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Eine Perspektive auf die Alzheimer’sche Erkrankung:

Der Panther
Sein Blick ist vom Vorübergehen der Stäbe
so müd geworden, dass er nichts mehr hält.
Ihm ist, als ob es tausend Stäbe gäbe
und hinter tausend Stäben keine Welt.
Der weiche Gang geschmeidig starker Schritte,
der sich im allerkleinsten Kreise dreht,
ist wie ein Tanz von Kraft um eine Mitte,
in der betäubt ein großer Wille steht.
Nur manchmal schiebt der Vorhang der Pupille
sich lautlos auf -. Dann geht ein Bild hinein,
geht durch der Glieder angespannte Stille und hört im Herzen auf zu sein.
Rainer Maria Rilke
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Abstract

Abstract
Alzheimer’s disease (AD) is the leading form of dementia affecting approximately 35 million
people worldwide. So far, only symptomatic treatment is approved which does not change the
course of the disease. Over the last years, prevention trials for AD started to rise new hope for
effective therapies based on the knowledge that changes in amyloid-β (Aβ) levels can be
detected more than two decades before symptom onset. However, the most beneficial timepoint
for early intervention and the best treatment strategies remain unknown. We examined the
concepts of β-site amyloid precursor protein cleaving enzyme 1 (BACE1) inhibition and
anti-Aβ immunization as prevention strategies. In the first study of this thesis, the optimal
timepoint for intervention during pathogenesis was determined. Amyloid precursor protein
(APP) transgenic mice were treated for three months with a potent BACE1 inhibitor at an early,
intermediate or late stage of pathology or chronically for either half-lifelong or lifelong
duration. Effects on neurodegeneration and associated pathologies were established. In the
second study, well described anti-Aβ antibodies were applied to APP transgenic mice at initial
stage of β-amyloidosis. Their ability to neutralize seeding-active Aβ assemblies was
investigated in order to assess preventive effects at sub-threshold Aβ levels before Aβ increase
can be detected. Furthermore, antibody recognition profiles using size-fractionated brainderived Aβ assemblies were established. In the first study, early BACE1 inhibition robustly
reduced Aβ deposition and halted neurodegeneration, whereas at later stages of pathology,
neurodegeneration became uncoupled of β-amyloidosis. In the second study, acute
immunization with an anti-Aβ antibody led to a long-term significant reduction of Aβ
deposition and downstream pathologies, demonstrating the presence of pathogenic Aβ seeds
before Aβ deposition can be detected. Findings imply that preclinical therapy should shift to
initial stages of Aβ dyshomeostasis before β-amyloid deposition is detectable. This primary
prevention approach may forestall further seed formation and neurodegeneration, thereby
preventing the onset of AD.
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1 Introduction
1.1 Alzheimer’s disease – the importance for cure
Alzheimer’s disease (AD) is the most common form of dementia, accounting for 60 to 80
percent of all dementia cases, with increasing numbers. AD is a progressive disease
characterized by symptoms as memory loss, deficits in language, depression, apathy, abnormal
motor behavior and further cognitive abnormalities, which worsen over the years (Bruen et al.,
2008; Selkoe, 2012). Nowadays, our population becomes older and older, and life expectancy
is estimated to increase further based on medical, environmental and social advantages (Ortman
et al., 2014). Age is the greatest risk factor for AD, the majority of affected individuals is 65
years or above. Therefore, AD gains massive importance in future demographical changes as
well as increasing costs for appropriate care. By 2060, more than 15 million people in the United
States are predicted to suffer from this devastating disease (Brookmeyer et al., 2018). So far,
AD is the 6th leading cause of death in United States and 5th most frequent cause for people
above 65 (Heron, 2018). Recorded deaths through AD increase every year. In parallel, care cost
for people with AD will increase from $290 billion (2019) to more than $1.1 trillion in 2050
(Alzheimer Association, 2019). Over the last years, research progress in various fields was able
to significantly cause improvements in general health and survival. Death after heart disease,
the number one cause of death, could be decreased by nine percent. Despite, numbers for AD
have more than doubled with no definite cure by now (U.S. Department of Health and Human
Services, Centers for Disease Control and Prevention; Tejada-Vera, 2013).

1.2 The amyloid hypothesis – an explanation for pathology
In 1906, the psychiatrist and neuropathologist Alois Alzheimer described two neuropathological brain abnormalities related to AD, namely extracellular Aβ plaques and
intracellular neurofibrillary tangles. Extracellular plaques consist of the aggregated Aβ peptide
which is the cleavage product of APP by two different proteases. In a first step, APP is cleaved
by BACE1, which has been discovered to be the β-secretase at the extracellular site as depicted
in in Figure 2 (Hussain et al., 1999; Sinha et al., 1999; Vassar et al., 1999; Yan et al., 1999).
The resulting membrane-bound C-99 fragment consists of 99 amino acids and serves as a
substrate for the γ-secretase complex. This protein complex is composed of the catalytic subunit
presenilin 1/2 (PSEN1/2), nicastrin, anterior pharynx-defective phenotype 1 and the PS
enhancer 2, producing Aβ fragments of different lengths (De Strooper et al., 1998; Cai et al.,
2
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2001). The Aβ structure consists of β-strand-turn-β-strand motifs. Dependent on the state of
self-aggregation, parallel or anti-parallel β-sheet structures are formed and accumulate into
larger fibrils (Cerf et al., 2009). Fibril aggregation results in the amyloid structure which is
defined by a cross-β X-ray pattern, high affinity to the amyloid specific dye Congo Red and a
greenish birefringence pattern under cross-polarized light (Sipe et al., 2010). In healthy
individuals, Aβ is constantly produced during life and persistent clearing mechanisms prevent
its toxic accumulation (Haass et al., 1992). During disease state, altered processing or
overexpression of Aβ cause an imbalance between the production of Aβ and its clearance. This
results in large, insoluble Aβ aggregates and aggregation intermediates which provoke
neuroinflammation, neurotoxicity and neurodegeneration, indicating the Aβ peptide as the key
player in the pathophysiological process of AD. (Hardy and Higgins, 1992; Rovelet-Lecrux et
al., 2006; Masters and Selkoe, 2012).
Neurofibrillary tangles describe the second pathological hallmark of AD, formed by the
microtubule-associated protein tau. Under normal conditions, the phosphorylation status of tau
regulates axonal stability (Cleveland et al., 1977). In AD, hyperphosphorylated tau selfaggregates into large tangles and disturbs its interaction with the microtubules (Weingarten et
al., 1975). Aβ pathological changes have been demonstrated to precede tau pathology in
humans and mice in the presence of an APP-related mutation, pointing once more at Aβ as the
trigger for AD (Lewis et al., 2001; Bateman et al., 2012). Conversely, mutation-based tau
accumulation does not lead to Aβ pathology (Selkoe and Hardy, 2016). However, Aβ-initiated
pathogenic misfolding of tau is able to enhance certain downstream pathology (Maruyama et
al., 2013).
Over the last years, studies demonstrated that the pathological initiation of AD starts more than
20 years before first clinical symptoms are expected to develop (Jack et al., 2009; Bateman et
al., 2012; Reiman et al., 2012; Villemagne et al., 2013; Gordon et al., 2018). At this preclinical
stage, initial dysfunctions in the brain are counterbalanced. At later symptom onset, the brain
is no longer able to compensate for pathological processes and massive neuronal damage,
leading to subtle, but progressing cognitive decline (Alzheimer Association, 2019).
The evolving clinical phenotype of AD can be categorized into three different, consecutive
stages. The major characteristic of the mild disease stage (mild cognitive impairment; MCI) is
that affected individual show greater cognitive decline than expected for patients age. But at
this stage, daily activity is not affected, yet (Roberts and Knopman, 2013). Individuals
3
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diagnosed with MCI show a 32 percent risk to develop AD at later stage (Ward et al., 2013).
Patients at the moderate and severe disease stages are strongly marked by deficits in cognition
and impairment of daily life up until bedridden conditions (Albert et al., 2011; Jack et al., 2011;
McKhann et al., 2011; Sperling et al., 2011a).

1.2.1 Templated misfolding of Aβ
In 1982, Prusiner first described the templated misfolding and self-propagation of proteins as
the pathogenic event in the proteinaceous infectious particles (prion) paradigm (Prusiner,
1982). This paradigm revealed the process of misfolded, highly infectious prion proteins (PrP)
that force naïve PrPs into the same aberrant and self-propagating shape (Jarrett and Lansbury,
1993; Prusiner, 2013). PrPs cause many devastating human diseases, e.g. Creutzfeldt-Jacob
disease, Gerstmann-Sträussler-Scheinker disease and kuru. But, prion-caused abnormalities
were also detected in other species, as PrPs provoked scrapie in sheep as well as bovine
spongiform encephalopathy in cows (Prusiner, 1998; Collins et al., 2004).
Similar to prion disease, Aβ oligomers in AD serve as a toxic seed to cause further Aβ to
aggregate during the process of amyloid formation (Jucker and Walker, 2018). Previous in vitro
studies suggest to subdivide the formation of amyloidogenic deposits into three different stages:
First, misfolded Aβ oligomers cause further Aβ species to accumulate and aggregate during the
lag phase of amyloid formation. Exponential growth of these oligomers and simultaneous
formation of amyloid fibrils promote amyloid growth. The latest phase forms a plateau. This
period is defined by a steady-state equilibrium and no net growth due to breakage of fibrillary
Aβ into new seeds (Jarrett and Lansbury, 1993; Kawarabayashi et al., 2001; Das et al., 2012).
The pathogenic nature of Aβ seeds was demonstrated by decreased memory function in rats
after application of isolated small oligomers from AD brains (Jarrett and Lansbury, 1993;
Shankar et al., 2008). In accordance, a selective ELISA determined oligomeric Aβ in
individuals who were either clinically normal or demented. Although all brains showed similar
plaque densities, larger amounts of oligomeric Aβ species were present in demented cases
(Esparza et al., 2013). Furthermore, transgenic mice revealed significant learning deficits after
exposure of neurons to Aβ seeds (Zhao et al., 2017b). Findings indicate that neither massive
Aβ aggregates nor monomers but rather soluble oligomeric seeds might be most responsible for
pathophysiological changes and memory deficits in AD.

