiled for 5 min at 90°C. Blocking of unspecific binding sites was done with 5% 

milk in PBS-T (w/v) for 1 h at room temperature. Primary antibody decoration using anti-Ab 
6E10 antibody (1:2500; BioLegend, San Diego, CA) was done overnight at 4°C followed by 

decoration with secondary HRP-coupled goat anti-mouse antibody (1:30000; Jackson 
ImmunoResearch, Cambridgeshire, UK) for 1 h at room temperature. After primary and 

secondary incubation steps, the membrane was washed 5-times for 5 min with PBS-T. Using 
SuperSignal West Dura Extended Duration Substrate (Thermo Fisher Scientific) and either 

highly sensitive X-ray films (Amersham Hyperfilm ECL, GE Healthcare, Chicago, IL) or a 

chemiluminescence imager (XSTELLA1.00; Raytest Isotopenmessgeräte GmbH, 
Straubenhardt, Germany), densitometric values were obtained. Images from XSTELLA1.00 

were further quantitatively processed with the AIDA image analyzer v.4.27 (Raytest 
Isotopenmessgeräte GmbH). Adjustments to the contrast of immunoblots were for illustration 

purposes only and did not influence quantitative analyses.  

 

2.4 Pharmacokinetics of antibodies in blood plasma 

The antibody concentration in mouse plasma was determined by ELISA. Lyophilized synthetic 

Aβ1-40 and Aβ1-42 peptides in trifluoroacetate salt (Bachem, Bubendorf, Switzerland) were 
dissolved in dimethyl sulfoxide (DMSO) at a concentration of 4.33 and 4.51 μg μL-1, 

respectively. The peptides were aliquoted and stored at -80°C until usage. To test for m266 

and Beta1 in blood plasma, Aβ1-40 and Aβ1-42 were used, respectively. For an estimation of 
cmAdu in blood plasma, pre-aggregated Aβ1-42 was used. For this, 100 μM Aβ1-42 was 

incubated with 10 mM HCl (Merck, Darmstadt, Germany) and 150 mM NaCl (VWR Chemicals, 
Radnor, PA) in a final volume of 100 μL for 3 days at 37°C, leading to Aβ aggregation. Pre-

aggregated Aβ1-42 was stored at 4°C until further use. For coating, 96-well plates (Thermo 
Fisher Scientific) were washed with PBS (Gibco, Thermo Fisher Scientific) and coated with 

10 ng of synthetic Aβ species in coating buffer (50 mM Sodium Carbonate; pH 9.6 with 
NaHCO3) overnight at 4°C on a shaker at 40 r.p.m. Unbound Aβ species were removed by 
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washing the plates four times with 0.05% PBS-T (0.05% v/v Tween-20). Unspecific binding 

sites were blocked with 1% BSA (Sigma-Aldrich) in PBS-T for 2 h at room temperature on a 
shaker. After washing the plates with PBS-T, samples or standards diluted in PBS-T containing 

0.1% BSA were added to the plates in triplicates and incubated overnight at 4°C on a shaker 
at 40 r.p.m. Plasma samples were measured in dilution 1:200 and 1:2000. After a washing 

step with PBST-T, secondary antibody incubation was performed at room temperatures for 2 h 
on the shaker. The alkaline phosphatase-conjugated AffiniPure rabbit anti-mouse IgG (H+L) 

antibody (1:5000; Jackson ImmunoResearch, Cambridgeshire, UK) was used as a secondary 

antibody for m266 and Beta1 titer estimation, while for cmAdu, the peroxidase-conjugated 
AffiniPure goat anti-mouse IgG (H+L) antibody (1:2500; Jackson ImmunoResearch, 

Cambridgeshire, UK) was used. Unbound secondary antibody was removed by washing with 
PBS-T. For m266 and Beta1, detection buffer (10 mM DEA (Sigma-Aldrich), 0.5 mM MgCl2 

(Merck, Darmstadt, Germany; pH 9.6) was added and incubated with colour reaction solution 
(16.89 mM 4-nitrophenyl phosphate [pNPP] (Sigma-Aldrich) in detection buffer) in the dark at 

room temperature for 15 min. The absorption was measured in a Mithras LB940 system 
(Berthold Technologies, Bad Wildbad, Germany) at 405 nm. For cmAdu, the plates were 

incubated with TMB Substrate Solution (Thermo Fisher Scientific) for 2 min at room 

temperature followed by the addition of stop solution (1 M H2SO4; Merck). The absorbance 
was measured in a Mithras LB940 system as well but at 450 nm. Data analyses were done 

with PRISM software (GraphPad; version 6). The absorbance values obtained for the standard 
curves were plotted against the logarithmic concentration of the antibodies and curve fitting to 

a 4PL symmetric model (Beta1) or a 5PL asymmetric model (m266 and cmAdu) was applied. 
The standard curve was interpolated for the sample absorbance. These values were 

transformed from the logarithmic concentration with a 10x function and corrected for the 
applied dilution. The corrected concentrations were plotted versus time. 

 

2.5 Histology  

The PFA fixed forebrains were coronally into 25-µm-thick sections with a freezing-sliding 

microtome (SM2000R; Leica Biosystems) and collected in a 12-well plate. Sections were 
stored in cryoprotectant solution (35% ethylene glycol and 25% glycerol in PBS (Gibco, 

Thermo Fisher Scientific)) until further use.  
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2.5.1 Immunohistochemistry staining for amyloid-β, microglia, Tau and bleedings 

Tissue sections were stained free-floating. To stain for Aβ, the polyclonal antibody CN6 (a 

follow-up antibody of CN3) directed against Aβ was used (Eisele et al., 2010). Microglial 
staining was performed with one of the following polyclonal antibodies: anti-Iba1 antibody 

(1:500; Wako Chemicals) or with anti-Pu.1 antibody (1:1000, Cell Signaling, Danvers, MA), 
both raised in rabbits. The mouse monoclonal antibody AT8 (Thermo Fisher Scientific, 

Waltham, MA), recognizing Tau phosphorylated at serine-202 and threonine-205, was used to 

stain p-Tau-positive neuritic changes (Sturchler-Pierrat et al., 1997).  

As a detection reagent, the Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA) 

was used as previously described (Eisele et al., 2010). Following detection, sections were 
mounted on slides and co-stained with Congo Red according to standard protocols.  

The Perls Prussian Blue method was used as previously described (Winkler et al., 2001) to 
visualize ferric iron in hemosiderin, and hematoxylin and eosin (H&E) which would be an 

indication for bleedings. 

 

2.5.2 Staining amyloid with luminescent conjugated oligothiophenes 

Sections were mounted on slides and dried overnight at room temperature. Sections were 

dehydrated in PBS (Gibco, Thermo Fisher Scientific) for 10 min and subsequently double-
stained with the LCOs qFTAA and hFTAA (2.4 μM qFTAA and 0.77 μM hFTAA in PBS) for 

30 min at room temperature in the dark (Rasmussen et al., 2017). Unbound LCOs were 
removed by three PBS washing steps for 10 min each. Sections were mounted using 

fluorescent mounting media (BIOZOL Diagnostica Vertrieb GmbH) and were kept in the dark 
at 4°C until microscope analyses.  

 

2.5.3 Quantitative analyses of amyloid-β load 

The Aβ load was quantified on every 12th or 36th serial and systematically sampled section, 

double-stained with CN6 and Congo Red. The stereological analysis was performed using a 
microscope with a motorized x-y-z stage coupled to a video-microscopy system (Stereo 

Investigator; MBF Bioscience, Williston, VT) as previously described (Meyer-Luehmann et al., 

2006). The area (%) covered by Aβ-positive staining was calculated in two-dimensional sectors 
at a single focal plane (20x/0.45 Zeiss Achroplan). 

The quantification of plaque number and size of individual Aβ plaques in CN6/Congo Red 
double-stained sections was done at a digital resolution of 0.442 µm pixel-1 using the Zeiss 
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AxioScan.Z1 slide scanner (10x/0.45 Plan-Apochromat, Carl Zeiss Microscopy GmbH, 

Göttingen, Germany). For each image, z-stacks were acquired and flattened to a single plane 
using a wavelet-based extended depth-of-field algorithm. Images were scaled down to a 

resolution of 1.326 µm pixel-1 for Aβ plaque visualization and segmentation, fully automatically 
by a custom-written plugin for Fiji (version 2.0.0-rc-69/1.52p). 

The quantification of CAA frequency, as well as severity, was done manually by blinded 
observers on every 12th CN6/Congo Red-stained brain section. To calculate the CAA score, 

the CAA frequency was multiplied by its severity as previously described (Winkler et al., 2001; 

Schelle et al., 2019). 

 

2.5.4 Quantitative analyses of microglia 

The microglial activation state was quantified on Iba1/Congo Red double-stained coronal 
sections. Every 12th section was imaged using the Zeiss AxioScan.Z1 slide scanner as 

described above. Image processing of two sections per mouse, manually outlined, was done 
using a custom-written Fiji plugin (version 2.0.0-rc-69/1.52p). Microglia were automatically 

identified in the selected area whereas the Congo Red signal was excluded by using only the 
red channel of the RGB image. The obtained image histogram was normalized to the full 

grayscale range. For background removal, a rolling ball background subtraction filter of 100px 

size was used. Microglia were automatically categorized into four groups based on cell size: 
resting (colourized red; area <50 µm2), resting-intermediate (colourized yellow; 50 µm2 ≤ area 

< 80 µm2), activated (colourized green; 80 µm2 ≤ area < 120 µm2) and activated, plaque-
associated (colourized blue; area ≥ 120 µm2). Objects smaller than 10 µm2 were excluded from 

the analysis. 

Aβ plaque-associated microglia were quantified in Pu.1-antibody decorated and Congo Red 

stained brain sections. Ten plaques (or all plaques in case less than 10 plaques were present) 
per section were randomly selected and the microglia (nuclei) in the immediate vicinity (i.e. 

two times the plaque diameter) of each plaque were counted. To estimate the diameter and 
area of Congo Red-positive plaques, the Stereo Investigator software was used and the 

number of microglia per µm2 plaque was assessed. The average number of microglia 

associated with plaques multiplied by the total plaque number, as described above, was used 
to calculate the number of total plaque-associated microglia. 
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2.5.5 Quantitative analysis of neuronal dystrophy 

Neuronal dystrophy, visual as punctate plaque-associated neuritic structures, was quantified 

in AT8/Congo Red double-stained brain sections. Imaging was done using the Zeiss 
AxioScan.Z1 slide scanner as described above and image processing proceeded with a 

custom-written Fiji plugin (version 2.0.0-rc-69/1.52p). The obtained RGB image was 
transformed to the CIELAB Color Space to detect Aβ plaques within the sections. The plugin 

resulted in a mask image of Congo Red-stained structures that solely included the plaques. 

The area around the detected plaques was expanded and the pTau-positive signal at 10 µm, 
20 µm and 50 µm from the outer edge of the plaque core was quantified.  

 
2.5.6 Quantitative and spectral amyloid plaque analyses 

Using qFTAA/hFTAA double-stained coronal sections, the number of Aβ plaques positive for 
qFTAA and/or hFTAA was quantified. Since the quantification was done on every third section 

of this set, every 36th section was used for analysis. Spectral analysis of 20 plaques per mouse 
was performed on a Zeiss LSM 510 META confocal microscope. For excitation, an argon 458-

nm laser was used. A spectral detector (Carl Zeiss MicroImaging GmbH) acquired continuous 
emission spectra from 470 to 695 nm. Aβ-amyloid cores were identified by a 40x oil-immersion 

objective (1.3 N.A.; Zeiss) and qFTAA/hFTAA-positive plaques for analysis were randomly 

chosen. Within each plaque core, three regions of interest were selected and emission spectra 
measured (Rasmussen et al., 2017), while CAA was excluded from the analysis. The obtained 

emission spectra were normalized to their respective maxima and the mean spectral signature 
for each plaque was calculated and all values obtained for one mouse were averaged. The 

ratio of emission intensity at the qFTAA blue-shifted peak (502 nm) and hFTAA red-shifted 
peak (588 nm) was calculated (Rasmussen et al., 2017).  