4

Introduction

Decades of research revealed that Aβ seeds show prion-like characteristics in the context of AD
(Jucker and Walker, 2013, 2018; Walker, 2018; Aoyagi et al., 2019). In APP transgenic mice,
Aβ deposition was induced in vivo by a prion-like mechanism after inoculation of murine or
human Aβ seeds (Kane et al., 2000; Meyer-Luehmann et al., 2006). In APP transgenic mouse
models and AD patients, Aβ seeding activity of self-propagating Aβ oligomers was most potent
in the earliest stages of pathogenesis. The seeding activity declined with advancing age and
with increased progression of disease (Ye et al., 2017; Aoyagi et al., 2019). Further evidence
for a prion-like disease is based on findings which demonstrated the transmissibility of Aβ in
humans. Individuals, who received growth hormones from pituitary glands in adolescence or
dura mater transplantation from human cadavers, reveal massive Aβ pathology in brain based
on human-to-human iatrogenic transmissibility of Aβ seeds (Jaunmuktane et al., 2015; Rudge
et al., 2015; Frontzek et al., 2016; Hamaguchi et al., 2016).

1.3 Deterministic genes and risk factors – possible triggers for disease
Less than one percent of all AD cases are induced by dominantly inherited mutations in APP,
PSEN1 or PSEN2. These familial forms of AD strongly support the amyloid hypothesis with
Aβ being the initial trigger of disease (Hardy and Higgins, 1992; Karran et al., 2011). Affected
individuals tend to develop symptom onset already at mid-life. So far, more than 200
detrimental, autosomal dominant mutations have been identified, mostly accumulating near the
β- or γ-cleavage site of APP to alter Aβ production. Furthermore, the APP gene is located on
chromosome 21, causing increased Aβ production in individuals with Down Syndrome who
have one additional copy of chromosome 21 (Alzheimer Association, 2019).
Risk factors that elevate the chance to develop AD are diverse. Individuals carrying the e4 allele
of the apolipoprotein E (APOE) are more likely to come down with AD due to impaired
clearance of soluble Aβ (Corder et al., 1993; Castellano et al., 2011). Two copies of the e4 allele
increase the risk by 8- to 12-fold, often accompanied by early onset of the disease (Saunders et
al., 1993; Farrer et al., 1997).
One further risk factor is expressed on microglial cells. In AD, microglial immune response to
deposition and increased phagocytosis of Aβ lesions is strongly mediated by triggering receptor
expressed on myeloid cells 2 (TREM2) expression as part of the innate immune system
(Kleinberger et al., 2014; Selkoe and Hardy, 2016; Keren-Shaul et al., 2017; Mazaheri et al.,
2017). TREM2 is highly associated with an increased risk for AD shown by decreased numbers
5

Introduction

of recruited microglia to Aβ lesions after deletion of one TREM2 allele (Jonsson et al., 2013;
Ulrich et al., 2014). TREM2 is a transmembrane immune receptor mainly expressed by
microglia and is proteolytically cleaved by a disintegrin and metalloprotease 10 and 17
(ADAM10 and ADAM17), two α-secretases, causing the production of soluble TREM2
(sTREM2) (Schmid et al., 2002; Feuerbach et al., 2017; Jay et al., 2017; Schlepckow et al.,
2017; Thornton et al., 2017). Increased levels of sTREM2 during Aβ deposition have been
detected in the cerebrospinal fluid (CSF) from individuals carrying autosomal dominant
mutations for AD. sTREM2 levels correlate well with other neuronal injury markers suggesting
a potential role of the shed ectodomain in the context of biomarker research (Heslegrave et al.,
2016; Piccio et al., 2016; Suárez-Calvet et al., 2016a, 2016b; Zhong et al., 2017, 2019).
sTREM2 promotes the microglial inflammatory response by proliferation, recruitment to Aβ
lesions and increased Aβ phagocytosis, supporting TREM2 as a potential target for
therapeutical approaches (Zhong et al., 2017, 2019).
Besides, individuals with a positive AD family history are on high risk (Fratiglioni et al., 1993;
Lautenschlager et al., 1996; Green et al., 2002). If first-degree relatives were diagnosed with
AD, individuals are more likely to develop this disease (Loy et al., 2014; Gordon et al., 2018).
However, the most common risk factor for AD is age (Hebert et al., 2010, 2013). Nowadays,
three percent of people at the ages of 65 to 74 have AD, whereas people at the age of 85 or
above are at a 32 percent risk (Hebert et al., 2013). The major share (> 99 percent) of all AD
cases is characterized by a late onset of symptoms and a sporadic origin of Aβ dyshomeostasis
(Ballard et al., 2011; Selkoe and Hardy, 2016).
Surprisingly, a few years ago, Jonsson et al. found a beneficial missense mutation that protects
from cognitive decline by decreasing BACE1 cleavage of APP. The mutation alleviates Aβ
production by up to 40 percent and alters Aβ aggregation properties. Mutation carriers show a
lifelong protection from AD which additionally supports the amyloid hypothesis (Jonsson et
al., 2012; Benilova et al., 2014; Zheng et al., 2015).
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1.4 Aβ – a therapeutic target for potential intervention
So far, the U.S. Food and Drug Administration (FDA) has approved six drugs for the treatment
of AD — Galantamine, Donepezil, Rivastigmine, Memantine, Memantine combined with
Donepezil, and Tacrine, however, Tacrine has been discontinued in the United States since
2013 (Cummings et al., 2014; Gupta, 2014; Alzheimer Association, 2019). All of these drugs,
except Memantine, are acetylcholine-esterase inhibitors to temporarily decelerate symptom
worsening, preferentially in patients with mild-to-moderate AD (Rogers et al., 1998; Francis et
al., 1999; Hansen et al., 2008; Rodda et al., 2009). During the disease process, the
neurotransmitter acetylcholine becomes depleted causing reduced signal transduction in brain
(Rylett et al., 1983; Nilsson et al., 1986). Along with diagnosis of first cognitive deficits,
acetylcholine-esterase inhibitors can be administered to sustain the remaining signal
transduction. Memantine, an uncompetitive N-methyl-D-aspartate (NMDA)-type glutamate
receptor antagonist, prevents excessive receptor stimulation in order to enhance cognition.
Memantine is preferentially applied to patients at the moderate-to-severe stage (Reisberg et al.,
2003; Witt et al., 2004). Unfortunately, none of the present drugs changes the course of disease
progression, rising need for new therapy (Alzheimer Association, 2019). Therefore, many
treatment strategies now focus on Aβ as the key trigger for disease and develop Aβ-limiting
approaches (Hardy and Selkoe, 2002).

1.4.1 Modulation of Aβ production
During the pathogenesis of AD, accumulation of toxic Aβ species seems to be a critical event.
Therefore, reduction of Aβ before toxic seeds have formed might prevent the formation of Aβ
amyloids. The de novo production of soluble Aβ fragments requires the functionality of BACE1
and the γ-secretase. Thus, inhibition or modulation of secretase activity tends to be a promising
disease-modifying therapy for AD. The γ-secretase complex cleaves the C-99 fragment at the
carboxy-terminal site into the APP intracellular domain (AICD) and an Aβ fragment of variable
length depending on the exact γ-secretase cleavage position (Wolfe, 2014). Many clinical trials
have tried to target γ-secretase activity by inhibitors. Within the last years, Semagacestat (Eli
Lilly) and Avagacestat (Bristol) were two of the most promising candidates. But, trials were
stopped due to strong side effects caused by off-target inhibition (Coric et al., 2012; Doody et
al., 2013). Since the γ-secretase has more than 50 substrates, e.g. Notch, all tested inhibitors
missed enhanced substrate selectivity (Kopan and Ilagan, 2004; De Strooper, 2014).
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On this basis, BACE1 as a potential target with less off-target side effects came more into focus
of research for upstream interference with the amyloid cascade (Al-Tel et al., 2011; Coimbra et
al., 2018). Under physiological conditions, neurons show high levels of BACE1 expression,
especially at synaptic terminals compared to other cell types (Deng et al., 2013; Kandalepas et
al., 2013). During disease state, BACE1 is further upregulated by ~2-fold around amyloid
plaques compared to healthy individuals (Fukumoto et al., 2002; Yang et al., 2003; Li et al.,
2004).
Similar to the γ-secretase, BACE1 constitutes a therapeutical target by lowering Aβ production
and thereby inhibiting the formation of seeding active, toxic Aβ species (Ye et al., 2015). But,
safety issues were also raised for BACE inhibitors. The secretase has two isoforms, namely
BACE1, which is present in the central nervous system, and BACE2, which has 64 % similarity
in amino acids and is a secretase of the peripheral body (Bennett et al., 2000; Laird et al., 2005).
One major challenge of current BACE1 inhibitors is their cross-inhibition of BACE2 (Farzan
et al., 2000). Additionally, BACE1 does not only cleave type 1 membrane proteins similar to
APP, but also more complex forms serve as a substrate. BACE1 knockout mice and their
neurological phenotypes gave hint at a wide range of different BACE1 substrates involved in
normal physiology (Yan and Vassar, 2014; Barão et al., 2016). Aβ production highly relies on
the activity of BACE1. Thus, inhibition of BACE1 in APP transgenic mice has been reported
to reduced soluble Aβ (Roberds et al., 2001; Jacobsen et al., 2014; Ou-Yang et al., 2018).
Importantly, BACE1 is highly expressed during development (Hu et al., 2006; Willem et al.,
2006). Therefore, BACE1 germline knockout mice show a detrimental phenotype. The
myelination process by Schwann cells is disturbed, leading to hypomyelination and failed
protein-protein interaction for axon guidance and neuronal survival in mice (Montag-Sallaz et
al., 2002; Dominguez et al., 2005; Laird et al., 2005; Willem et al., 2006; Hu et al., 2010;
Rajapaksha et al., 2011; Cao et al., 2012; Hitt et al., 2012; Fleck et al., 2013; Barão et al., 2015).
In adult conditional knock-out mice, effects on myelination are absent but reduced length and
disorganization of hippocampal mossy fiber intrapyramidal bundles by reduced cleavage of the
axon guidance protein close homolog of L1 (CHL1) can be observed (Salzer, 2012; Ou-Yang
et al., 2018).
BACE2 knockout mice reveal a high expression of this homolog in β cells of the pancreas.
Mice show elevated insulin concentrations combined with improved glucose regulation and βcell mass (Esterházy et al., 2011).