 

2.6 Estimation of the seeding dose 

The SD50 was assessed similar to a previously described protocol (Ye et al., 2017). Brain 
sections double-stained with CN6 and Congo Red were used to count mice with induced Aβ 

deposition within the hippocampus (the injection site) versus the total number of mice per 

tested dilution. Induced Aβ deposition was rated by 3 independent raters, blinded to 
experimental groups. The calculation of SD50 was done according to Reed and Muench as well 

as Spearman-Kerber methods. A logarithmic curve-fitting using Equation Log versus response 
with three parameters (GraphPad PrismTM version 5) was based on numbers obtained by the 

Reed and Muench calculation. The specific seeding activity per Aβ monomeric equivalent was 
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calculated by dividing SD50 by the concentration of Aβ within the sample injected into host 

mice.  

 

2.7 Neurofilament light measurement 

NfL in murine CSF was determined by a highly sensitive SimoaTM NF-Light Advantage assay 

Kit (Quanterix). For this, CSF samples were prediluted up to 1:1000 in NF-Light sample diluent 
and measured in duplicate on a Simoa HD-1 or HD-X Analyzer (Quanterix) according to the 

manufacturer’s protocol, and as previously published (Kaeser et al., 2021). 

 

2.8 Statistical Analyses 

Statistics were performed using the PRISM software (GraphPad) or Microsoft Excel v.16. Data 
were tested for normality using the Shapiro-Wilk test. If the majority of data passed the 

normality test, analysis of variance (ANOVA) was performed, otherwise, the non-parametric 
Kruskal-Wallis test was used for comparison. Significant effects revealed by ANOVA were 

followed by either post hoc Dunnett’s or Tukey’s multiple comparisons tests. In case only two 
data sets were analyzed, an unpaired two-sided t-test was done to compare population means. 

The mean and standard error of the mean (s.e.m.) are reported for each experimental group. 
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3 Results and Discussion  
3.1 Biomarker trajectories and their amyloid-β-dependency in a mouse 

model of cerebral amyloidosis  

Two commonly used mouse models for amyloidosis are ‘APP23’, a mouse model expressing 

human APP harbouring the Swedish double mutation under the control of neuron-specific Thy1 
promotor (Sturchler-Pierrat et al., 1997) and ‘APPPS1’, which additionally carries an AD-

associated mutation in PSEN1 at position 166 (substitution of leucine for proline) (Radde et 
al., 2006). APPPS1 mice express an increased level of Aβ42 compared to Aβ40 and show Aβ 

plaque pathology in the cortex and hippocampus at around 2 months and 4-6 months of age, 
respectively (Radde et al., 2006).  

To investigate the trajectories of parenchymal Aβ deposition and secondary pathologies, 

including brain Aβ plaque pathology, Aβ seeding activity and neurodegeneration, we plotted 
the normalized biomarker changes in APPPS1 mice from 1.5 to 22 months of age (Fig. 5).  

 

 

Figure 5 Biomarker trajectories of in APPPS1 mice. The normalized absolute changes (%) in brain Aβ 
levels (yellow), brain Aβ seeding activity (SD50) (green), and CSF NfL (purple) are shown as a function 
of age in APPPS1 mice from 1.5 to 21.5 months. The data were mainly taken from previous publications 
(for brain Aβ estimated by immunoassays and for in vivo Aβ seeding activity: (Ye et al., 2017); for CSF 
NfL: (Bacioglu et al., 2016) and from in-house mouse biobank). From each of the NfL values of APPPS1 
mice, the mean of the NfL values of transgene-negative (WT) mice of the same age was subtracted 
since WT mice also reveal an age-related increase (Kaeser et al., 2021). Curves were generated in 
Numbers (Apple Inc., Cupertino, CA) using the “curved connection line” option. The yellow curve 
indicates an almost linear increase for brain Aβ until it reaches a plateau. The Aβ seeding activity 
visualized as green curve, increases more rapidly and reaches a plateau as early as ~12-mo of age. 
CSF NfL shown as purple curve indicates a long phase with only a slight increase until ~10-11-mo of 
age, after which a more rapid increase takes place. Mean and + s.e.m. are shown. Created with Affinity 
Designer version 1.10.4. 

 

The biological activity of Aβ to induce amyloid pathology, so-called the ‘Aβ seeding activity’, 
was determined by a well-established in vivo titration assay in APP23 host mice (Ye et al., 
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2017). The SD50 is defined as the log 10 of the brain extract dilution at which 50% of the host 

mice showed induced Aβ deposition (Ye et al., 2017). In ‘young’ APPPS1 mice, the SD50 
increased sharply and reached shortly after a plateau (Fig. 5). The brain Aβ load followed an 

almost linear increase terminating in a plateau at a later age of APPPS1 mice (Fig. 5). The 
curve of brain Aβ load was similar to the curve predicted for human AD patients (Jack et al., 

2013). Neuronal loss in APPPS1, which was not shown to be a prominent feature in the 
APPPS1 mouse line, occurred mainly in close proximity to Congo Red positive amyloid (Radde 

et al., 2006). In an inducible mouse model for neurodegeneration, the increase of NfL in CSF 

and blood serum correlated with neuronal damage (Brureau et al., 2017). APPPS1 mice 
revealed a prolonged lag phase in CSF NfL with almost no increase up to 10-12 months of 

age, followed by a sharp increase (Fig. 5). At the time when CSF NfL increased, the brain Aβ 
pathology as well as the Aβ seeding activity already plateaued (Fig. 5).  

To elucidate the Aβ-dependencies of the above-mentioned pathological events along with 
disease progression in APPPS1 mice, biomarker changes in response to an inhibition of the 

proteolytic production of Aβ at different disease stages were investigated. 

 

3.1.1 Efficient reduction of amyloid-β at different stages of cerebral amyloidosis 

The BACE1 inhibitor NB-360, developed by Novartis Pharma AG (Basel, Switzerland) is a 
small molecule compound that efficiently crossed the blood-brain barrier and blocked APP 

cleavage in various animal models, including rats, dogs and APP transgenic mice (Neumann 
et al., 2015). In the present study, the inhibitor was milled into chow at a concentration of 0.5 g 

inhibitor kg-1 food pellets and available ad libitum. Previous experiments in APPPS1 mice, a 

model with an enhanced rate of plaque deposition, confirmed NB-360 as a suitable BACE1 
inhibitor. For instance, treatment initiation in APPPS1 mice at 1.5 months of age for 6 months 

efficiently reduced brain and CSF Aβ compared to the control groups (Bacioglu et al., 2016; 
Schelle et al., 2017). Additionally to APPPS1, several other APP-transgenic mouse lines such 

as APP23 (Schelle et al., 2017), APP51/16 (Neumann et al., 2015), tg-ArcSwe and AppNl-GF 
(Meier et al., 2021), showed statistically relevant reduction of brain Aβ upon NB-360 treatment. 

These data indicate an efficient BACE1 inhibition by NB-360 in a wide range of mouse models 
for cerebral amyloidosis (Neumann et al., 2019). 

In line with these data, upon BACE1 inhibition in APPPS1 mice, we observed brain Aβ 

reduction at every disease stage compared to control vehicle groups (Fig.6).  
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Figure 6 Brain Aβ in APPPS1 mice after short-term or chronic BACE1 inhibition. The brain Aβ (human 
Aβx–40 and Aβx–42) in APPPS1 mice was measured by immunoassays. (a) Brain Aβ at baseline and after 
short-term BACE1 inhibitor (BI) treatment in ‘young’, ‘adult’, and ‘aged’ mice. A short-term BACE1 
inhibition caused a significant decrease in brain Aβ compared to the respective age-matched control 
groups and was below baseline in the ‘adult’ and ‘aged’ groups (one-way ANOVA: ‘young’, F(2, 27)= 547.1; 
‘adult’, F(2, 26)= 35.31, ‘aged’: F(2, 37)= 10.33, all P<0.001; post hoc Tukey’s multiple comparisons, *P< 
0.05, **P<0.01, ***P<0.001). (b) Brain Aβ levels in the ‘young-chronic’ and ‘adult-chronic’ groups were 
normalized to the 21.5-month-old control mice in the 3-month treatment group shown in (a). Two-tailed 
unpaired t-tests revealed significantly lower brain Aβ levels in the BI-treated mice (‘young-chronic’: 
t(26)=30.69; ‘adult-chronic’: t(24)=17.99, both ***P<0.001). (c) Total Aβ immunostaining in the neocortex 
was determined by stereological analysis, and the results mirrored brain Aβ load assessed by the 
immunoassays shown in (a). BI treatment caused a significant decrease in Aβ immunostaining 
compared to the respective age-matched control group (one-way ANOVA: ‘young’, F(2, 27)= 155.8, 
P<0.001; ‘adult’, F(2, 26)= 7.25, P=0.003; ‘aged’: F(2, 37)= 4.95, P=0.013; all P<0.05; post hoc Tukey’s 
multiple comparisons, *P<0.05, **P<0.01, ***P<0.001). (d) Cortical Aβ immunostaining in the ‘young-
chronic’ and ‘adult-chronic’ groups was normalized to the 21.5-month-old control mice of the 3-month 
treatment group shown in (c). Two-tailed unpaired t-tests show significantly lowered Aβ-immunostaining 
in both groups (‘young chronic’: t(26)=30.99; ‘adult-chronic’: t(24)=14.77; both ***P<0.001). All data are 
represented as group means ± s.e.m. Open circles are data obtained from male and filled circles from 
female mice. Created with Affinity Designer version 1.10.4. 

 
At advanced disease stages with high Aβ plaque burden, NB-360 treatment reduced brain Aβ 

load measured by immunoassays below baseline (Fig. 6a, b). Short-term BACE1 inhibitor 
treatment of ‘young’ APPPS1 mice, where the 3-month inhibitor treatment was initiated at 1.5 
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months of age, largely prevented brain Aβ deposition compared to age-matched controls (Fig. 

6a). BACE1 inhibitor treated ‘young’ group reached only 3.8% of the Aβ load of the age-
matched control group. Interestingly, when the treatment was initiated at a later disease stage 

in the ‘adult’ and ‘aged’ group at 12 and 18.5 months of age, respectively, short-term treatment 
not only prevented further increases but reduced brain Aβ load below baseline, which refers 

to the time point when the treatment was initiated (Fig. 6a). The same was true for the ‘adult-
chronic’ group, where inhibition was initiated at 12 months and terminated at 21.5 months of 

age (Fig. 6b). Mice chronically treated with the BACE1 inhibitor from 1.5 to 21.5 months of age, 

referred to as ‘young-chronic’, showed only 7.4% of total brain Aβ compared to 21.5 months 
old untreated APPPS1 mice (Fig. 6b). 

In the same mice, similar results were obtained when the Aβ load was determined by immune-
histological measures, however, less pronounced or partially lost (Fig. 6c, d). The immune-

histological analyses of Aβ in ‘young’ and ‘young-chronic’ mice after BACE1 inhibition revealed 
15.1% and 30.8% of the immunostaining of age-matched, untreated APPPS1 mice (Fig. 6a, 

b), which is roughly four times higher compared to the results obtained by immunoassays (Fig. 
6c, d). Longitudinal in vivo imaging of Aβ plaque formation and growth in APPPS1 mice treated 

with a BACE1 inhibitor, detected a reduction in Aβ plaque density by 18.9% (Peters et al., 

2017). Since immune-histological quantification is an estimate of the area covered by stained 
Aβ plaques it might fail to adequately reflect differences in plaque density, which could explain 

the observed discrepancy between biochemical and immune-histological measures. The fluid 
biomarker signatures and PET scan analyses of AD patients, who received BACE1 inhibitor 

treatment, displayed a similar discrepancy (Querol-Vilaseca et al., 2022). While Aβ CSF was 
reduced up to 80%, brain amyloid load quantified by PET scan indicated a reduction of solely 

20% (Querol-Vilaseca et al., 2022). Further, a postmortem investigation of the neuropathology 
of a patient receiving BACE1 inhibitor revealed that Aβ reduction occurred specifically in pre-

synaptic areas (Querol-Vilaseca et al., 2022). Thus, Aβ in certain cellular regions might escape 
detection and quantification by common histological staining and imaging methods.  