8

Introduction

Despite many negative results gained from BACE knockout experiments, BACE1 inhibition
studies were performed. During the course of BACE1 inhibitor development, many major
challenges aroused. In the beginning, peptide based analogs of APP served as an inhibitor, with
low oral bioavailability, long serum half-life and weak penetration of the blood brain barrier
(BBB) (Hong et al., 2002). Improvements in research generated highly lipophilic small
molecule inhibitors with advantages in BBB crossing. Unfortunately, these compounds served
as a substrate for the efflux pump, preventing high inhibitor concentrations in brain. However,
current third generation BACE1 inhibitors show enhanced pharmacokinetics and robustly
remove Aβ in brain, allowing the application in clinical trials (Evin et al., 2011; Probst and Xu,
2012).
BACE1 inhibitor studies were conducted in different transgenic mouse models for cerebral
β-amyloidosis and revealed beneficial effects after partial and transient inhibition by reducing
the production of soluble Aβ in brain to baseline levels (Neumann et al., 2015; Bacioglu et al.,
2016). BACE1 inhibition normalized behavioral deficits and alleviated neuroinflammatory
responses (Lazic et al., 2019). Side effects have been reported in wildtype (wt) mice after longterm BACE1 inhibition. In detail, deficits in spine density and formation, long-term
potentiation and cognition were demonstrated (Filser et al., 2015; Zhu et al., 2018).
Many BACE1 inhibitor studies in APP transgenic mice were performed with the well
characterized BACE1 inhibitor NB-360 (Novartis). NB-360 is a very potent small molecule
(third generation) inhibitor with excellent brain penetration, improved metabolism and no
inhibition of cathepsin D and E (CatD/E) to avoid retinal toxicity (Fielden et al., 2015). The
compound does not show a major increase in efflux rate by the p-glycoprotein but declines in
parallel in brain and blood over time. NB-360 BACE inhibition completely blocks the process
of Aβ increase in APP transgenic mice, rats and dogs in a dose- and time-dependent manner
(Neumann et al., 2015). High levels of NB-360 (13 mg/kg) inhibited soluble brain Aβ40 in
depositing mice by more than 90%. Similarly, Aβ increase in CSF was prevented by 80% after
single treatment (Neumann et al., 2015). Even pre-depositing mice showed similar results
(Neumann et al., 2015). Extended NB-360 treatment for six months was performed in APP
transgenic mice and reduced Aβ deposition by more than 70% and brain Aβ levels by more
than 90% compared to age-matched controls (Bacioglu et al., 2016).
Unfortunately, NB-360 inhibits BACE1 and BACE2 equipotently. Altered BACE2 secretase
activity acts on the pigment cell specific melanocyte protein (PMEL) causing reduced PMEL
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processing based on impaired melanin storage in melanocytes. This leads to irreversible hair
depigmentation in NB-360-treated mice (Cichorek et al., 2013; Rochin et al., 2013; Neumann
et al., 2015; Shimshek et al., 2016). Nevertheless, NB-360 seems to be able to mimic beneficial
results and mechanism-based side effects of BACE1 inhibitor treatment in humans, which are
described in the next chapter (Neumann et al., 2015; Shimshek et al., 2016).
In a different mouse model for β-amyloidosis, BACE1 inhibition upregulated α-secretase
activity (Neumann et al., 2015). The α-secretase is responsible for the non-amyloidogenic
processing of APP. This secretase cleaves APP within the Aβ sequence, thereby preventing the
production of toxic Aβ. As a proof of principle, a mutation in ADAM10, which is the most
prominent α-secretase in neurons, has been shown to decrease its activity and causes higher Aβ
production by BACE1 (Kuhn et al., 2010; Suh et al., 2013). Some therapeutical approaches try
to push the non-amyloidogenic pathway by upregulation of the α-secretase. Treatment of mice
with this sort of modulators has been shown to increase cognition and reduce plaques. But, offtarget effects again play a major detrimental role (Lichtenthaler, 2011).

1.4.1.1 BACE1 inhibition in symptomatic AD patients
Nowadays, BACE1 inhibition is a major therapeutic strategy and led to many advanced clinical
BACE1 inhibitor trials in mild-to-moderate AD patients. However, all trials thus far failed to
meet their primary endpoint, namely beneficial effects on cognition (Hawkes, 2017; Egan et
al., 2018, 2019; Honig et al., 2018; Mullane and Williams, 2018). In the next paragraph, past
most advanced BACE1 inhibitor trials are examined.
One promising candidate was the BACE1 inhibitor Verubecestat (Merck & Co. Inc.) exhibiting
good tolerability. Unfortunately, Verubecestat inhibited BACE2 to a great extent. This went
along with hair depigmentation and limited brain penetration (Cebers et al., 2016; Kennedy et
al., 2016; Egan et al., 2018). Verubecestat robustly reduced CSF Aβ in mild-to-moderate AD
patients. But, phase 3 clinical trials failed to cause effects on disease progression and were
haltered for futility at interim analysis (Kennedy et al., 2016; Egan et al., 2018). In individuals
with MCI, Verubecestat was able to cause significant reduction of brain amyloid, which was
shown by Positron Emission Tomography (PET) and reduced CSF Aβ by more than 60%. But,
subjects showed an unexpected increase in worsening of cognition (Egan et al., 2019).
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The second promising and very advanced inhibitor was Lanabecestat (AstraZeneca/Eli Lilly &
Co). This BACE1 inhibitor demonstrated a dose- and time-dependent reduction of CSF, plasma
and brain Aβ40 and Aβ42 in mice, guinea pigs and dogs. Unfortunately, limited selectivity of
BACE1 caused hair discoloration, weight loss and cognitive worsening in subjects of a phase
3 trial and primary outcomes were missed (Streffer et al., 2016; Janssen, 2018; Henley et al.,
2019; Wessels et al., 2019). For both Verubecestat and Lanabecestat, off-targeting suggested
major effects on the outcome.
Therefore, great hope was placed for the BACE1 inhibitor Elenbecestat (Biogen/Eisai Co.),
which had an approximately 3-fold higher affinity for BACE1 over BACE2, thereby preventing
hair depigmentation and minimizing potential adverse effects by off-target inhibition. Previous
phase 2 studies revealed good safety, tolerability and robust reduction of brain amyloid (Lynch
et al., 2018). In 2016, two promising phase 3 trials (MISSION AD1/AD2) started in subjects
with biomarker-confirmed MCI. Primary outcomes aimed at benefits in cognition.
Unfortunately, both mission trials were discontinued in September of 2019 due to unfavorable
risks (Eisai and Biogen, 2019).

1.4.2 Aβ elimination by immunization
Chronic neuroinflammation is one prominent characteristic of AD caused by massive brain Aβ
load (Newcombe et al., 2018). During disease progression, the increasing imbalance between
Aβ production and its clearance causes microgliosis, but activated microglia fail to remove
arising debris (Hardy and Higgins, 1992; Butovsky and Weiner, 2018; Alzheimer Association,
2019). Therapy that is directly aimed at increased clearance by microglia, e.g. by nonsteroidal
anti-inflammatory drugs, constitutes a potential treatment target (Gupta et al., 2015).
Therapeutic importance of microglia in the context of disease progression was recently shown
in tau transgenic-ApoE4 mice. Depletion of microglia prevented neurodegeneration in these
mice. Results suggest microglia-mediated innate immune response as the major driver for
neurodegeneration rather than direct neurotoxicity from tau pathology (Kemal and Vassar,
2019; Shi et al., 2019).
With regard to potential treatment of AD, the removal of various Aβ species from the brain by
immunotherapy is suggested to be a major therapeutic strategy. Many immunization studies
cause an Fc receptor-mediated removal of brain Aβ by upregulation of the immune response
(Bard et al., 2000; DeMattos et al., 2012; Yoon and Jo, 2012; Fuller et al., 2014). Besides active
11

Introduction

vaccination, many present therapeutical strategies use passive immunization to promote
antibody-mediated clearance of Aβ. In general, Aβ-targeting antibodies can be divided into two
groups regarding their binding affinity to different Aβ species. Some antibodies target rather
soluble Aβ, whereas others can interact with aggregated, insoluble forms of Aβ. Besides,
antibodies which target truncated forms of Aβ, e.g. amino-terminally pyroglutamate-modified
Aβ, have been generated (Nussbaum et al., 2012). Antibody binding to Aβ causes increased
clearance presumably by the activation of microglia-mediated amyloid degradation (Bard et al.,
2000; DeMattos et al., 2012). However, several recent clinical trials of anti-Ab antibodies in
patients with mild-to-moderate AD have been stopped due to lack of efficacy. Other reasons
for discontinuation were side effects like cerebral hemorrhages of amyloid-laden vessels
(Pfeifer et al., 2002). In AD patients, these Amyloid-Related Imaging Abnormalities (ARIA)
can be detected during Magnetic Resonance Imaging (MRI) (Sperling et al., 2011c).

1.4.2.1 Immunization studies in symptomatic AD patients
Anti-Aβ immunization constitutes a further promising therapeutic strategy in order to modify
disease progression. In the beginning, active immunization to promote anti-Aβ antibody
production was intensively tested in clinical trials. Unfortunately, applied antigens led to severe
side effects. One example of active immunization is the compound AN-1792 (Janssen
Pharmaceutica/Pfizer Inc.), which indeed revealed a post mortem reduction of Aβ deposition.
But, this drug additionally induced meningeal inflammation in a phase 2 study and therefore
was discontinued (Gilman et al., 2005; Serrano-Pozo et al., 2010).
As a result, passive immunization moved more into the focus of research, expecting less
pronounced adverse events and better tolerability (Graham et al., 2017). Selected most
promising antibodies are listed below.
Solanezumab (Eli Lilly & Co.) is a humanized IgG1 monoclonal antibody and binds to the middomain of Aβ. It recognizes soluble, monomeric Aβ, stabilizes these Aβ species and prevents
the formation of neurotoxic Aβ aggregates (Yamada et al., 2009). m266, the murine version of
Solanezumab, diminished memory decline in mice, but no effect on Aβ plaque load could be
detected (Dodart et al., 2002). In AD patients, Solanezumab caused a dose-dependent elevation
of CSF and plasma Aβ (Farlow et al., 2012; Uenaka et al., 2012). Two phase 3 studies
(EXPEDITION 1/2) in subjects with mild-to-moderate AD confirmed the increase in CSF and
plasma total Aβ after immunization. Unfortunately, no beneficial effect on cognition was
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reached, leading to the discontinuation of the Solanezumab study arm (Doody et al., 2014).
Even earlier treatment of individuals with biomarker-confirmed mild AD in the phase 3
EXPEDITION 3 trial failed to achieve improvements in the primary cognition outcome.
Additionally, Solanezumab did not reduce brain Aβ in PET (Siemers et al., 2016; Honig et al.,
2018).
Crenezumab (Genentech Inc.) is a humanized monoclonal IgG4 antibody. The antibody binds
multiple Aβ species but has highest affinity for oligomers, fibrils and aggregated assemblies
thereby promoting disaggregation (Adolfsson et al., 2012; Ultsch et al., 2016; Zhao et al.,
2017a). Unfortunately, phase 2 studies did not show beneficial results (Cummings et al., 2018;
Salloway et al., 2018). In January 2019, two phase 3 trials (CREAD1/2) in subjects with mild
AD were discontinued based on results from interim analysis. The analysis indicated that
Crenezumab will not meet primary study outcomes (ClinicalTrials.gov Identifier:
NCT02670083 and NCT03114657).
Although most antibodies have failed to achieve their primary and secondary endpoints, some
trials in symptomatic subjects are still ongoing. The following antibodies stir up hope for
treatment success.
Donanemab (Eli Lilly & Co.) is a humanized IgG1 monoclonal antibody and binds
pyroglutatmate-modified Aβ species (Alzforum). In mice, pyroglutamate-Aβ has been shown
to accumulate at late stages of disease progression (DeMattos et al., 2012). Immunization
studies in individuals with mild-to-moderate AD demonstrated reduced plaque load and Aβ
PET signal. Some cases showed evidence for ARIA-hemosiderin (ARIA-H). Safety,
tolerability and the efficacy of this antibody in early symptomatic AD are now investigated in
an ongoing phase 2 trial (TRAILBLAZER-ALZ), which will be completed in 2021
(ClinicalTrials.gov Identifier: NCT03367403).
BAN2401 (Biogen/Eisai Co., Ltd.) is a humanized monoclonal IgG1 antibody and binds large
soluble Aβ protofibrils. In APP transgenic mice, the murine version of this antibody (mAb158)
was able to reduce Aβ protofibrils in CSF and brain (Tucker et al., 2015). In March 2019, a
phase 3 trial (CLARITY AD) started to enroll individuals with early symptomatic AD. The
core study focusses on changes in cognition as a primary outcome, but the extension phase
additionally gives attention to biomarker changes, e.g. CSF Neurofilament light chain (NfL)
and CSF Aβ as the primary outcome. This trial is one of the few trials, that is still recruiting
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subjects, raising the chance for future successful intervention (ClinicalTrials.gov Identifier:
NCT03887455).
The third seminal antibody in trial is Gantenerumab (Chugai Pharmaceutical Co., Ltd.,
Hoffmann-La Roche), which is a fully human recombinant monoclonal IgG1 antibody. The
antibody binds to the amino-terminus of Aβ thereby preferentially binding oligomers and
fibrils, but monomers to a less extent (Bohrmann et al., 2012). In patients with mild-to-moderate
AD, Gantenerumab reduced brain Aβ amyloid burden in a dose-dependent manner (Ostrowitzki
et al., 2012). Investigations in subjects with mild AD were performed in three phase 3 trials
(Marguerite RoAD, GRADUATE1/2) and revealed a high safety profile at high doses.
Unfortunately, Marguerite RoAD was discontinued due to failed interim futility analysis, but
the two GRADUATE trials remain ongoing (Abi-Saab et al., 2017; ClinicalTrials.gov
Identifier: NCT03444870 and NCT03443973).
Latest surprise was the outcome of the antibody Aducanumab (Biogen Inc.). Aducanumab is a
recombinant human IgG1 antibody obtained from healthy old individuals. The antibody binds
a conformational epitope of Aβ at the amino-terminus with a >10,000-fold selectivity of
soluble Aβ aggregates and insoluble fibrils over monomers based on avidity effects (Sevigny
et al., 2016; Arndt et al., 2018). In APP transgenic mice, the murine version of Aducanumab
(cmAducanumab) reduced brain Aβ load in young, but not in aged mice (Kastanenka et al.,
2016). In two identical phase 3 trials (ENGAGE and EMERGE) which enrolled individuals
with prodromal AD confirmed by a positive florbetapir PET, the antibody reduced brain
amyloid in a dose-and time-dependent manner and also slowed cognitive decline by a decrease
in the Clinical Dementia Rating-Sum of Boxes (CDR-SB) score compared to baseline.
Unfortunately, Aducanumab induced ARIA-Edema (ARIA-E) but abnormalities did not evoke
symptoms (Sevigny et al., 2016). However, in May 2019, Biogen and Eisai decided to terminate
the ongoing ENGAGE and EMERGE studies based on interim analysis, which revealed that
these studies are unlikely to meet their primary endpoints. Surprisingly, in October 2019,
Biogen announced that prior analyses of a subset of the cohort led to incorrect results of the
futility analysis. According to latest outcomes including a larger data set, the EMERGE trial
indeed did reduce cognitive decline at the highest dose. ENGAGE trial results were less clear,
but also indicated a tendency for beneficial outcome (Biogen, 2019). On this basis, Biogen now
plans to pursue the FDA regulatory approval for Aducanumab within the next months. If
approved, Aducanumab would be the first approved antibody to alleviate AD cognitive decline
through the removal of pre-existing Aβ burden.
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1.4.3 Lessons learned from Aβ clinical failures
Although the development of BACE1 inhibitors and anti-Aβ immunization therapies resulted
in highly advanced strategies trying to gain control over the progression of AD, no single new
drug was approved after Memantine in 2003 (Panza et al., 2019). For more than 15 years now,
clinical trials fail to find a potent drug and discussed reasons for failure are diverse. Since the
cause of disease still remains poorly understood, this lack of knowledge may hamper the
development of new therapy by incorrect choice of agent, inappropriate drug dosing or low
target engagement and adverse effects as futility (De Strooper, 2014; Karran and Hardy, 2014;
Hsu and Marshall, 2017; Egan et al., 2018; Panza et al., 2019). Outcomes from clinical trials
show a high rate of failure for BACE1 inhibitor trials (Mullard, 2017; Piton et al., 2018;
Cummings et al., 2019). Major problems evolved in the context of efficacy as the reduction of
Aβ production after initiation of deposition showed unfavorable effects on disease progression.
This again raised issues of BACE1 as a suitable therapeutical target (Egan et al., 2018).
Furthermore, crossing of the BBB and inhibitor selectivity over homologous proteases, e.g.
BACE2, and the inhibition of substrates that are necessary for physiological function, present
challenges in BACE1 inhibitor drug development. Thus, failures of BACE1 trials reveal a need
for inhibitors with increased brain penetration along with advanced substrate selectivity.
Similarly, almost two decades ago, the first anti-Aβ vaccine had failed, pronouncing a longlasting sequence of failure in amyloid-based immunotherapies. Many of the studies were
associated with side effects as increased ARIA (e.g. Sperling et al., 2011c; Sevigny et al., 2016).
Especially for immunization studies, failure of trials may be explained by the late initiation of
treatment during the pathogenic process, i.e., when tauopathy, inflammation, neuron loss and
other neurodegenerative sequelae have become pronounced. Another explanation for failure
could be the missing ability of Aβ antibodies to target the most pathogenic Aβ assemblies.
Thus, the inappropriate subject selection along with inadequate outcome measures could
contribute to failure (e.g. Panza et al., 2019). Therefore, younger study cohorts should be
investigated.

15

Introduction

1.5 Prevention by early intervention – the ultimate approach?
Unfortunately, none of the previous clinical trials was able to cause favorable, long-lasting
changes on cognition, indicating that current therapy in symptomatic AD patients might be
applied too late. The process of amyloid deposition has been shown to follow three different
stages, with the lag phase being the rate limiting step (Jarrett and Lansbury, 1993;
Kawarabayashi et al., 2001). For an optimal and long-lasting reduction of Aβ pathology,
disruption and blockage of the initial phase of Aβ aggregation appears most promising, at a
preclinical stage of disease (De Strooper and Karran, 2016; Jack et al., 2018). Nowadays,
cerebral Aβ positivity can be detected at least two decades before signs and symptoms appear
(McDade et al., 2018; Villemagne et al., 2018). However, to determine the time point of initial
aggregation, early detection of biomarker changes is essential allowing the consideration of
secondary prevention, and even earlier primary prevention approaches, as described in the
following paragraphs and in Figure 1.