 

3.1.2 Resistance of amyloid-β seeding activity upon reduction of cerebral amyloid-β  

To investigate the sensitivity of Aβ seeding-active species to BACE1 inhibition in APPPS1 
mice, the SD50 was determined for BACE1 inhibitor treated APPPS1 mice at different disease 

stages. For this, the in vivo titration assay in APP23 host mice according to Ye et al., 2017 was 
conducted using brain material from BACE1 treated APPPS1. For this, brain homogenates 

within one treatment group were pooled, processed to seeding extract and intracerebrally 
injected at serial dilutions into APP23 host mice (Fig. 7a, b). Although brain Aβ was reduced 
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as a response to BACE1 inhibitor treatment at all disease stages (Fig. 6), no equivalent 

reduction in the SD50 has been observed (Fig. 7c).  

 

 

Figure 7 Brain Aβ seeding activity in APPPS1 mice after short-term or chronic BACE1 inhibition. a) Brain 
extracts from all mice within a group were pooled, serially diluted, and intracerebrally (IC) injected into 
the hippocampus of 2- to 3-month-old female APP23 host mice. APP23 host mice were analysed for Aβ 
deposition using immunohistochemistry (CN6 and Congo Red double-staining) 6 months later. (b) 
Treatment groups for which SD50 was determined (‘young’, ‘adult’, ‘aged’ and ‘young-chronic’). (c) SD50 
(defined as the log 10 of the brain extract dilution at which 50% of the host mice showed induced Aβ 
deposition) was computed for each BI treatment group and complemented with the trajectories of SD50 
from Ye et al., 2017. BI treatments in amyloid-laden ‘adult’ and ‘aged’ mice did not consistently affect 
the seeding activity. When BI treatment was initiated before appreciable Aβ deposition was present (i.e., 
at 1.5 months of age) SD50 almost reached control levels after 3-month acute BI treatment. After chronic 
treatment, SD50 was about 1 log (10-fold dilution) below the control (i.e. saturated seeding activity). 
Since the chronic treatment is, in a way, an extension of the acute treatment, the line is drawn from the 
3-month acute treatment to the end of the chronic treatment, suggesting that SD50 remains at this level 
when Aβ generation is continuously blocked. Created with Affinity Designer version 1.10.4. 

 
Almost no change in SD50 has been observed in short-term BACE1 inhibitor treated APPPS1 

mice compared to untreated APPPS1 mice (Fig. 7c). Based on these data, one might 

speculate that once formed Aβ seeds in APPPS1 mice possess great stability over a long time 
and/or they escape common protein clearance mechanisms. Indeed, Aβ seeding-active 

species, although not further characterized, were shown to be stable in vivo in mice lacking 
APP and thus Aβ, for up to 6 months while retaining their biological activity, as shown by a 

subsequent seeding assay in APP23 host mice (Ye et al., 2015). The detailed characterization 
of such Aβ seeding-active species remains to be carried out. The strongest reduction of SD50 
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compared to untreated APPPS1 mice was detected in the ‘young-chronic’ group. In this 

treatment group, the SD50 was approximately 10-fold lower (one log scale), compared to the 
untreated APPPS1 mice (Fig. 7c). Due to the indirect estimation of seeding-active units in brain 

extracts, the underlying effect(s) of BACE1 inhibition on Aβ SD50 remain(s) elusive. The 
assumption that the leading aggregation pathway in the presence of Aβ fibrils is the fibril-

catalysed secondary nucleation (Cohen et al., 2013), provides a potential explanation for the 
observed reduction of SD50 in the ‘young-chronic’ treatment group. As described, the cortical 

Aβ load in ‘young-chronic’ was reduced by 69.2%, thereby putatively providing less Aβ fibril 

surface area necessary for secondary nucleation. The disease-related Aβ modification 
resulting in pyroglutamate Aβ (pE-Aβ) was detected in brain material of aged APP23 mice 

(Uhlmann et al., 2020) and AD patients (Saido et al., 1995; Portelius et al., 2010). This 
modification was associated with advanced aggregation kinetics compared to unmodified Aβ 

(He and Barrow, 1999). Further, pE-Aβ positive plaques were hypothesized to be more 
resistant to degradation due to advanced stability (Wirths et al., 2010). Therefore, age-related 

modifications in APPPS1 mice might influence the sensitivity of seeding-active Aβ species to 
treatment interventions. However, further characterization of such species in ‘young’ and 

‘chronic-young’ inhibitor-treated mice is needed to fully understand the formation of seeding 

competent Aβ species, age-related modifications and clearance in vivo. 

 

3.1.3 Increase of neurofilament light in cerebrospinal fluid despite a reduction of 

brain amyloid-β  

Previous data highlighted the connection between Aβ and CSF NfL in APPPS1 mice (Bacioglu 
et al. 2016). In accordance with these data, an Aβ reduction as a response to NB-360 treatment 

in APPPS1 mice resulted in a decrease of CSF NfL compared to age-matched untreated mice 
at every disease stage tested, however, failed to halt further increase compared to baseline 

levels (Fig. 8a, b).  
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Figure 8 NfL in CSF after short-term and chronic BACE1 inhibition. (a) CSF NfL was measured at 
baseline and after short-term BACE1 inhibitor (BI) treatment in ‘young’, ‘adult’, and ‘aged’ mice (note 
that insufficient CSF amount and/or measurement errors for APPPS1 occurred in ‘adult control’, n=1; 
‘aged control’, n=3; ‘aged BI’, n=5; ‘young-chronic‘ control, n=1; ‘young-chronic’ BI, n=1; and for WT 
‘young-chronic’ control, n=2). BI treatment in the ‘young’ group prevented an NfL increase, while in the 
‘adult’ and ‘aged’ groups, NfL still increased compared to baseline levels, albeit less than in the control 
groups (one-way ANOVA: ‘young’, F(2, 27)= 80.58; ‘adult’, F(2, 25)= 36.51; ‘aged’, F(2, 29)= 9.254, all 
P<0.001; post hoc Tukey’s multiple comparisons, *P<0.05, **P<0.01, ***P<0.001). (b) CSF NfL in the 
‘young-chronic’ and ‘adult-chronic’ groups were normalized to the 21.5-month-old control mice of the 3-
month treatment group shown in (a). Two-tailed unpaired t-tests revealed significantly lower CSF NfL 
levels in the BI-treated APPPS1 mice (‘young chronic’: t(24)=13.64; ‘adult-chronic’: t(24)=6.754, both 
***P<0.001). The same chronic treatment was also undertaken in WT mice, but BI treatment did not 
affect CSF NfL. Similar NfL levels in chronically treated APPPS1 mice and WT mice at 21.5 months 
indicate that the NfL increase in APPPS1 could be completely blocked by the chronic BI treatment. All 
data are represented as group means ± s.e.m. Open circles are data obtained from male and filled 
circles from female mice. (c-d) CSF proteomic analysis after chronic treatment was measured for the 
‘young-chronic` groups, BI- and control-treated APPPS1 and WT. For this, 8 animals from each group 
were randomly selected. (c) Volcano plots comparing the CSF proteome of control-treated APPPS1 
versus control-treated WT mice (n=8 versus n=8). Selected proteins are labelled with their UniProt gene 
names. Note the general increase in the abundance of many neurodegenerative markers (orange) such 
as Nefl, Nefm, Nefh, and Mapt (Tau) and inflammation-related proteins (red) such as Trem2, Lag3, Ctsz, 
and Lyz1 in APPPS1 mice compared to WT mice. (d) Volcano plots comparing the CSF proteome of 
1.5 to 21.5-months-BI-treated versus control-treated APPPS1 mice (n=8 versus n=8) demonstrate that 
chronic BI treatment largely prevents the changes shown in (c). (e) ‘Young-chronic’ BI-treated APPPS1 
mice versus control-treated WT control mice (n=8 versus n=8). The significant reduction of the well-
known BACE1 substrates (blue) such as Sez6 and Sez6l validates the successful BACE1 inhibition until 
old age. For all Volcano plots, the –log10 of the p-value of each protein is plotted against its log2 fold 
difference for each group comparison. The hyperbolic curves indicate the thresholds of the permutation-
based FDR correction for multiple hypotheses (p=0.05; s0=0.1). Proteins above the FDR curves (black 
circles) are significantly changed. Created with Affinity Designer version 1.10.4. 
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Comparing the ‘young’, ‘adult’ and ‘aged’ treatment groups, revealed a decreased effect size 

of BACE1 inhibition on lowering CSF NfL levels, compared to age-matched controls, the later 
the treatment was initiated. Interestingly, although in the BACE1 inhibitor treated ‘adult’ group 

the brain Aβ was reduced below baseline, the CSF NfL levels more than doubled (2.2-times 
more) within the 3-month treatment period. A similar trend has been observed for the ‘aged’ 

treatment group, although less pronounced (1.6-times more). Interestingly, at this disease 
stage, Aβ seeding activity already reached its plateau (Fig. 5) and was not lowered as a 

response to BACE1 inhibition (Fig. 7c), highlighting a putative relationship between CSF NfL 

levels and saturated Aβ seeding activity. It should be noted, that in the ‘young’ group treated 
with BACE1 inhibitor 2.1-times higher CSF NfL levels were detected compared to baseline (Fig 

8a). However, these NfL values are similar to those obtained for 3-month-old WT mice (239 
pg ml-1 ± 27.2 (n= 6)) and therefore might not reflect a disease-associated CSF NfL increase. 

Furthermore, WT APPPS1 littermates were treated chronically with NB-360 or control pellets 
and no difference in the CSF NfL levels at old age was detected, indicating no direct effect of 

BACE1 inhibition on NfL levels (Fig. 8b). 

In AD, CSF Tau and not NfL was strongly associated with Aβ pathology, indicating CSF NfL 

reflects neurodegeneration independently of Aβ (Mattsson et al., 2016). Our data indicate that 

early BACE1 inhibition in the ‘young-chronic’ group completely diminished Aβ-associated NfL 
increase, resulting in NfL levels comparable to age-matched WT littermates (Fig. 8b). 

Furthermore, proteomic analyses of CSF from aged APPPS1 detected an upregulation of 
proteins involved in neurodegenerative processes and inflammatory pathways such as the 

neurofilament subunits and Trem2, respectively, compared to WT (Fig. 8c). Chronic BACE1 
inhibition beginning at 1.5 months however prevented largely the protein upregulation 

compared to untreated APPPS1 mice and, apart from known BACE1 cleavage substrates such 
as Sez6, revealed a proteomic signature similar to age-matched WT mice (Fig. 8d, e). These 

data indicate that Aβ-dependent degenerative process(es) might take place at the early 
disease stage which, once in progress, could drive neurodegeneration in an Aβ-independent 

manner at advanced disease stages in APPPS1 mice.  