Figure 1. Different stages of preventive intervention within the continuum of AD. The stage for secondary
prevention is characterized by preclinical intervention when Aβ positivity (and further biomarker changes) can be
detected. More than 15 years prior to symptom onset, primary prevention is applied at sub-threshold Aβ levels to
prevent disease before Aβ dyshomeostasis occurs. Current approaches focus on individuals at genetically
determined high risk for AD (modified from McDade and Bateman, 2017).
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1.5.1 Biomarkers as risk indicators for disease
So far, clear diagnosis of AD was only possible post mortem or at very late disease stage, when
neuropathological lesions and neuronal loss were established (Lane et al., 2018). At this stage,
clinical symptoms and activity deficits in daily living could be evaluated by different criteria
(i.e. Diagnostic and Statistical Manual of Mental Disorders, 5th edition (DSM-V) or National
Institute of Neurological and Communicative Disorders and Stroke – Alzheimer’s Disease and
Related Disorders Association (NINCDS-ADRDA)) and disease was surmised by tentative
diagnosis or exclusion. However, histopathologic evidence was required for definite diagnosis.
Nowadays, diagnosis of AD is no longer based on the clinical phenotype but can be classified
by pathophysiological changes irrespective of the cognitive condition according to the recent
National Institute on Aging – Alzheimer’s Association (NIA-AA) research framework. Thus,
the pre-clinical stage was precisely re-defined enabling the diagnosis at asymptomatic stages.
Individuals are classified as having preclinical AD, if asymptomatic cases show Aβ increase
above a certain threshold. Above this threshold, individuals reach Aβ positivity. Additionally,
new guidelines also underline the importance of Aβ before Aβ positivity is reached, i.e. at
sub-threshold levels (Selkoe and Hardy, 2016; Jack et al., 2018; Bischof and Jacobs, 2019;
Palmqvist et al., 2019). In detail, AD is diagnosed, if changes in Aβ and tau are detected by
fluid biomarkers (Aβ42 or Aβ 42/40 ratio and phosphorylated (p-)tau), or PET imaging reveals
Aβ and parenchymal neurofibrils. Neurodegeneration is claimed to be not specific for AD, but
can support diagnosis by structural MRI,
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F-fluorodeoxyglucose (FDG) PET or CSF total

(t-)tau (Jack et al., 2018).
Reliable biomarkers are highly important to determine the time point of first Aβ aggregation
thereby identifying individuals at risk. This is necessary in order to apply precise and effective
treatment (Sperling et al., 2014a; Knopman, 2019). Furthermore, biomarkers can mirror disease
progression and are able to predict the clinical onset of AD (Preische et al., 2019). In many
diseases, biomarker measurements allow the prediction of drug target engagement and the
response to therapy. Besides, they can be used to detect downstream effects as
neurodegeneration (Novakova et al., 2017; Zetterberg, 2017; Olsson et al., 2019).
Knowledge about the succession of measurable biomarkers during disease progression was
gained from significant changes in their trajectories (Egan et al., 2018; Honig et al., 2018;
Knopman, 2019; Palmqvist et al., 2019; Selkoe, 2019). CSF Aβ42 presents the first detectable
biomarker based on its decline more than two decades before first clinical symptoms appear in
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both early and late onset AD, correlating with first Aβ deposition in brain (Bateman et al., 2012;
Jack et al., 2013; Villemagne et al., 2013; Olsson et al., 2016; Palmqvist et al., 2019). This is
in comply with the amyloid hypothesis which suggests Aβ as the initial trigger accumulating
decades before the clinical stage (Hardy and Higgins, 1992). Also very early, fluid biomarkers
as Aβ42/40 ratio and levels of p-tau and t-tau in CSF are altered. CSF tau has been shown to be
highly linked to Aβ deposition, especially p-tau (Maia et al., 2013; Olsson et al., 2016; Schelle
et al., 2017).
After Aβ deposition is detected via PET, further changes are demonstrated for CSF NfL
(neurodegeneration) as well as CSF neurogranin (synaptic dysfunction) and CSF YKL-40 (glial
activation and neuroinflammation) (Palmqvist et al., 2019). Since PET imaging is very
expensive and CSF sampling by lumbar puncture in humans is an invasive procedure, more
convenient biomarkers are needed. Based on today’s ultrasensitive measurement technologies,
many originally CSF-based biomarkers are now investigated in blood, which is easier
accessible and allows multiple sampling. For Aβ42, Aβ40, Aβ42/40 ratio and p-tau plasma
biomarkers, no difference in their timepoints of change during disease progression has been
shown. But, blood markers exhibit higher variability and lower available levels, resulting in
less clear results (Bacioglu et al., 2016; Zetterberg and Blennow, 2018). Hitherto, the change
of one single biomarker is not enough to clearly predict and monitor disease. Most sensitive
and specific detection of pathological changes can be achieved, if a combination of longitudinal
data from serial PET imaging and different fluid biomarkers is obtained in order to diagnose
AD or exclude other diseases (Zetterberg et al., 2003; Höglund et al., 2015; Jack et al., 2018;
McDade et al., 2018; Preische et al., 2019).
Within the last years, NfL came more to the fore of biomarker research. Together with larger
microtubules and smaller microfilaments, highly phosphorylated and cross-linked NfL builds
up the axonal cytoskeleton. In general, neurofilaments are heteropolymers and can consist of
three different subunits, a heavy, a medium and a light chain (Ishikawa et al., 1968; Petzold,
2005). The structure of all three subunits contains an α-helical rod domain, which is responsible
for assembly, flanked by a non-α-helical head and tail domain. (Geisler et al., 1983; Hisanaga
et al., 1990; Nakamura et al., 1990). During physiological conditions, NfL is abundantly
expressed by large axons and has been proposed to constitute a compound of synapses (Yuan
et al., 2015). Studies in nondemented adults and wt mice revealed a slight NfL increase during
the normal aging process, similar to the age-related association of NfL and cognition (Bacioglu
et al., 2016; Zetterberg et al., 2016; Osborn et al., 2019).
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In neurodegenerative diseases, the expression of NfL is altered based on neuronal damage and
its release into the interstitial fluid and CSF, giving insight into disease progression of various
diseases, not specifically AD (Petzold, 2005; Neselius et al., 2012; Kuhle et al., 2015; Bacioglu
et al., 2016; Rohrer et al., 2016; Zetterberg et al., 2016; Hansson et al., 2017; Zetterberg and
Blennow, 2018). In different APP transgenic mouse lines, an early and significant increase in
CSF NfL was revealed compared to wt mice. Moreover, former studies demonstrated a robust
coupling of Aβ and NfL changes. After blockage of Aβ deposition in young mice, CSF NfL
was highly attenuated (by more than 60%) compared to controls, suggesting NfL as a treatment
response marker (Bacioglu et al., 2016).
According to the latest definition of AD, every biomarker is investigated regarding its change
before and after the threshold for Aβ positivity is reached. Unlike other biomarkers, CSF NfL
has two points of inflection in its trajectory evolving during the continuum of AD. NfL
correlates with disease progression and other biomarkers as t-tau and p-tau, neurogranin, and
chitinase-3-like protein (Zetterberg et al., 2016; Jin et al., 2019). This suggests NfL to be a very
sensitive biomarker in early neurodegeneration in contrast to other markers, e.g. different
imaging techniques (Osborn et al., 2019). The first increase in NfL levels is found already one
decade before clinical symptom onset (Mattsson et al., 2017; Weston et al., 2017; Palmqvist et
al., 2019; Preische et al., 2019). The second NfL increase, which is more pronounced, occurs
after Aβ PET positivity is reached (Palmqvist et al., 2019). At this later disease stage, NfL also
correlates with the Mini-Mental State Examination (MMSE) score over time, white matter
changes and increased brain atrophy (Sjögren et al., 2001; Migliaccio et al., 2012; Zetterberg
et al., 2016). Chronic inflammation is one factor that enhances NfL, thus leading to cognitive
impairment and dementia (Jack et al., 2013; Sperling et al., 2014a). Over the last years,
advantages in technology promoted NfL as the first robust blood-based biomarker for
neurodegeneration (Bacioglu et al., 2016; Gisslén et al., 2016; Mattsson et al., 2017; Zetterberg
and Blennow, 2018). Studies revealed that AD-positive blood NfL correlates with levels in CSF
as well as glucose metabolism in many brain areas and disease stages (Weston et al., 2017;
Benedet et al., 2019; Osborn et al., 2019). But, no data has been published for blood NfL in
comparison to imaging biomarkers, yet (Zetterberg et al., 2016; Chatterjee et al., 2018;
Mattsson et al., 2019). In future, a reliable blood test may allow the detection of very early
pathological changes by blood NfL in individuals at risk for AD.
One example for intense investigations of NfL is the Dominantly Inherited Alzheimer Network
(DIAN) cohort, collecting individuals with mutations in the APP, PSEN1 or PSEN2 gene
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causing familial AD (Hsu and Marshall, 2017). Recent investigations revealed CSF and serum
NfL changes more than six years before the calculated estimated symptom onset (EYO).
Moreover, differences in the rate of change were visible in mutations carriers even 16 years
earlier compared to controls (Preische et al., 2019). Therefore, detection of early pathological
changes in individuals at risk for AD are highly important in order to develop potent therapy.

1.5.2 Secondary prevention to reduce the impact of risks
Failure or ambiguous outcomes of studies in mild-to-moderate AD patients suggest that
intervention initiation in subjects after clinical symptom onset might be too late. Therefore,
subject selections of clinical trial cohorts were modified within the last years. Nowadays, few
studies were started recruiting cognitively normal subjects carrying an increased risk for AD.
These initiated secondary prevention trials are characterized by an early intervention. At this
stage, asymptomatic individuals already show Aβ positivity, as depicted in Figure 1. Instead of
reversing cognitive decline, emerging pre-symptomatic secondary prevention trials aim at a
long-lasting delay or even the total prevention of symptom onset and functional decline
(Sperling et al., 2014a). Advancements in current biomarker research allow the early detection
of abnormalities at preclinical AD stage, thereby identifying individuals at risk, as described in
chapter 1.5.1. But, trials in non-symptomatic populations require uncommon primary outcome
measures that quantify clinically highly relevant biomarker changes rather than advancements
in cognition (Hsu and Marshall, 2017).

1.5.2.1 Immunization studies in asymptomatic individuals
The first discontinued secondary prevention study was Janssen’s EARLY trial. Nonsymptomatic subjects with high risk for AD were recruited and treated with the BACE1
inhibitor Atabecestat. Unfortunately, individuals showed side effects as depression, anxiety and
sleep impairments, seriously elevated liver enzymes and no slowdown of cognitive worsening
in this phase 3 trial. This led to the discontinuation of the EARLY trial in May 2018 (Streffer
et al., 2016; Janssen, 2018; Henley et al., 2019).
Additionally, five further large secondary prevention trials also started to recruit cognitively
normal individuals and are still ongoing, although some study arms were suspended.
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The Alzheimer’s Prevention Initiative (API) Autosomal-Dominant AD (ADAD) trial recruited
pre-symptomatic individuals carrying an autosomal dominant mutation in PSEN1. The study
uses the antibody Crenezumab for early passive immunization. Results are expected in 2020
(ClinicalTrials.gov Identifier: NCT0199884; Reiman et al., 2012; Farlow et al., 2015).
The next two phase 2/3 API trials recruit homozygous APOE4 carriers or subjects with one
APOE4 allele but with evidence for amyloid deposition (GENERATION1/2; ClinicalTrials.gov
Identifier: NCT02565511 and NCT03131453). These studies would like to reveal effects in a
cognitively unimpaired cohort based on their age and APOE genotype. In these trials, the
antibody arm uses active immunization with the compound CAD106 (Novartis) to stimulate
the production of antibodies against Aβ (Winblad et al., 2012; Farlow et al., 2015). The BACE1
inhibitor arms use different concentrations of Umibecestat (CNP520; Novartis/Amgen) on a
daily basis to lower the production of soluble Aβ. The small molecule BACE1 inhibitor
Umibecestat is highly selective for BACE1 over BACE2 and CatD, preventing retinal
degeneration. The inhibitor showed no hair discoloration, but rather had an excellent safety and
tolerability profile suitable for long-term application. The efficacy study reported a high
reduction by up to 95% in CSF Aβ40 after multiple dosing. If applied only once, Umibecestat
was able to reduce CSF Aβ40+42 by more than 75% in beagle dogs (Neumann et al., 2018).
In July 2019, interim analyses revealed cognitive worsening after BACE1 inhibition compared
to the placebo group resulting in the termination of all Umibecestat arms of the API trials.
Subjects showed a faster cognitive decline along with further adverse effects as increased brain
atrophy and larger body weight loss (Novartis International AG, 2019). The CAD106 group of
the API program will continue.
For all API trials, the primary aim is a shift in the diagnosis of MCI/AD or to achieve a change
in the composite of different cognitive tests, the API cognitive composite (APICC) (Langbaum
et al., 2015). Results of this study will be expected in 2024 (Lopez Lopez et al., 2017, 2019).
Secondary outcomes include changes in the CDR-SB score as well as in biomarkers, e.g. CSF
Aβ and tau, brain amyloid and tau PET.
The forth preventive study is realized in the DIAN-Trials Unit (DIAN-TU), a unique cohort
with focus on families carrying a mutation in APP, PSEN1 or PSEN2. Individuals at high risk
to develop AD later in life allow not only longitudinal biomarker investigations but are also
recruited for secondary prevention trials (Bateman et al., 2012, 2017; Morris et al., 2012; Hsu
and Marshall, 2017). In the ongoing secondary prevention study, subjects receive monthly
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passive anti-Aβ immunization with either Gantenerumab or Solanezumab in order to achieve
changes in the DIAN-TU cognitive composite score (Bateman et al., 2017; Ostrowitzki et al.,
2017). The study is expected to be completed in 2021 (ClinicalTrials.gov Identifier:
NCT01760005).
Fifth, the Anti-Amyloid Treatment in Asymptomatic Alzheimer’s Disease (A4) trial has been
started including cognitively normal individuals at high risk for AD based on biomarker
changes and Aβ amyloid burden in brain determined by PET (Sperling et al., 2011b, 2013,
2014b). Subjects receive monthly infusions of the anti-Aβ antibody Solanezumab for
approximately three years. The primary outcome should show significant changes in a
composite of different cognitive tests. Biomarker changes are considered in the secondary
outcome measures. This study will be completed in 2022 (ClinicalTrials.gov Identifier:
NCT02008357; Sperling et al., 2014b).
At present, all secondary prevention studies or -study arms using BACE inhibitors are
discontinued due to cognitive worsening of the participants. The remaining ongoing secondary
prevention trials exclusively use active or passive anti-Aβ immunization. An overview about
the intervention targets of these immunization trials at this early stage within the process of Aβ
accumulation are visualized in Figure 2.
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Figure 2. Potential therapeutic targets in secondary prevention trials evolve during the process of Aβ
accumulation. In the amyloidogenic pathway, secreted Aβ peptides are generated by BACE1 and the γ-secretase
sequential APP cleavage. Monomeric Aβ is prone to form highly seeding-active Aβ oligomers (seeds), which can
further aggregate to form protofibrils. Elongation generates longer fibrils which can accumulate into large Aβ
plaques. In secondary prevention trials recruiting individuals at risk for AD, active immunization and different
therapeutic anti-Aβ antibodies bind various Aβ species to prevent Aβ deposition. Solanezumab and CAD106
increase the elimination of monomeric Aβ whereas Aducanumab preferentially binds soluble and insoluble
aggregated forms of Aβ. Similarly, Gantenerumab and Crenezumab bind to protofibrils, fibrils and large Aβ
aggregates.
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1.5.3 Primary prevention to retard the risk to develop disease
Although benefits on cognition are hoped in secondary prevention trials, it is still an open
question whether these interventions are able to cause long-lasting effects. PET and fluid
biomarkers indicate Aβ deposition at least two decades before the appearance of signs and
symptoms (McDade et al., 2018; Villemagne et al., 2018). Therefore, consistent with prior
findings and the outcome of clinical trials, the best strategy to maintain non-toxic Aβ levels
might be therapy acting at initial stages when Aβ is not accumulated, yet (Figure 1). Thus, the
most effective therapeutic strategy is likely to be primary prevention interfering with the Ab
cascade at sub-threshold Aβ levels before Ab deposition or biomarker changes are detectable
(Hsu and Marshall, 2017; McDade and Bateman, 2017). Disadvantages of these trials would
rise from long treatment duration causing high costs. Additionally, medication needs to be
extremely safe because it might be applied throughout life or could be exposed to non-affected
cases due to potential early misdiagnosis. However, the exact timeframe of such early
intervention has not been determined yet, since both Ab-PET and CSF Aβ readouts become
positive only at a stage when Ab deposition in brain is well underway (Palmqvist et al., 2016;
Landau et al., 2018; Thal et al., 2018; La Joie et al., 2019).
The first primary prevention trial is planned in the DIAN-TU, recruiting young adults at risk
for AD due to a mutation in an AD-related gene (described above). Individuals are able to
participate in the study until 15 years prior to the EYO. Unfortunately, the treatment strategy is
not defined yet due to recent failures of many promising drugs (McDade and Bateman, 2017).
Biogen’s latest release revealed a misleading futility analysis of prior Aducanumab studies.
Recent results indicate that the anti-Aβ antibody Aducanumab has great potential. Therefore,
Aducanumab would be a potential candidate for a primary prevention trial (Biogen, 2019). Until
first testing, the beneficial outcome in this sub-threshold treatment population remains
unknown.
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2 Aim of my studies
Failure of clinical trials on AD more and more urge research into younger, asymptomatic trial
populations to achieve preventive and long-lasting outcomes. Biomarker research has revealed
first pathological changes already decades before clinical symptom onset, indicating that
current therapy is administered too late. Therefore, effective prevention therapy might be
applied at initial stages of pathology or even before first biomarker changes become detectable.
In the first part of this study, the importance of early treatment initiation is assessed. We
investigate the susceptibility for intervention at different stages of disease pathology.
Additionally, the effect of chronic Aβ lowering in APP transgenic mice mimicking the
pathological process of AD is determined. Hence, BACE1 inhibitor treatment is evaluated
regarding its ability to cause significant and long-lasting treatment success by downstream
alleviation of neurodegeneration.
During the crucial, initial stage of disease, highly seeding-active Aβ oligomers tend to be
formed as one main contributor to the onset of AD later on. According to the amyloid
hypothesis, removal of such toxic oligomeric species could be able to halter disease
progression. In the second part, with greater focus on the initial phase of pathology, we test the
hypothesis that biologically active Aβ seeds are present in vivo before Ab aggregation and that
deposition becomes detectable with current methods. Additionally, we determine whether such
“pre-amyloid” seeds can be targeted therapeutically. Therefore, murine or murinized versions
of well-characterized human Ab antibodies and a new technique to determine the Ab-assembly
recognition profile of the antibodies were used. We would like to provide evidence for the
presence of pathogenic Ab seeds during the lag-phase of Ab deposition. Thus, acute targeting
of such seeds may be an effective paradigm for the prevention of AD.
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3 Material and methods

Experimental Animals
Hemizygous

Tg(Thy1-APPSw,Thy1-PSEN1*L166P)21Jckr

(APPPS1),

C57BL/6J-TgN

(Thy1.2-hAPP751-KM670/671NL)23 (APP23) and C57BL/6JNpa-Tg(Thy1App)23/1Sdz
(APP23N) mice were bred at the Hertie Institute for Clinical Brain Research (Tübingen,
Germany). APPPS1 mice and non-transgenic littermates (C57BL/6; wt) were used for BACE1
inhibitor experiments. APPPS1 mice were generated on a C57BL/6J genetic background. They
overexpress the human APP transgene harboring the Swedish double mutation and co-express
human mutated presenilin (L166P) under the neuron-specific Thy1 promoter element
(Stürchler-Pierrat et al., 1997; Radde et al., 2006). Mice exhibit a mean survival time of
approximately 22 months (Ye et al., 2017). APPPS1 mice show first Aβ deposition after six
weeks, starting at the neocortex and hippocampus of the forebrain. At 12 months of age,
deposits have spread throughout the entire cortex (Radde et al., 2006). Mice do not show effects
by gender; thus, both male and female mice were used in all BACE1 inhibitor experiments.
APP23 mice were used for the short-term and long-term immunization studies. APP23N mice
were used as hosts for the in vivo seeding assay. APP23N mice and non-transgenic littermates
(C57BL/6; wt) were used for titer experiments. No difference in phenotype of the two APP23
strains has been noted, and thus they are abbreviated in the text as APP23 mice. APP23 mice
only overexpress the human APP transgene with the Swedish double mutation (StürchlerPierrat et al., 1997). APP23 mice develop Aβ deposition at 6-12 months of age depending on
the brain region studied, and male mice exhibit deposition later than females (Stürchler-Pierrat
et al., 1997; Eisele et al., 2010; Ye et al., 2017). Only male animals were used for antibody
treatment to minimize variability and to expand the length of the pre-depositing phase during
which nascent seeds could be analyzed.
All mice were kept under specific pathogen-free conditions. The experimental procedures were
carried out in accordance with the veterinary office regulations of Baden-Wuerttemberg
(Germany) and approved by the local Animal Care and Use Committee.
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Human brain tissue
Tissue samples were obtained from the mid-frontal gyrus of three pathologically and clinically
diagnosed AD cases (54, 62 and 77 years of age; all Braak stage VI; post mortem time 5.5 – 6.5
hours). The samples were obtained from the Emory University Alzheimer’s Disease Research
Center (ADRC). Human post mortem tissues were acquired under proper Institutional Review
Board (IRB) protocols with consent from families.