 

3.1.4 Brain amyloid-β load is mirrored by microglial activation 

Secondary pathologies in AD, such as microglial activation and tau have been considered to 

bridge Aβ pathology and neurodegeneration (Ising et al., 2019; Pascoal et al., 2021; Pereira 
et al., 2021). In AD patients, a positive correlation of a CSF marker for microglial activation, 

soluble Trem2 (sTrem2), and CSF NfL indicated the involvement of microglia in degenerative 
processes in AD (Park et al., 2021). However, another study proposed a protective role for 
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inflammation in prodromal AD, based on an inverse correlation of microglial activation and 

plasma NfL concentration at this early disease stage (Parbo et al., 2020). In APPPS1 mice, 
Aβ reduction as a response to NB-360 treatment was immune-histologically and biochemically 

estimated and revealed that microglial activation mirrored the level of brain Aβ (Fig. 9a, b, e, 
f).  
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Figure 9 Soluble Trem2 and activated microglia after short-term and chronic BACE1 inhibition. (a-b) 
Soluble Trem2 and (c-e) microglial activation in brains of APPPS1 and WT mice. (a) BACE1 inhibitor 
(BI) treatment for 3 months caused a significant decrease in soluble Trem2 (sTrem2) compared to the 
respective age-matched control group, and sTrem2 was below baseline in the ‘adult’ and ‘aged’ groups 
(one-way ANOVA: ‘young’, F(2, 27)= 54.04; ‘adult’, F(2, 26)= 12.25; ‘aged’, F(2, 37)= 25.54, all P<0.001; post 
hoc Tukey’s multiple comparisons, ***P<0.001). (b) Brain sTrem2 in the ‘young-chronic’ and ‘adult-
chronic’ groups were normalized to the 21.5-month-old control mice of the 3-month treatment group 
shown in (a). Two-tailed unpaired t-tests revealed significantly lower brain Aβ levels in the BI-treated 
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mice (‘young chronic’: t(26)=17.15; ‘adult-chronic’: t(24)=6.229, both ***P<0.001). BI treatment of WT mice 
had no effect on brain sTrem2. (c) Iba1-immunostained microglia in the cortex of APPPS1 and WT mice 
were categorized and coloured based on size: Red: area <50 µm2 (resting); yellow: area 50 to ≤ 80 µm2 
(resting-intermediate); green: area 80 to ≤120 µm2 (activated); blue: area ≥120 µm2 (activated, plaque-
associated). Representative sections from a 1.5-month-old APPPS1 mouse (‘young’ baseline), two 
21.5-month-old APPPS1 mice of the ‘young-chronic’ group, one control-treated and one BI-treated. 
Scale bar insert, 100 µm. (d) Quantitative analysis revealed a significant decrease of the activated (blue) 
microglia over the total section area in BI-treated mice compared to controls, and additionally below 
baseline in the ‘adult’ and ‘aged’ groups (one way ANOVA: ‘young’, F(2, 26)= 279.9; ‘adult’, F(2, 25)= 18.81; 
‘aged’, F(2, 37)= 12.85, all P<0.001; post hoc Tukey’s multiple comparisons, *P<0.05, **P<0.01, 
***P<0.001). Note that one ‘young baseline’ and one ‘adult control’ mouse were excluded because of a 
processing error. (e) Activated (blue) microglia in the ‘young-chronic’ and ‘adult-chronic’ groups were 
normalized to the 21.5-month-old control mice of the 3-month treatment group shown in (d). Two-tailed 
unpaired t-tests revealed significantly lower brain Aβ levels in the BI-treated mice (‘young-chronic’ and 
‘adult-chronic’ t(26)=12.11; P<0.001 and t(24)=2.948; P=0.0070, respectively). BI treatment of WT mice 
had no effect on microglial activation. Note the similarities of the results of sTrem2 and activated 
microglia to the results for total brain Aβ immunostaining (Fig. 6). All data are represented as group 
means ± s.e.m. Open circles are data obtained from male and filled circles from female mice. Created 
with Affinity Designer version 1.10.4. 

 

Similar to brain Aβ, microglial activation was lowered at all disease-stages compared to age-
matched untreated APPPS1 mice (Fig. 9). In amyloid-laden brains, sTrem (Fig. 9a, b) and the 

cortical area covered by microglia (Fig. 9c-e) were as response to Aβ reduced below baseline. 
WT littermates treated chronically with NB-360 or control pellets revealed no difference in brain 

sTrem levels (Fig. 9b) and blue microglia area per section area (Fig. 9e), indicating no direct 
effect of BACE1 inhibition on microglial activation. These results are in line with previously 

published data for APPPS1 mice (Radde et al., 2006) and a longitudinal study in AD patients 

(Fan et al., 2015), indicating a correlation between Aβ deposition and microglial activation. In 
summary, BACE1 inhibitor treated APPPS1 mice at advanced disease-stage (‘adult’ and 

‘aged’) revealed, with regards to the respective baseline, an increase in CSF NfL which was 
accompanied by reduced microglial activation and brain Aβ load. Our data suggest a direct 

relationship between microglial activation and Aβ load, however, no direct relationship 
between neurodegeneration and microglial activation could be proven with the applied 

measures in these mice. 

 

3.1.5 Conclusion  

As already mentioned, an age-dependent increase of NfL, although mechanistically not fully 

understood, has been reported in healthy individuals (Idland et al., 2017). To correctly estimate 
AD-associated neurodegeneration in elderly individuals by the use of NfL measures, it is 

inevitable to fully understand the underlying molecular processes of Aβ-dependent, Aβ-
independent and age-related NfL increase. The proof of biomarker causalities along the AD 

continuum is missing in humans since such biomarker studies rely, due to limited intervention 
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possibilities, mainly on observed correlations. In the past decades, the AD research community 

has reached a consensus that treatment intervention, if available, should be applied as earliest 
as possible to prevent disease progression (McDade and Bateman, 2017; Polanco et al., 

2017). Thus, before the clinical disease onset and ahead of irreversible neurodegeneration.  

Our study indicates biomarker dependencies change in the course of the disease progression. 

Thus, Aβ-targeting treatment would need to be initiated before neurodegeneration becomes 
independent of Aβ pathology, which might refer to an even earlier timepoint than currently 

suggested. This consequently leads to the great challenge of finding and evaluating 

biomarkers specific for this early disease stage and defining a timeframe for a successful 
treatment intervention targeting Aβ. 
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3.2 Initial amyloid-β seed formation as a putative treatment target 

The time point of the initial Aβ seed formation in humans is currently unknown and highly 
sensitive measures to detect such an event in vivo at a molecular size range are not available. 

Additionally, the Aβ seed formation is mechanistically not defined and due to its transient 
nature, investigation of its biochemical and structural features is limited. These obstacles make 

the early Aβ seed formation as a target for therapeutic intervention in AD challenging to 
evaluate. We aimed to detect and characterize pre-amyloid Aβ seeds before plaque formation 

and to validate their suitability as a target for passive immunotherapy in APP23 transgenic 

mice. The increase of brain Aβ in the well-characterized APP23 mouse model follows a 
sigmoidal curve (Fig. 10) as it was seen for APPPS1 mice (Fig. 5) and described for humans 

(Clifford et al., 2013).  

 

 

Figure 10 Targeting Aβ seeds in APP23 mice at the pre-amyloid stage. The human Aβ concentration 
(hAβx-40 and hAβx-42 combined) at 10–30 months of age in male APP23 mice is shown as a function of 
age as a polynomial (4th degree) curve, which was calculated based on previous publications (Maia et 
al., 2013, 2015; Ye et al., 2017). In addition to these data, hAβx-40 and hAβx-42 were measured in 2–8-
month-old male APP23 mice (n = 7, 6, 7, 7, 7, 6 and 7 for 2, 3, 4, 5, 6, 7 and 8-month-old mice, 
respectively) on the SimoaTM platform. The first notable increase in human Aβ was observed at 7–8 
months of age, which is at least 1 month earlier than Aβ plaque deposition becomes apparent 
histologically in male APP23 mice (Eisele et al., 2010; Langer et al., 2011; Ye et al., 2017). Adapted 
from Uhlmann et al., 2020 and created with Affinity Designer version 1.10.4. 

 
Due to the relatively late plaque onset in APP23, this mouse line exhibits a longer lag phase 

compared to APPPS1 mice (Sturchler-Pierrat et al., 1997; Radde et al., 2006). The first Aβ 
plaques in male APP23 mice become apparent by histological staining at around 8-9 months 

(Sturchler-Pierrat et al., 1997). However, a slight increase in Aβ42 and Aβ40 was biochemically 
detectable between 7 and 8 months of age (Fig. 10), putatively reflecting the formation of Aβ 

seeds. Based on these data, we used male APP23 mice at the age of 6 months as a model to 
evaluate the therapeutic targeting of Aβ seed formation. 
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3.2.1 Therapeutic antibodies with distinct epitope recognition on amyloid-β for 

passive immunotherapy  

Since the detailed characterization of a therapeutic target is crucial for the design of an 
antibody, many preclinical and clinical studies tested antibodies that specifically target either 

soluble Aβ species or conformational epitopes such as oligomeric Aβ and amyloid fibrils 
(Sevigny et al., 2016; Yang et al., 2019; Salloway et al., 2021). To cover a broad range of 

possible pre-amyloid seed conformations, a set of therapeutic Aβ-targeting antibodies with 

distinct epitope recognition was tested for their ability to target, engage and clear early Aβ-
seeds in vivo in pre-amyloid APP23 mice as illustrated in Figure 11. 

 

 

Figure 11 Schematic overview of passive immunization in pre-depositing APP23 mice. Six-month-old 
male APP23 mice received on 5 consecutive days intraperitoneally 0.5 mg of one of the six antibodies 
directed against Aβ (n=8 Beta1, n=7 cmGant, n=8 m266, n=8 mC2, n=8 cmAdu, n=8 mE8) or 
corresponding control (Ctrl) antibodies (n=13 Ctrl1, n=8 Ctrl2) or PBS (n= 11). Note that one cmGant-
injected animal died. mE8 immunization and additional controls were performed in a separate 
experiment, explaining the higher number of mice receiving control antibodies and PBS. Mice were 
sacrificed and analysed at 7.5 months of age. Adapted from Uhlmann et al., 2020 and created with 
Affinity Designer version 1.10.4. 

 

The chimeric murine versions (cm) of aducanumab (cmAdu), gantenerumab (cmGant), the 
murine parent version of crenezumab (mC2), solanezumab (m266) and donanemab (mE8) 

were used for early Aβ seed targeting in pre-amyloid APP23 mice (Fig. 11). Additionally, two 
control antibodies, control 1 (Ctrl1) and control 2 (Ctrl2) targeting wheat auxin and an unknown 

epitope (Sevigny et al., 2016), respectively, were used. Furthermore, the Aβ-targeting antibody 
Beta1, which was able to immune-deplete Aβ seeding-active assemblies from brain extracts 

(Meyer-Luehmann et al., 2006) was included. The Aβ load 1.5-month post passive 
immunotherapy of pre-depositing APP23 was determined by a highly sensitive immunoassay 

after Triton-X 100 and subsequent formic acid extraction (Fig. 12a).  
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Figure 12 Effect of Aβ load and seeding activity after passive immunotherapy of APP23 mice at pre—
amyloid stage. (a) Brain homogenates were prepared by a 2-step extraction with Triton X-100 and 
subsequently formic acid. Human Aβx-40 and Aβx-42 concentrations were measured by MSD 
immunoassays. For this analysis, mice receiving PBS, Ctrl1 and Ctrl2 were pooled. A Kruskal–Wallis 
test was performed and indicated no group differences for the Triton X-100-extracted hAβ (Aβx-40, H(6)= 
8.865, P= 0.1813; hAβx-42, H(6)= 14.84, P= 0.0215; no significant group differences between Ctrls and 
any other group with post hoc Dunn’s multiple comparisons test). Measurements of hAβ in the formic 
acid-soluble fraction revealed group differences for hAβx-42 (H(6)= 14.73; P=0.0225, post hoc Dunn’s 
multiple comparisons test between cmAdu-injected mice and controls, P= 0.006). (b) The brain 
homogenates from cmAdu- and Ctrl2-treated 7.5-month-old mice were pooled within a treatment group 
and inoculated into the hippocampus of 3-month-old male APP23 hosts mice (n= 7 for both cmAdu and 
Ctrl2). Inoculated mice were sacrificed after an 8-month incubation period. The brain homogenate of 
cmAdu-treated mice induced markedly less Aβ deposition compared to Ctrl2-treated mice (two-tailed 
unpaired t-test; t(12)= 3.726; P= 0.003). All data are represented as group means ± s.e.m.; **P< 0.01. 
Scale bar 100 µm. Adapted from Uhlmann et al., 2020 and created with Affinity Designer version 1.10.4. 

 

Compared to the mice receiving either a control antibody (Ctrl1 or Ctrl2) or PBS, no Aβ-

targeting antibody tested reduced soluble brain Aβ levels measured after Triton-X 100 
extraction, however, passive immunization with cmAdu significantly reduced formic acid-

soluble Aβ42 in pre-amyloid mice (Fig. 12a). Formic acid extraction is a common method used 
to monomerize insoluble Aβ and a correlation of insoluble Aβ42 with amyloid plaque load in AD 

brains has been observed (Funato et al., 1998).  