BACE1 inhibitor treatment
Male and female APPPS1 and wt mice were fed with food pellets containing the BACE1
inhibitor NB-360 (Novartis, Basel, Switzerland) at a dose of 0.5g NB-360/kg food pellets
(Neumann et al., 2015; Schelle et al., 2019). Pellets were available ad libitum. Animals were
treated with the inhibitor for the following months of ages: young group: 1.5 – 4.5 months,
adult group: 12 – 15 months, aged group: 18.5 – 21.5 months, half-lifelong group: 12 – 21.5
months and lifelong group: 1.5 – 21.5 months. Age-matched control groups received food
pellets without the compound NB-360. Mice were randomly assigned to the treatment groups.
During the treatment period, mice were monitored on a daily basis by animal caretakers or
researchers. No significant differences in body weights between BACE1 inhibitor–treated and
control mice were detected.

Aβ antibodies
The following antibodies were recombinantly generated based on publicly available sequence
information: Chimeric murinized (cm) version of the human antibody Gantenerumab
(cmGantenerumab, cmGant; Bohrmann et al., 2012); cm-version of the human antibody
Aducanumab (cmAducanumab, cmAdu; Sevigny et al., 2016; Arndt et al., 2018); m266 which
is the murine parent version of Solanezumab (DeMattos et al., 2001); mC2 which is the murine
parent version of Crenezumab (Adolfsson et al., 2012); and mE8, which is the murine parent
version of Donanemab (DeMattos et al., 2012, www.alzforum.org/therapeutics/donanemab).
For all antibodies (except cmGantenerumab), the variable heavy-chain and light-chain domain
were fused with the IgG2a constant heavy-chain and mouse kappa constant light-chain domains
(Fuller et al., 2015; Sevigny et al., 2016). For cmGantenerumab, the IgG1 constant heavy-chain
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was used. In brief, synthetic genes for the variable light chain-murine kappa constant domain
and variable heavy chain-mIgG constant domain were sub-cloned into expression vectors for
mammalian cell expression. Transfected cells were cultured until the viability had dropped and
culture media harvested by centrifugation and ultrafiltration. Antibodies were purified from
clarified culture media either by protein-A or protein-G Sepharose affinity chromatography
followed by buffer exchange into phosphate-buffered saline (PBS; Invitrogen, Carlsbad, CA)
using standard protocols for monoclonal antibody purification. Finally, antibodies were sterile
filtered using 0.2-µm filters and stored at -80°C. cmGantenerumab, m266, and mC2 were
provided by Lundbeck (Copenhagen, Denmark), cmAducanumab was provided by Biogen
(Cambridge, MA), and mE8 was provided by the Fraunhofer Institute for Cell Therapy
(Dresden, Germany). Since these recombinant antibodies have been generated in different
laboratories, minor differences in the expression cassettes cannot be excluded. Mouse
monoclonal antibody Beta1 (IgG2a) has been described previously (Paganetti et al., 1996;
Meyer-Luehmann et al., 2006). As control antibodies, monoclonal murine anti-wheat auxin
IgG2a (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.

Intraperitoneal application of antibodies
Aliquoted antibodies were thawed on ice and injected intraperitoneally (0.5 mg/mouse/day) for
five consecutive days. APP23 mice were sacrificed either six weeks (short term) or six months
(long term) after the first injection. For the antibody titer experiments, APP23 and wt mice were
sacrificed 1, 7 or 21 days after the last injection. For all experiments, mice were randomly
assigned to the treatment groups except for the short-term experiment with mE8. mE8-treated
APP23 mice and additional anti-wheat auxin IgG2a mice were run in a separate batch.

Collection of brain and CSF
Mice were anesthetized with a mixture of 10% ketamine (115 mg/kg body weight) and 5%
xylazine (10 mg/kg body weight) in NaCl. CSF was collected as previously described
(DeMattos et al., 2002; Bacioglu et al., 2016). In brief, the cisterna magna was accessed by
puncture of the dura mater with a syringe (30G, 0.3mm x 8mm needle size), and CSF was
collected with a 20 µl GELoader tip (Eppendorf Vertrieb, Wesseling-Berzdorf, Germany). CSF
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was centrifuged at 2,000 x g for 10 minutes and frozen at -80°C. Following collection, the
mouse was perfused transcardially with ice-cold PBS. The brain was removed and bisected by
a mid-line sagittal cut, and the lower brainstem and cerebellum were removed by a cut through
the rostral midbrain. The left forebrain was frozen on dry ice and stored at -80°C for later
biochemical analyses. The right forebrain was fixed in 4% paraformaldehyde in PBS at 4°C for
48h, cryoprotected in 30% sucrose in PBS, and snap-frozen in 2-methyl-butane.

Biochemical analysis of Aβ
Brain tissue was homogenized at 10% (w/v) in sterile PBS or homogenization buffer (150 mM
NaCl, 5 mM EDTA, 50 mM Tris, Pierce protease and phosphatase inhibitor (Thermo Fisher
Scientific, Waltham, MA)) with the Precellys®24 high-throughput tissue homogenizer (Bertin
Technologies, Montigny-le-Bretonneux, France; 7 ml lysing tubes with 2.8 mm ceramic beads)
at 5,500 rpm twice for 10 seconds with a 10 second break in between. Homogenates were
aliquoted and stored at -80°C until biochemical analysis. In the BACE1 inhibitor study, Aβ in
brain homogenate was extracted by formic acid (FA). Thus, brain aliquots were thawed on ice,
mixed 1:3.2 with cold FA (Sigma-Aldrich; minimum purity of 96% diluted in H2O) and
sonicated on ice for 35 seconds. Samples were centrifuged at 25,000 x g at 4°C for one hour.
Supernatants were equilibrated (1:20) with neutralization buffer (1 M Tris base, 0.5 M
Na2HPO4, 0.05% NaN3 (w/v)). Aβ in the supernatant was measured as described below.
In immunized mice, Aβ was serially extracted from brain homogenate. First, 130 µl of
homogenate were thawed on ice and mixed with 130 µl 2% Triton X-100 in PBS. Samples were
incubated on ice for 15 minutes and vortexed every five minutes, followed by
ultracentrifugation at 100,000 x g at 4°C for 15 minutes. The supernatant was collected and
aliquoted for later analysis (“Triton-soluble fraction”). The pellet was mixed with cold 70%
(v/v) FA (Sigma-Aldrich; minimum purity of 96% diluted in H2O; volume according to
aspirated supernatant) and sonicated on ice for 35 seconds. Samples were centrifuged at 25,000
x g at 4°C for one hour and supernatants were neutralized (1:20) with neutralization buffer (1 M
Tris base, 0.5 M Na2HPO4, 0.05% NaN3 (w/v)). This latter fraction was termed the “FA-soluble
fraction”.
In both studies, brain Aβ was measured by an electrochemiluminescence (ECL)-linked
immunoassay (Meso Scale Discovery, MSD, Gaithersburg, MD) as previously described (Ye
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et al., 2017). In the BACE1 inhibitor study, brain extracts were diluted in buffer (Diluent 35,
Meso Scale Discovery) to enable Aβ measurement within the linear range of the assay as
follows: young group: undiluted (baseline), 1:10 (BACE1 inhibitor; BI) and 1:30 (control),
adult group: 1:100, aged group: 1:300, half-lifelong group: 1:300 and lifelong group: 1:10 (BI)
and 1:300 (control). In the immunization study, FA-soluble brain extracts from the long-term
study were diluted 1:10 in buffer (Diluent 35, Meso Scale Discovery). For the BACE1 inhibitor
and immunization study, the commercially available V-PLEX Aβ Peptide Panel 1 (6E10) Kit
and the V-PLEX Ab Peptide Panel 1 (4G8) Kit (Meso Scale Discovery, MSD, Gaithersburg,
MD) were used respectively, according to the manufacturer's instructions. In brief, pre-coated
96-well plates were blocked for one hour with buffer (Diluent 35, Meso Scale Discovery) and
washed three times with 0.05% Tween-20 (Carl Roth, Karlsruhe, Germany) in PBS (v/v). Brain
extracts were incubated with the SULFO-TAGTM-labeled 6E10/4G8 detection antibody for two
hours at room temperature. After washing, MSD Read Buffer T was added. The plate was
immediately read on the Sector Imager 6000. Data analysis was performed using the MSD
DISCOVERY WORKBENCH software 2.0. Internal reference samples were measured as
controls on every plate.
Brain Aβ in homogenates from 2-8 months old untreated APP23 mice (Figure 6, panel A) was
determined after FA-extraction as described above. Brain Aβ was measured by the single
molecule array (Simoa) technology using the SimoaTM Human Aß40 1.0 and SimoaTM Human
Aß42 1.0 Kits (Quanterix, Billerica, MA) according to manufacturer’s instructions. For the Aβ
measurements, the FA-extracted brain samples were diluted as follows: Aβ40: 1:16 and
Aβ42: 1:4 in Simoa Aβ40 and Aβ42 sample diluent, respectively (Quanterix, Billerica, MA).