The antibody solanezumab and its murine version m266 are directed against the central 

domain of Aβ (DeMattos et al., 2001), showed binding to soluble, monomeric Aβ (Yamada et 
al., 2009) and failed to alter the Aβ oligomeric level in an APP transgenic mouse model (Mably 

et al., 2015). The epitope recognized by solanezumab becomes unavailable due to Aβ 
oligomerization as indicated by crystallography of the solanezumab Fab fragment bound to the 

mid-region of Aβ (Crespi et al., 2015). This is in line with the observation that peripheral 
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administration of m266 was not followed by antibody decoration of Aβ plaques in the brain 

(DeMattos et al., 2001). However, m266 reversed memory impairment in an APP transgenic 
mouse line (Dodart et al., 2002). Due to the published binding specificity of m266 for soluble 

Aβ, it was somewhat surprising that no Aβ reduction in the Triton-X 100 extraction was 
achieved in pre-amyloid APP23 (Fig. 12a). Reasons for this remain speculative. For instance, 

a 1.5-month incubation time between antibody administration and analysis might have been 
too long to detect an effect on Aβ. If the antibody engaged with its target (soluble Aβ) shortly 

after its application and was cleared, an effect of soluble Aβ could have been masked by APP 

overexpression in this mouse model. An investigation of this possibility would require a shorter 
timeframe between passive immunization and brain Aβ analyses.  

The antibody crenezumab targets a broad range of Aβ from monomeric to fibrillar Aβ 
(Adolfsson et al., 2012). Its murine version mC2 also failed to reduce Aβ in pre-amyloid APP23 

mice (Fig. 12a). Despite their affinities to distinct Aβ assemblies, solanezumab and 
crenezumab share high sequence homology (Crespi et al., 2015). In APP transgenic animals, 

crenezumab on a human IgG4 subclass decreased the Aβ plaque size (Adolfsson et al., 2012). 
The antibody subclass IgG4 was considered to lower the risk of Fc receptor-mediated 

overactivation of microglia and thereby providing a more effective and safer treatment 

compared to the human IgG1 subclass (Adolfsson et al., 2012). The murine version of 
crenezumab (mC2) on a mouse IgG2a backbone successfully targeted Aβ plaques when 

injected into APP transgenic mice (Fuller et al., 2015). However, mC2 failed to clear Aβ 
plaques and did not cause detectable inflammatory changes (Fuller et al., 2015). Furthermore, 

analyses 7 days post intracerebral injection of mC2 into APP transgenic mice did not alter Aβ 
levels in brain homogenates (Fuller et al., 2015). These data are in line with our observed 

results and further indicate, that a shortened incubation time would have most likely gained 
the same output.  

Gantenerumab is an antibody that recognizes the N-terminus and central regions of Aβ leading 
to an epitope specificity towards higher Aβ assemblies including oligomers and fibrils 

(Bohrmann et al., 2012). Since an absence of such Aβ assemblies in pre-amyloid APP23 mice 

can be assumed, the observed unaltered Aβ levels in Triton-x-100 and formic acid fraction 
measured in brain homogenates of passively immunized mice were not surprising (Fig. 12a). 

Further, gantenerumab was shown to recruit microglia to small Aβ plaques and to promote 
phagocytosis, leading to a reduction in amyloid pathology in transgenic mice (Bohrmann et al., 

2012). Compared to mC2, the murine version of gantenerumab (cmGant) showed increased 
microglial activation in vivo (Fuller et al., 2015).  



 - 51 - 

To design an antibody that exclusively targets Aβ plaques, a truncated and pyroglutamated 

Aβ peptide (Aβp3-42), which was detected in Aβ plaques in humans (Saido et al., 1995), has 
been used as an antibody target epitope (DeMattos et al., 2012). The resulting antibody, mE8, 

reduced Aβ plaques in an APP transgenic mouse model and induced clearance in a 
phagocytosis assay (DeMattos et al., 2012). In AD patients, the humanized mE8 antibody 

(donanemab) reduced brain Aβ deposition below the PET baseline (Lowe et al., 2021). The 
target engagement with exclusively Aβ plaques was considered to be advantageous for plaque 

reduction (DeMattos et al., 2012). Recently, pE-Aβ forms were reported in AD patients' CSF 

and may serve as a potential biomarker for disease progression (Domingo et al., 2021). 
However, mE8 failed to reduce brain Aβ upon passive immunization of pre-amyloid APP23 

(Fig. 12a), most likely due to the absence of Aβ plaques at this stage.  

The antibodies m266 and mC2 were generated in mice (Seubert et al., 1992; Adolfsson et al., 

2012) and subsequently humanized for applications in clinics, whereas gantenerumab was 
developed by phage display technology (Bohrmann et al., 2012). For the discovery of the 

antibody aducanumab, the so-called ‘Reverse Translational Medicine™’ (Neurimmune AG, 
Switzerland) platform was applied. With this approach, blood lymphocyte libraries collected 

from healthy, cognitively normal, aged individuals were screened for promising Aβ-targeting 

antibodies, which might have protected the respective individuum against Aβ accumulation 
(Arndt et al., 2018). Aducanumab recognizes a linear epitope on Aβ from amino acids 3 to 7 

and has a 10,000-fold higher specificity for aggregated compared to monomeric Aβ (Sevigny 
et al., 2016). The epitope binding by aducanumab is considered to be rather driven by avidity 

than affinity (Arndt et al., 2018). How this is mechanistically governed is not fully understood, 
but the fast off rate of aducanumab and the immobilization of Aβ C-terminus in aggregates are 

hypothesized to contribute (Arndt et al., 2018). Characterization of the antibody structures and 
kinetics indicate distinct binding features of aducanumab compared to solanezumab and 

gantenerumab (Arndt et al., 2018; Linse et al., 2020). In a transgenic mouse model with 
cerebral Aβ pathology as well as in AD patients, aducanumab selectively targeted and reduced 

soluble and insoluble Aβ in a dose- and time-dependent manner (Sevigny et al., 2016). 

Interestingly, in pre-amyloid APP23 mice cmAdu reduced formic acid soluble Aβ42 (Fig. 12a) 
and due to the antibody’s specificity to Aβ aggregates (DeMattos et al., 2012; Arndt et al., 

2018), our data indicate the presence of oligomeric, insoluble Aβ species at this early disease 
in APP23 mice. Furthermore, an in vivo seeding assay using brain homogenates from cmAdu-

treated mice revealed reduced Aβ seeding activity (Fig. 12b). One might speculate, that the 
reduction of Aβ in the formic acid fraction reflects the reduction of pre-amyloid seeds in APP23 

mice, indicating that the early Aβ seed formation can be targeted therapeutically.  
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3.2.2 Characterization of amyloid-β assemblies from late and early disease stages 

A detailed biochemically characterization of early Aβ nucleation assemblies is due to their 
transient nature methodologically challenging. To investigate the Aβ species targeted by 

antibodies directed against different epitopes, we established and performed antibody 
recognition profiling of Aβ assemblies (ARPA) as illustrated in Figure 13. 

 

 

Figure 13 Schematic representation of the antibody recognition profiling of Aβ assemblies (ARPA). Brain 
homogenate (65 µg total protein) is either used for direct immunoprecipitation (blue line) or semi-native 
fractionation by size using agarose gel electrophoresis (black arrow). Agarose fractions containing Aβ 
assemblies within a distinct size range are either liquified by enzymatic digestion (black arrows) or 
melted in denaturing sample buffer and subjected to western blot analysis for an estimation of total Aβ 
(green line). Liberated Aβ assemblies within liquefied agarose fractions are available for further analyses 
such as immunoprecipitation using capture antibodies with distinct Aβ-binding characteristics. The 
amount of Aβ pulled-down from a fraction by an antibody is normalized to the total amount of Aβ within 
a fraction, providing am antibody recognition profile. Adapted from Uhlmann et al., 2020 and created 
with Affinity Designer version 1.10.4. 

 

In the first step of ARPA, proteins in brain homogenate are separated semi-natively by size 

with the means of agarose gel electrophoresis. Fractionation of the agarose gel in defined 
pieces facilitates a characterization and further analyses of Aβ assemblies in a determined 

size range. For this, Aβ assemblies are liberated from the gel matrix by enzymatic digestion of 
agarose. Using semi-native isolated Aβ assemblies enables the evaluation of binding affinities 

of anti-Aβ antibodies to Aβ in a specific agarose fraction using IP and western blot analysis 

(Fig. 13). Furthermore, this assay provides the opportunity to determine the biological activity, 
such as the in vivo seeding activity of Aβ assemblies. For a quantitative purpose, agarose 

fractions can be melted in denaturing sample buffer and applied to SDS-PAGE and western 
blot analysis (Fig. 13). 



 - 53 - 

In order to investigate the antibody recognition profiles of anti-Aβ antibodies (used for passive 

immunization) on amyloid-laden brain homogenates, material from 26-month-old male APP23 
mice was used to perform ARPA (Fig. 14).  

 

 

Figure 14 Antibody recognition profiling of Aβ assemblies (ARPA) using amyloid-laden brain material. 
ARPA using 10% brain homogenate pooled from 26-month-old APP23 mice (n= 3) revealed distinct 
recognition profiles for the tested antibodies. (a) Western Blot analysis (with 6E10 as detection antibody) 
of ARPA revealed cmAdu and mE8 almost exclusively pulled-down Aβ from high molecular weight 
fractions (F1 to F3). Similarly, cmGant preferentially binds high molecular weight Aβ (F1 and F2) but 
also Aβ within low molecular weight fractions (F6 and F7). Contrary to this, m266 and mC2 recognize 
Aβ mainly in low molecular weight fractions (F6 and F7) and only partially in the other fractions. Beta1 
reveals no specificity towards a certain fraction and reveals a pattern similar to melted fractions, 
reflecting total Aβ. (b) Results from western blot analysis (a) were quantified and normalized to total Aβ 
within a fraction, illustrating the antibody affinity for Aβ within a specific agarose fraction. Adapted from 
Uhlmann et al., 2020 and created with Affinity Designer version 1.10.4. 

 

High molecular weight Aβ assemblies are running in the upper fractions such as 1 (F1) and 2 
(F2), whereas low molecular weight species are restricted to fractions 5 (F5) to 7 (F7) 

(Uhlmann et al., 2020). The Aβ distribution of amyloid-laden brain material on an agarose gel 
(total Aβ) reveals the strongest Aβ signals in F1 and F6, followed by F2 and F7 and less 

pronounced signals in F3 to F5 (Fig. 14a). This pattern indicates a great spectrum of Aβ 

assemblies with distinct molecular sizes and points towards the capability of ARPA to facilitate 
the screening of anti-Aβ antibodies with various epitope recognition for their binding affinities.  

Screening for the epitope recognition profiles of cmAdu, Beta1, m266, mC2, cmGant and mE8 
(Fig. 14a) and normalizing the signal intensities of each fraction to total Aβ, provided a barcode 

for their binding affinities (Fig. 14b). Our results align well with the binding affinities found in 
the literature (see section 3.2.1). Positive values in the antibody binding affinity barcode are 

interpreted as preferential binding of the tested antibody to Aβ assemblies in this fraction, 
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whereas negative values indicate a weaker affinity. The antibodies cmAdu and mE8, 

recognized almost exclusively high molecular weight Aβ assemblies (Fig. 14), accordingly to 
the reported preference for Aβ plaques and aggregates (DeMattos et al., 2012; Sevigny et al., 

2016). Similar, cmGant pulled down preferentially high molecular weight Aβ, however also 
revealed some binding to low molecular weight Aβ in F6 and F7 (Fig. 14). In comparison, m266 

and mC2 mainly recognized low molecular weight assemblies with the strongest Aβ signal in 
F6 (Fig. 14). Despite the clear binding preference to Aβ assemblies in F6, m266 and mC2 also 

recognized Aβ in all other fractions (Fig. 14).  

In order to further interpret the recognition profiles of the tested antibodies, we aimed to 
determine the Aβ seeding activity within the distinct agarose fractions. Therefore, we 

performed the well-established endpoint titration assay to estimate SD50 according to Ye et al., 
2017. ARPA was performed with sAD brain material and revealed a similar pattern as observed 

for amyloid-laden mouse brain homogenate (Fig. 15a). Agarose fractions harbouring Aβ 
assemblies from sAD patients were serially diluted and intracerebrally injected into APP23 host 

mice (Fig 15b). Eight months post-injection, the number of positively seeded mice of each 
dilution was used to calculate the SD50 of each agarose fraction (Fig. 15c-e).  

 

 

Figure 15 Antibody recognition profiling of Aβ assemblies (ARPA) with human AD brain material and 
estimation of the seeding activity. (a) Brain homogenates (10%) of 3 AD subjects (Braak stage VI) were 
pooled and subjected to ARPA testing various Aβ-targeting antibodies. Western blot analysis (decorated 
with 6E10) revealed similar results as seen for ARPA using amyloid-laden brain samples from APP23 
mice. (b) ARPA fractions containing AD brain material and their dilutions were injected into the 
hippocampus of pre-depositing 2- to 3-month-old male APP23 host mice. The Aβ induction in the 
hippocampus was analyzed by immunohistochemical staining 8 months post-injection. (c) Results of 
immunohistochemical staining for F2 and F5 (both undiluted injected) are shown. A high seeding activity 
for F2 and no seeding for F5 was recognized. Scale bar, 500 μm. (d) The results are shown as the 
number of mice with induced Aβ deposition versus the number of mice inoculated within a group tested. 
All groups had initially 6-7 mice, of which 4 mice inoculated with undiluted F2 died. (e) The SD50 (blue 
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line) and specific seeding activity (red line, SD50/total Aβ) were calculated for each fraction. Adapted 
from Uhlmann et al., 2020 and created with Affinity Designer version 1.10.4. 

 

The highest SD50 was calculated for F1 followed by a decreasing SD50 in F2, F3, F7 and F4. 
No SD50 values were calculated for the F5 and F6 due to the low number of positively seeded 

host mice (Fig. 15d). These results indicate a correlation between high molecular weight Aβ 
assemblies and high SD50 values. However, calculating the specific seeding activity (SD50/total 

Aβ) revealed great Aβ-inducing potential in F4 (Fig 15e). This high specific seeding activity in 

F4 is most likely due to the low Aβ concentration in this fraction, nevertheless, it highlights the 
non-linear relationship between Aβ load and biological seeding activity. Whether this high 

specific seeding activity in F4 is solely based on Aβ remains to be investigated, since ARPA 
fractions not only contain Aβ but a great variety of proteins present in brain homogenates. 

Further characterization of the non-Aβ content in these fractions, for instance with the mean 
of mass spectrometry, would be necessary to fully understand these seeding results. 

 

We aimed to biochemically characterize the Aβ assembly recognized by the in vivo tested anti-

Aβ antibodies at the pre-amyloid disease phase. Based on the epitope recognition profile of 
cmAdu obtained with amyloid-laden brain material of AD subjects (Fig. 15a) and APP23 mice 

(Fig. 14a), one would expect that ARPA using brain material of pre-amyloid APP23 mice would 

reveal a faint signal for Aβ in high molecular weight fractions. However, due to the assumed 
absence of high molecular weight species at the pre-amyloid stage, the seeding results from 

cmAdu treated mice (Fig. 12b) and due to the high specific seeding activity in F4 (Fig. 15e), 
one might speculate that cmAdu would recognize Aβ in a fraction containing smaller Aβ 

assemblies, such as F4. To test this, ARPA using brain homogenate from 6-month-old APP23 
mice was performed (Fig. 16a).  

 

 

Figure 16 Antibody recognition profiling of Aβ assemblies (ARPA) using brain material from pre-
depositing APP23 mice. (a) ARPA using 10% brain homogenate pooled from 6-month-old APP23 mice 
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showed Aβ was pulled down from the low molecular weight fractions (F6 and F7) only. Western blot 
analyses (with 6E10 as detection antibody) of ARPA revealed Aβ in F6 and F7 was pulled down by 
Beta1, m266, mC2 and to a lesser extent by cmGant. No Aβ in any fraction was recognized by cmAdu 
and mE8. (b) Immunoprecipitation with cmAdu as capture antibody from unfractionated, pooled brain 
homogenate (the same as in (a)) indicates a faint Aβ signal. Adapted from Uhlmann et al., 2020 and 
created with Affinity Designer version 1.10.4. 

 

ARPA with cmAdu did not reveal Aβ signals in any fraction. This was partially unexpected as 
cmAdu passive immunization had a measurable effect on Aβ42 levels in the formic acid soluble 

fraction as well as on the seeding activity in APP23 host mice (Fig. 12), which indicates 

antibody target engagement at this pre-amyloid disease phase. A possible reason for this 
negative result might be the absence of the cmAdu target assembly in brain homogenates. 

Biochemical isolation of early Aβ assemblies might have led to Aβ monomerization, which in 
turn would not be a preferential target for cmAdu. In line with this hypothesis, ARPA with Beta1, 

m266, mC2 and cmGant resulted solely in detection of Aβ in low molecular weight assemblies. 
Also, the concentration of the Aβ pre-amyloid seed targeted by cmAdu might have been below 

the detection limit of ARPA, limiting further investigations. In order to test for this, direct IP on 
unfractionated brain material from 6-month-old APP23 mice was performed and despite a 

missing signal in ARPA, IP with cmAdu as capture antibody revealed a faint Aβ signal (Fig. 
16b). Despite aducanumab’s great affinity for Aβ aggregates (Sevigny et al., 2016) the linear 

epitope recognized by this antibody is also present on Aβ monomers and most likely soluble 

Aβ assemblies (Arndt et al., 2018). Therefore, the signal observed by IP cannot be attributed 
with certainty to the Aβ species recognized and reduced by cmAdu in vivo. In symptomatic AD 

brain homogenates, but solely in a fraction of patients with preclinical AD, pE-Aβ was detected, 
indicating this Aβ modification is related to a later stage of the disease (Rijal Upadhaya et al., 

2014). In different mouse models for AD-like pathology, Aβ deposition proceeded with the 
deposition of pE-Aβ (Frost et al., 2013). In agreement with these data, no Aβ signal was 

observed by ARPA nor by direct IP using mE8 as the capture antibody (Fig. 16). 

 

3.2.3 Amyloid-β targeting antibodies with distinct epitope recognition possess 

differences in kinetics 

ARPA is a useful technique to determine epitope characteristics recognized by anti-Aβ 

antibodies in vitro, however, it does not provide information about the impact of antibody 
binding on Aβ aggregation kinetics. Indeed, a comparative analysis of therapeutic Aβ-targeting 

antibodies identified distinct effects on Aβ aggregation kinetics by cmAdu, m266 and cmGant 
(Linse et al., 2020). In an in vitro aggregation assay, cmAdu effectively reduced the formation 

of oligomeric Aβ and had an impact on secondary, rather than primary, nucleation (Linse et 
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al., 2020). These data are coherent with the low affinity of cmAdu to Aβ monomers (Arndt et 

al., 2018). The antibody cmGant targeted the elongation of fibrils, leading to reduced fibril 
growths, whereas m266 selectively inhibited the primary nucleation event (Linse et al., 2020), 

consistent with its high affinity to monomeric Aβ (Yamada et al., 2009). Additionally, m266 
failed to inhibit Aβ fibril growths (Linse et al., 2020). Based on aggregation kinetics from the 

literature and a strong signal in the low molecular weight fractions in ARPA using pre-
depositing brain material (Fig. 16a), one would expect m266 to be a suitable antibody for the 

prevention of the early Aβ aggregation event in vivo. Contrary to this, m266 failed to have a 

measurable effect on Aβ, whereas cmAdu succeeded in the reduction of formic acid-soluble 
Aβ42 in pre-depositing APP23 mice (Fig. 12a). To investigate whether the treatment effects in 

vivo of three antibodies with distinct ARPA profiles might have been governed by the specific 
pharmacokinetic features rather than purely by binding affinities, antibody titre measurements 

in APP23 mice and WT littermates were performed. For this, Beta1, m266 and cmAdu were 
intraperitoneally injected into 6-month-old APP23 or WT mice and antibody plasma levels were 

determined 1-, 7- and 21-days post application (Fig 17a). 

 

 

Figure 17 Antibody titre measurements of administered Aβ-targeting antibodies at the pre-amyloid 
stage. (a) Schematic representation of the experimental design. As before, 0.5 mg therapeutic 
antibodies were delivered intraperitoneally on 5 consecutive days to 6-month-old male transgenic 
APP23 mice and 6-month-old male WT mice. Either Beta1, m266 or cmAdu (n= 5 per group per 
antibody) were injected and mice were analysed 1-, 7- or 21-day post-injection. (b) The plasma 
logarithmic changes (ln) in antibody concentration over time (days) in APP23 and WT mice are shown. 
For Beta1 and m266, a faster decline in antibody concentration was reported in APP23 compared to 
WT, while for cmAdu, no difference between transgenic and non-transgenic mice was apparent. 
Adapted from Uhlmann et al., 2020 and created with Affinity Designer version 1.10.4. 

 

The plasma antibody levels of m266 and Beta1 declined faster in APP23 mice compared to 

WT, whereas the decline of cmAdu was indistinguishable between APP23 and WT (Fig. 17b). 



 - 58 - 

Based on these results, Beta1 and m266 might have recognized soluble Aβ in the brain and/or 

in the blood, as it has been reported for m266 (DeMattos et al., 2001), and therefore could 
have been cleared faster compared to cmAdu. An antibody titre measurement in the brain of 

antibody-treated mice was not feasible as the concentrations of the antibodies were below the 
detection limit. From a single intraperitoneal injection of polyclonal human IgGs in mice, 10-

times more than what was used in our experiments, only ~0.009% and 0.0017% of the 
administered antibody reached the cortex and hippocampus, respectively (St-Amour et al., 

2013). Therefore, a comparison between the quantity of initially applied antibodies versus the 

amount reaching the brain is missing and it remains speculative whether Aβ reduction by 
cmAdu in pre-amyloid APP23 was due to a greater antibody availability in the brain or by its 

distinct binding affinities. 

 

3.2.4 Early targeting of pre-amyloid seeds alleviates secondary pathologies  

In order to investigate how an early passive immunization would affect Aβ deposition and 
downstream pathogenic changes such as microglial activation and neurodegeneration at a 

later disease stage, APP23 mice immunized at the pre-amyloid stage were analysed 6 months 
post-injection. Brain Aβ load was estimated after Triton-X 100 and subsequent formic acid 

extraction by highly sensitive Aβ immunoassays (Fig. 18a). Furthermore, 

immunohistochemistry was used to determine the cortical Aβ load, Aβ plaque number and size 
(Fig. 18b) and fluorescence staining with luminescent conjugated oligothiophenes (LCOs) to 

determine differences in the molecular conformation of Aβ plaques (Fig. 18c). 
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Figure 18 Long-lasting effects on Aβ by passive immunotherapy at pre-amyloid stage. As before, 6-
month-old male APP23 mice (n= 10 per group) received on 5 consecutive days 0.5 mg of either Beta1, 
m266, cmAdu or corresponding control (Ctrl) antibodies (Ctrl1, Ctrl2) intraperitoneally. Mice were 
sacrificed 6 months post-injection and analysed biochemically as well as immune-histologically. (a) 
Brain homogenates were prepared by a 2-step extraction with Triton X-100 and subsequently formic 
acid. Human Aβx-40 and Aβx-42 concentrations were measured by MSD immunoassays. A Kruskal–Wallis 
test was performed and indicated no group differences for the Triton X-100-extracted hAβ (Aβx-40, H(3)= 
1.718, P= 0.6329; hAβx-42, H(3)= 0.4967, P= 0.9196). Also, measurements of hAβ in the formic acid-
soluble fraction revealed no statistically significant differences (one-way ANOVA: hAβx-40, F(3,29)= 2.360, 
P= 0.0920; hAβx-42, F(3,29)= 3.0170, P= 0.0459; a subsequent post hoc Dunnett‘s multiple comparisons 
test did not indicate a difference between the combined Ctrl1/2 and any treatment group). Although, 
hAβx-42 in cmAdu-treated mice was reduced compared to Ctrl-treated mice. (b) CN6 and Congo Red 
double-stained brain sections were used to quantify cortical Aβ load by stereology and revealed that 
cmAdu-treated mice had significantly less Aβ deposition compared to mice receiving Ctrl-antibodies 
(one-way ANOVA: F(3,29)= 3.613; P= 0.0248; post hoc Dunnett‘s multiple comparisons test: P= 0.0223). 
Furthermore, cmAdu-treated mice showed a great reduction in plaque number (one-way ANOVA: F(3,29)= 
12.35; P< 0.0001; post hoc Dunnett‘s multiple comparisons test: P= 0.0007). However, the plaque size 
was only slightly reduced in mice receiving cmAdu (one-way ANOVA: F(3,29)= 3.6320; P= 0.0247; post 
hoc Dunnett‘s multiple comparisons test: P= 0.0268). (c) Brain sections of antibody-treated mice were 
stained with the combination of two (qFTAA and hFTAA) LCOs and analysed for conformational 
differences in Aβ plaques. In line with the total plaque number in (b), the number of LCO-positive cortical 
plaques was lower in cmAdu-treated mice versus controls (Kruskal–Wallis test: H(3)= 19,11; P= 0.0003; 
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Dunn’s multiple comparisons test P= 0.0013). The mean fluorescence emission pattern of plaque cores 
is shown in the middle. The ratio of the fluorescence emission at 502/588 nm was quantified (one-way 
ANOVA: F(3,29)= 13.10; P< 0.0001; post hoc Dunnett’s multiple comparisons test Ctrl2 versus cmAdu: 
P= 0.037; Ctrl versus m266: P= 0.004) and indicated a red-shift in plaques for cmAdu versus Ctrl2. 
Representative qFTAA and hFTAA stained plaques of cmAdu- and Ctrl2-treated mice are shown (Scale 
bar, 25 μm). (d) Microglia around congophilic plaques were quantified in brain sections double-stained 
with PU.1 antibody and Congo Red and revealed no difference in microglia per plaques area (one-way 
ANOVA: F(3,29)= 1.524, P= 0.2291). (e) No statistically significant difference in the amount of CAA was 
found among the treatment groups, although 2 mice treated with cmAdu and 3 treated with m266 had 
slightly increased CAA counts. Adapted from Uhlmann et al., 2020 and created with Affinity Designer 
version 1.10.4. 

 

In line with the prior experiments, passive immunization with m266 and Beta1 (compared to 

controls) failed to reduce Aβ measured biochemically and immune-histologically (Fig. 18a, b). 
Although, biochemical quantification revealed no significant reduction in Aβ with any Aβ-

targeting antibody tested, a reduction in Aβ40 and Aβ42 levels in the formic acid-soluble fraction 
was achieved in cmAdu-treated mice (Fig. 18a). These data indicate, the reduction of formic 

acid soluble Aβ at pre-amyloid phase has a long-lasting effect. Histological analysis of the 
brain of cmAdu-treated mice also revealed a significant lowering of cortical Aβ load and plaque 

numbers, although the plaque sizes were largely unaffected (Fig. 18b). This is in agreement 
with the proposed kinetic fingerprint for cmAdu, which suggests cmAdu targets rather 

secondary nucleation events than Aβ fibril growth (Linse et al., 2020).  

Furthermore, an investigation of Aβ plaque conformations using LCO dyes indicates an altered 
molecular plaque structure compared to control animals in cmAdu- and m266-treated mice 

towards more diffuse and dense plaques, respectively (Fig. 18c). This might indicate that, the 
Aβ reduction by cmAdu potentially delayed Aβ plaque formation and thereby also plaque 

maturation to more dense plaques, as it has been indicated for APPPS1 mice (Nyström et al., 
2013). Another possibility is the specific targeting and clearance of Aβ conformational variants 

associated with dense-cored plaques by cmAdu, which in turn might have impacted plaque 
morphology. This hypothesis also provides an explanation for the more dense plaque 

structures seen in m266-treated mice (Fig. 18c). By targeting mainly soluble Aβ (Yamada et 
al., 2009), m266 considerably reduced diffuse plaque components but failed to prevent plaque 

formation and maturation, leading to increasingly dense plaque structures.  

Microglia were shown to engulf and thereby compact Aβ plaques (Huang et al., 2021) which 
reduced Aβ-associated Tau pathology and dystrophic neurites (Condello et al., 2015; Wang et 

al., 2016). Therefore, different microglial responses upon passive immunization with cmAdu 
and m266 might have affected plaque morphology. To test for this, immune-histological 

analysis of microglia was performed and no change in microglia numbers per plaque was 
observed among Aβ-targeting antibodies compared to controls (Fig. 18d). These data indicate 
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that the observed plaque morphologies were not based on microglial engagement. 

Furthermore, no significant differences in amyloid-associated Tau pathology or CSF NfL levels 
were observed among treatment groups (Uhlmann et al., 2020), indicating no detectable 

differences between diffuse and dense Aβ plaques on downstream pathology in these mice.  

Amyloid-related imaging abnormalities (ARIA), referring to a variety of imaging features 

including vasogenic oedema and micro-haemorrhage, are detected generally in AD patients 
as well as those receiving treatment with Aβ-targeting antibodies (Sperling et al., 2011). CAA 

is considered to be involved in the pathophysiological role of ARIA, but the functional relation 

between both is currently undefined (Greenberg et al., 2020). Brain sections from mice 
receiving passive immunization were screened for CAA 6 months post-injection and no 

significant difference in CAA score was detected in mice receiving Aβ targeting antibodies 
compared to control (Fig. 18e). However, our data reveal a slight increase in CAA score when 

mice were treated with cmAdu and m266. Line of evidence suggests that clearance of Aβ via 
vascular might lead to deposition in vessels resulting in an increased CAA burden (Greenberg 

et al., 2020) which could explain our observed results. Furthermore, the CAA frequency and 
severity were shown to increase with age in APP23 mice, which might reduce arterial wall 

integrity and eventually lead to parenchymal haemorrhage (Winkler et al., 2001). Clearance of 

Aβ by perivascular drainage might overstrain vascular integrity, leading to parenchymal 
haemorrhage visible as ARIA (Sevigny et al., 2016). Nevertheless, no CAA-associated 

haemorrhage was detected in any treatment group tested. 

 

3.2.5 Conclusion 

Our data from preclinical studies indicate, that a therapeutic intervention that aims to target Aβ 
to prevent pathological changes, is most promising when initiated before pathogenic processes 

are set into motion. The Aβ nucleation process, taking place in the lag phase of the aggregation 
cascade, is presumably the earliest pathological change in Aβ. The lack of suitable detection 

methods and poor characterization of these early assemblies so far haltered their therapeutic 
targeting. Our data suggest the existence of pre-amyloid seeds in APP23 mice at least 2 

months before plaque deposition becomes histologically detectable. Furthermore, therapeutic 

targeting of such early pre-amyloid seeds reduced Aβ seeding activity and Aβ deposition which 
was accompanied by beneficial long-lasting effects on downstream pathological changes. We 

thereby expand the current recognized therapeutic window for Aβ targeting to the presumably, 
primary nucleation event of Aβ aggregation.  
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A major challenge in targeting the initial seed formation in humans is the identification of the 

proper time point for treatment intervention. Current biomarkers for Aβ indicate plaque 
deposition (Cohen et al., 2019), which might reflect a disease stage where primary prevention 

is no longer efficient. To test the potential of therapeutic antibodies targeting pre-amyloid seeds 
as preventive intervention, the recruitment of fAD patients at a time before biomarker changes 

become detectable would be most promising. 
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4 Final remarks and speculations 

The relation between Aβ aggregation, Tau pathology, neuroinflammation and neuronal loss 
has been extensively studied (see Long and Holtzman, 2019 for review) but the molecular 

mechanism connecting these pathologies along the AD continuum is ill-defined. Due to many 
clinical studies, which successfully reduced Aβ in AD patients but failed to slow cognitive 

decline (Panza et al., 2019), the causative role of Aβ in this cascade has been questioned 

(Thambisetty et al., 2021).  

The present thesis successfully recapitulated the uncoupling of Aβ load and 

neurodegeneration, as observed in AD patients, in a translational mouse model of cerebral 
amyloidosis at late disease stages. Biomarker trajectories in APPPS1 mice indicate that CSF 

NfL, a marker for neurodegeneration, begins to rise when Aβ depositions reached half-
maximal levels and Aβ seeding activity already reached its plateau. Thus, a putative link 

between neurodegeneration and saturation of Aβ seeding activity has been hypothesised. In 
line with these observations, we showed that an efficient targeting of pre-amyloid Aβ seeds at 

an early disease stage was accompanied by a reduced Aβ seeding activity and long-term 
beneficial effects on secondary pathologies.  

Both studies highlight a beneficial response to a therapeutic reduction of Aβ seeding activity 

at early disease stages but less so at later stages. A clear explanation for these observations 
is missing but the observed trajectories of Aβ deposition and delayed NfL increase is 

reminiscent of the proposed distinct pathogenic phases of a prion infection (Sandberg et al., 
2011).  

 

4.1 A hypothetical two-phase model for distinct trajectories of amyloid-

β and neurodegeneration 

The prion field has provided a model to explain the molecular relationship between prion 

infectivity and toxicity (Sandberg et al., 2011). Some aspects of this model might be applicable 
to unravel Aβ-independent neurodegeneration at late AD stages. Characteristic of prion 

diseases is the accumulation of the highly infectious disease-associated isoform PrPSc in the 

brain of an affected organism (Prusiner, 1998b). In humans, prion infection is followed by a 
prolonged incubation time which can span several years before entering a rapidly progressive 

clinical phase (Collinge et al., 2006). In laboratory models, the incubation time correlates 
inversely with the PrPC expression level, thus high expression leads to faster progression into 

the phenotypic, clinical phase (Büeler et al., 1994). Interestingly, the overall accumulation of 
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PrPSc did not necessarily lead to clinical disease onset (Büeler et al., 1994). Almost 20 years 

later, a model which accommodates these findings was formulated, where prion propagation 
(‘infectivity’) and toxicity occur in two distinct phases (Sandberg et al., 2011). Phase one 

describes the exponential increase in prion infectivity, terminating in a plateau. Subsequently, 
a second phase is initiated which ultimately leads to clinical disease onset. It has been 

hypothesised that the transmission from phase one to two leads to a pathway switch that 
initiates the production of toxic PrP species (PrPL) (Sandberg et al., 2014). In support of this, 

prion infectivity and neurotoxicity were uncoupled in an experimental setup, indicating the 

involvement of two distinct PrP entities (Benilova et al., 2020). Although PrPL awaits further 
characterization, it has been suggested as soon as PrPL exceeds a not definite threshold, 

phenotypic disease onset occurs (Collinge and Clarke, 2007; Sandberg et al., 2011). 

A partial adaption of the prion model for infectivity and toxicity offers a putative interpretation 

of the observed uncoupling of brain Aβ burden and CSF NfL levels in our APP mouse model 
at late disease stages. In this hypothetical two-phase model, in vivo Aβ seeding activity would 

be the equivalent of prion infectivity and CFS NfL a readout for toxicity. As soon as the 
infectivity, thus the Aβ seeding activity reaches its plateau or exceeds a certain ‘critical 

threshold’, a molecular switch could lead to the production of ‘toxic Aβ species’ and/or the 

initiation of a yet unrecognized pathway, resulting in an increase of NfL liberation into the CSF 
and presumably neurodegeneration (Fig. 19). 
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Figure 19 Presentation of a hypothetical two-phase model for Aβ-dependency of neurodegeneration. In 
phase one (green), Aβ seeding activity increases but has not yet reached its plateau and/or a certain 
threshold (red dotted line). The critical threshold would not be defined by a specific measure and might 
depend on individual factors which are not necessarily directly associated with Aβ. Entering phase two 
(orange) would be accompanied by a molecular switch leading to the build-up of a toxic Aβ species 
and/or the initiation of an undefined pathway, both driving disease-associated neurodegeneration, 
largely independent of total brain Aβ. Based on this hypothetical two-phase model, solely a reduction of 
total Aβ and Aβ seeding activity in the first phase could prevent disease-associated neurodegeneration. 
Created with Affinity Designer version 1.10.4. 

 

4.1.1 Putative drivers of neurodegeneration  

In the present thesis, the driver(s) and the molecular pathway(s) underlying CFS NfL increase 

along with disease progression remain unidentified and therefore, the discussion will be limited 
to only some putative contributing factors in neurodegenerative processes. 

 

4.1.1.1 Oligomeric protein species 

As described earlier, Aβ oligomeric species have been considered a major toxic entity in the 

Aβ aggregation process. Aβ oligomers from postmortem AD patients were shown to be 
neurotoxic (Gong et al., 2003; Shankar et al., 2008; Hong et al., 2018). Such Aβ oligomers 

isolated from late disease stages could arise from secondary nucleation events involving 
mature Aβ fibrils, considering secondary nucleation was postulated to be the dominant 

aggregation pathway above a certain Aβ fibril concentration (Cohen et al., 2013). The build-
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up of such late stage, toxic Aβ oligomers, might explain delayed neurodegeneration observed 

in AD patients and our mouse model. However, Aβ oligomers (albeit not necessarily the same 
oligomeric species) also have been considered as early aggregation entities with neurotoxic 

features in the absence of Aβ fibrils (Müller-Schiffmann et al., 2016; Cataldi et al., 2021).  

Furthermore, Tau oligomers were shown to colocalize with Aβ oligomers at synaptic terminals 

(Fein et al., 2008; Bilousova et al., 2016). The soluble toxic forms of both, Aβ and tau, were 
suspected to play a critical role in neurodegeneration (Spires-Jones and Hyman, 2014), 

whereby Aβ oligomers were considered to act upstream of Tau pathology (Roberson et al., 

2007; Bilousova et al., 2016). Recently, data indicate that oligomeric Aβ was superseded by 
oligomeric Tau at synapses, indicating Tau oligomers might become the dominant toxic 

species at late disease stage (Marcatti et al., 2022). Therefore, Tau induced toxicity 
downstream of Aβ pathology could explain the Aβ-independent increase of CSF NfL at late 

disease stage. However, the mouse model studied in the present thesis lacks frank Tau 
pathology such as NFT (Sturchler-Pierrat et al., 1997; Radde et al., 2006), although an 

increase in soluble phosphorylated Tau species is observed (Kaeser et al., 2022). 

 

4.1.1.2 Posttranslational modifications 

Posttranslational modifications (PTMs) of proteins, including Tau and Aβ, can have a 

tremendous effect on their stability, structure and function, depending on the type of 
modification as well as the position (Russell et al., 2014). The phosphorylation of Aβ at position 

8 was shown to lead to the formation of pathogenic fibrillar assemblies (Rezaei-Ghaleh et al., 
2016), whereas at position 26, oligomeric assembly was favoured, which was accompanied 

by an increase in neurotoxicity (Kumar et al., 2016). While phosphorylated Aβ was detected in 
human AD brains, its clinical relevance remains to be investigated (Kumar et al., 2011, 2016; 

Rijal Upadhaya et al., 2014). Interestingly, Aβ phosphorylation at position 8 was mainly 
detected in brain specimens of symptomatic AD cases (Rijal Upadhaya et al., 2014). Another 

PTM of Aβ is the N-terminal truncation and pyroglutamination at position 3 of Aβ (pE-Aβ3-x), 
which was recognized as an abundant isoform in AD brains (Saido et al., 1995) and possessed 

higher stability compared to unmodified Aβ (He and Barrow, 1999). Interestingly, pE-Aβ3-42 

together with Aβ42 was shown to form small oligomers with enhanced and tau-dependent 
cytotoxicity in neuronal cell culture (Nussbaum et al., 2012). PTMs specific for late disease 

stages could drive neurodegenerative processes independent of total Aβ deposition.  
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4.1.1.3 Senescence 

Cellular senescence is defined as a permanent arrest of the cell cycle (Hayflick, 1965) and 

was proposed as a contributor to the ageing phenotype (López-Otín et al., 2013). Senescence 
has been associated with AD, whereby its role as a cause or consequence in disease 

pathogenesis is not clear (Saez-Atienzar and Masliah, 2020). In case of a non-lethal, chronic 
and/or severe insult, cells can undergo senescence, a permanent, non-proliferating stage 

(Hayflick, 1965; Song et al., 2005; Spallarossa et al., 2009). There are different stages of 

cellular senescence with specific characteristics. At an early stage, cells exit the cell cycle 
which is accompanied by an altered gene expression profile (Salminen et al., 2012) resulting 

in a senescence-associated secretory phenotype (SASP) (Coppé et al., 2008). This SASP is 
a hallmark of full-senescent cells and is characterized by cell secretion of pro-inflammatory 

molecules (Coppé et al., 2008; Salminen et al., 2012). Components of the SASP can provoke 
pathological changes in the surrounding tissue and impaired clearance of chronic senescent 

cells has been associated with neurodegeneration (Van Deursen, 2014). 

The senescent inducing factor was shown to be heterogeneous (Sharpless and Sherr, 2015; 

Hernandez-Segura et al., 2017). Experimental data indicate that protein aggregation of Aβ and 
Tau are tightly associated with cellular senescence. For instance, in an amyloid plaque bearing 

mouse model, senescent oligodendrocyte progenitor cells were observed to accumulate 

around Aβ plaques (Zhang et al., 2019) and in a mouse model for tau-dependent 
neurodegeneration, senescent astrocytes and microglia were present (Bussian et al., 2018). 

Furthermore, NFT-bearing neurons isolated from postmortem AD patients revealed 
transcriptional profiles corresponding to senescence (Musi et al., 2018). Therapeutic removal 

of senescent cells reduced neuroinflammation without affecting Aβ plaque load (Zhang et al., 
2019), had beneficial effects on gliosis and Tau pathology (Bussian et al., 2018) and reduced 

neuronal loss (Musi et al., 2018). Impaired immune surveillance was shown to contribute to 
the accumulation of senescent cells in ageing (Ovadya et al., 2018). The accumulation of 

senescent cells also referred to as primary senescence, is hypothesized to impair cell 
homeostasis, leaving the tissue more vulnerable to disease and other insults which in turn 

might induce a second wave of senescence (Childs et al., 2015). Whether Aβ oligomers, fibrils, 

posttranslational-modified Aβ and/or a non-Aβ entity such as Tau act as an initiator for chronic 
senescence in the course of AD remains to be investigated. Although neuronal cell death is a 

well-established hallmark of neurodegenerative diseases, the mode of cell death underlying 
neurodegeneration remains undefined (Moujalled et al., 2021).  
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4.1.2 Chances and limitations of the hypothetical two-phase model 

The hypothetical two-phase model is in line with the broadly accepted assumption that Aβ 

targeting approaches are most promising at an early disease stage (Golde et al., 2018). 
However, this hypothetical two-phase model appears short to mechanistically fully explain the 

observed uncoupling of Aβ deposition and CSF NfL along disease progression. Nevertheless, 
the concept of an individual critical threshold, offers an explanation for the high variability in 

clinical disease onset (Reitz et al., 2020; Ayodele et al., 2021) and the discrepancy in age at 

onset in siblings with the same inheritance of AD (Gómez-Tortosa et al., 2007). Risk factors 
such as air pollution (Shi et al., 2021a) and lifestyle (Deckers et al., 2020) which have been 

indirectly associated with AD, might determine a patients’ individual critical threshold for phase 
transmission. It should be noted, that the general concept of a specific threshold in 

neurodegenerative disease has been introduced by various threshold theories for AD and PD 
(Satz, 1993). A theoretical construct similar to the hypothetical two-phase model was 

postulated and characterised by brain ‘resistance’ and ‘resilience’ (Arenaza-Urquijo and 
Vemuri, 2018). ‘Resistance’ defines the brains’ ability to prevent pathology and ‘resilience’ the 

capacity to cope with pathology. Both would depend on contributing factors such as lifestyles, 
education and/or metabolic processes (Arenaza-Urquijo and Vemuri, 2018). This concept of 

brain resistance and resilience matches the idea of an individual capacity (critical threshold) to 

withstand disease onset.  

A detailed mechanistic evaluation of such theoretical models appears important for further 

studies. Determination of Aβ seeding activity in humans is methodically challenging since there 
is no indication of Aβ seeding activity in human body fluids such as blood (Edgren et al., 2016) 

and CSF (Fritschi et al., 2014). Data indicate that Aβ plaque load by PET is not a measure for 
disease progression and Aβ CSF biomarker and Aβ PET in fact might reflect different 

pathological processes (Chhatwal et al., 2022). Therefore, to directly measure the Aβ seeding 
activity, in vitro fibrilization assays such as the Fibrillization of Recombinant Aβ Nucleation 

Kinetic (FRANK) assay (Nagarathinam et al., 2013; Groh et al., 2017) or in vivo end-point 
titration assay (Ye et al., 2017), using Aβ harbouring brain material would be required. These 

methodical limitations impede longitudinal studies of Aβ seeding activity and correlations with 

the clinical presentation in AD patients. However, such longitudinal AD biomarker trajectories 
with regard to Aβ seeding activity would be inevitable to test the hypothetical two-phase model 

in humans. Patients carrying a causative mutation for AD without biomarker changes according 
to the A/T/N schema (Jack et al., 2016) would be the most suitable participants for such as 

clinical study.  
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Naturally, the speculations in the present thesis await further investigations. Until then, the 

present thesis points towards a promising treatment opportunity where early reduction of Aβ 
below a certain threshold putatively enables the diminishment of secondary pathologies which 

once triggered most likely are not reversible.  
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7 Abbreviations 

Aβ     Amyloid-β 
AD     Alzheimer’s disease 
ADAM     A disintegrin and metalloprotease 
AIDC     Intracellular domain of amyloid precursor protein 
APH-1     Anterior pharynx-defective 1 
APP     Amyloid precursor protein 
ARIA     Amyloid-related imaging abnormalities 
ARPA     Antibody recognition profiling of Aβ assemblies 
BACE1    Beta-site amyloid precursor protein cleaving enzyme 1 
CAA     Cerebral amyloid angiopathy  
CJD     Creutzfeldt-Jakob disease 
CSF     Cerebrospinal fluid 
CTFα      Carboxyl-terminal fragment α 
CTFβ     Carboxyl-terminal fragment β 
DAM     Disease-associate microglia 
EOAD     Early-onset Alzheimer’s disease 
fAD     Familial Alzheimer’s disease 
GSK3     Glycogen synthase kinase 3 
IgG     Immunoglobulin G 
IP     Immunoprecipitation 
LOAD     Late-onset Alzheimer’s disease 
NfH     Neurofilament heavy 
NfL     Neurofilament light 
NfM     Neurofilament middle 
NFT     Neurofibrillary tangles  
NP     Neuritic plaques 
NT     Neuropil threads  
PEN2     Presenilin enhancer 2 
PET     Positron emission tomography 
PHF     Paired helical filaments 
PiB     Pittsburgh compound B 
PrPC     Cellular prion protein 
PrPL     Toxic prion protein 
PrPSc     Disease-associated prion protein  
PS1     Presenilin-1 



 - 104 - 

PS2     Presenilin-2 
PTM     Posttranslational modification 
sAD     Sporadic Alzheimer’s disease 
sAPPα     Soluble amyloid precursor protein α 
sAPPβ     Soluble amyloid precursor protein β 
SD50     Seeding dose 50 
sTrem2    Soluble triggering receptor expressed on myeloid cells 2 
TGN     Trans-Golgi network 
Trem2     Triggering receptor expressed on myeloid cells 2 
WT     Transgene-negative mice 
 
 

 