Brain sTREM2 determination
To determine sTREM2 in brain, brain homogenates were mixed 1:2 with Tris-buffered saline
(TBS) and were incubated on ice for 15 minutes with regular vortexing. Extracts were
centrifuged at 100,000 x g for 15 minutes. The supernatant was used to determine murine
sTREM2 by an ECL-linked immunoassay (Meso Scale Discovery, MSD, Gaithersburg, MD).
In detail, a 96-well plate was coated with the capture antibody AF1729 (0.2µg/ml, R&D
Systems, Minneapolis, MN) at 4°C overnight. Plates were washed three times with washing
buffer (0.5% Tween-20 in TBS) and blocked with 2% bovine serum albumin in washing buffer
for one hour at room temperature shaking at 100 rpm. After washing, samples were added and
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incubated for two hours at room temperature shaking at 100 rpm, followed by another washing
step. sTREM2 was detected by the biotinylated anti-mTREM2 antibody BAF1729 (R&D
Systems, Minneapolis, MN) at a concentration of 0.5µg/ml (in 0.5% bovine serum albumin in
washing buffer). The plate was incubated for one hour at room temperature shaking at 100 rpm
and afterwards washed again. Brain extracts were incubated with SULFO-TAGTM-labeled
Streptavidin (1:400 in PBS) for one hour at room temperature at 100 rpm in the dark. After
washing, MSD Read Buffer T was added. The plate was immediately read on the Sector Imager
600. Data analysis was performed using the MSD DISCOVERY WORKBENCH software 2.0.
Internal reference samples were measured as controls on every plate. Recombinant mouse
TREM2 (Novoprotein Wuijang, Suzhou, China) from 39 pg/ml to 2500 pg/ml was used as
standard.

CSF NfL concentration
NfL concentrations in CSF were determined using the highly sensitive SimoaTM NF-Light
Advantage assay Kit (Quanterix, Billerica, MA). In the BACE1 inhibitor study, CSF NfL in the
young, adult and aged group was pre-diluted and measured in two independent measurements
to confirm results. Murine CSF samples were pre-diluted in sample diluent as follows: young
group: 1:75 and 1:75, adult group: 1:75 and 1:300, aged group: 1:500 and 1:1000, half-lifelong
group: 1:1000, wt half-lifelong group: 1:75 and lifelong group: 1:1000 (control); 1:500 (BI). If
data from two NfL measurements was available, the mean of both measurements is shown.
Mice were excluded, if < 10µl CSF could be taken. For the immunization study, murine CSF
samples were pre-diluted 1:100 in sample diluent. All samples were measured in duplicate on
a Simoa HD-1 Analyzer (Quanterix, Billerica, MA) according to the manufacturer’s
instructions, and as previously reported (Bacioglu et al., 2016; Preische et al., 2019).

Intracerebral injections of brain extract
Bilateral stereotaxic injections of 2.5 µl brain homogenate (10% (w/v) in sterile PBS (see
Biochemical analysis of Aβ) from mice treated with Ctrl2- or cmAdu-antibody were performed.
Homogenate from all Ctrl2 or cmAdu mice were pooled and mixed before injection,
respectively. Brain homogenates were injected into the hippocampus using a Hamilton syringe
(anteroposterior, −2.5 mm; left/right, ±2.0 mm; dorsoventral, −1.8 mm) at a rate of 1.25
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µl/minute. The needle was held in the injection site for additional two minutes before being
slowly withdrawn. The surgical site was cleaned with sterile PBS, the incision was closed and
the mice were constantly monitored until recovery from anesthesia.

Histology and immunohistochemistry
Fixed hemibrains were sectioned coronally into 25 µm-thick slices using a freezing-sliding
microtome (SM2000 R, Leica Biosystems, Wetzlar, Germany) and sections were collected in
12-well plates containing cryoprotectant solution (35% ethylene glycol and 25% glycerol in
PBS). Tissue sections were stained immunohistochemically with a polyclonal antibody directed
against Aβ (CN6; a successor to antibody CN3; Eisele et al., 2010). Microglial staining was
undertaken by staining with a rabbit polyclonal anti-Pu.1 antibody (1:1,000, Cell Signaling,
Danvers, MA) or a rabbit polyclonal anti-Iba1 antibody (1:500; Wako Chemicals, Neuss,
Germany). Mouse monoclonal antibody AT8 (Thermo Fisher Scientific, Waltham, MA)
recognizing tau phosphorylated at Ser-202 and Thr-205 was used to stain p-tau-positive neuritic
changes (Stürchler-Pierrat et al., 1997). For all immunostainings, the Vectastain Elite ABC kit
(Vector Laboratories, Burlingame, CA) was used as previously described (Eisele et al., 2010).
Sections were co-stained with Congo Red according to standard protocols. To study bleedings,
we used both Perls' Prussian Blue to visualize ferric iron in hemosiderin and hematoxylin and
eosin (H&E), as previously described (Winkler et al., 2001).
Representative bright-field images were obtained with the Zeiss Axioplan 2 microscope (Carl
Zeiss MicroImaging, Jena, Germany) with a Zeiss AxioCam HR digital color camera. Overview
images were taken with the 4x/0.1 objective (Zeiss) and processed with the AxioVision 4.7
MosaiX software. Detailed plaque images were collected with the 63x oil/1.4 objective (Zeiss).
For all other images, the 10x/0.3 objective (Zeiss) was used.

Quantitative morphology
Aβ load was quantified on serial, systematically sampled and CN6/Congo Red-stained coronal
sections. In every 36th section, Aβ was quantified in the neocortex, whereas for seeding
experiments in the hippocampus, every 12th section was analyzed. This typically resulted in 4-5
sections for the neocortex and 5-7 sections for the hippocampus. Stereological analysis was
32

Material and methods

performed blinded using a microscope with a motorized x-y-z stage coupled to a videomicroscopy system (Stereo Investigator; MicroBrightField) as previously described (MeyerLuehmann et al., 2006). Aβ load was determined by calculation of area (%) covered by Aβpositive staining in two-dimensional sectors at a single focal plane (20x/0.45 Zeiss Achroplan).
To quantify the number and size of individual Aβ plaques, CN6/Congo Red double-stained
sections were scanned on a Zeiss AxioScan.Z1 slide scanner (10x/0.45 Plan-Apochromat, Carl
Zeiss Microscopy GmbH, Göttingen, Germany) at a digital resolution of 0.442 µm/pixel.
Within each image field, z-stacks were acquired, flattened to a single plane using a waveletbased extended depth of field algorithm. A custom-written plugin for ImageJ automatically
scaled down images to a resolution of 1.326 µm/pixel for Aβ plaque visualization and
segmentation. The neocortex was manually outlined, and for this analysis, every 12th section
throughout the neocortex was used. Images were transformed to grayscale using the luminance
function of ImageJ. Objects with an area of less than 50 µm2 were excluded in order to avoid
over-segmentation.
Cerebral β-amyloid angiopathy (CAA) frequency and severity in the neocortex were manually
assessed using every 12th CN6/Congo Red-stained section. The CAA score was calculated by
multiplying CAA frequency by CAA severity, as previously described (Winkler et al., 2001;
Schelle et al., 2019).
For the quantification of Aβ plaque-associated microglia after immunization, Pu.1immunopositive cells around Congo Red-positive plaques were counted on every 12th section
through the neocortex. On each section, ten plaques (if less than ten plaques were found, the
maximal number present was taken) were randomly determined and the microglia (nuclei) in
the immediate vicinity (i.e. two-fold the plaque diameter) of each plaque were counted. The
diameter and area of each Congo Red-positive plaque were determined with the Stereo
Investigator software. Then, the number of microglia per µm2 plaque was assessed. The number
of total plaque-associated microglia was calculated by the average number of microglia
associated with plaques multiplied by the total plaque number, as described above.
In order to assess microglial reaction to BACE1 inhibitor treatment, 25 µm-thick, Iba1/Congo
Red double-stained brain sections were scanned on the slide scanner as described above.
Microglia size and area coverage was automatically analyzed using a custom-written ImageJ
plugin. Briefly, whole brain area was identified by the program. Grey-scale intensities were
standardized by setting the maximum number of saturated pixels to 0.2% and subtracting the
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background using a rolling ball radius of 100. The area covered by microglia was determined
by considering all particles of intensities higher than 205 in an 8-bit scale. In each treatment
group, the total area covered by microglia was normalized to the respective control group.

Antibody Recognition Profiling of Ab assemblies (ARPA)
Ab assemblies in 10% PBS brain homogenates were semi-natively separated by size using
agarose electrophoresis (Bagriantsev et al., 2006). To this end, 2% low-melting agarose (w/v)
(Thermo Fisher Scientific) in semi-denaturing buffer (200 mM glycine and 25 mM Tris base)
was heated until dissolved. Sodium dodecyl sulfate (SDS) was added (final concentration of
0.1% (v/v)). The liquid agarose was poured into a gel cassette (Thermo Fisher Scientific) and
a 10-well comb was placed in the gel. The polymerized gel was placed in a Bolt Mini Gel Tank
(Thermo Fisher Scientific) and the chamber was filled with semi-denaturing buffer containing
0.1% SDS (v/v). Total protein concentration was determined by a bicinchoninic acid (BCA)
assay (Thermo Fisher Scientific). 65 µg of brain homogenate 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)) and incubated for seven minutes at room temperature. Sample and
SeeBlue Plus2 pre-stained protein standard (Thermo Fisher Scientific) were loaded. Gel
electrophoresis proceeded until the phosphorylase marker band migrated 4 cm within the gel.
After protein separation, the agarose protein lane 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)
as illustrated in Figure 7 and supplementary Figure 1. Each agarose piece was placed in a 1.5 ml
tube (Protein LoBind, Eppendorf AG) and used either for enzymatic liquefaction or for melting.
For enzymatic digestion, elution buffer (50 mM Bis-Tris, 1 mM EDTA, pH 6.8) was added to
gel fragments to a final concentration of 0.5% agarose (w/v). Samples were heated to 65°C for
10 minutes while shaking at 1,200 rpm. Liquefied samples were cooled to 43°C for 15 minutes.
0.5 U Agarase from Pseudomonas atlantica (Sigma-Aldrich) per 100 µl sample was added and
incubated at 43°C for one hour while shaking at 1,200 rpm. Samples were snap-frozen on dry
ice and stored at -80°C until further use for immunoprecipitation (as described below). Agarose
pieces for melting were mixed with 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)) and
heated to 90°C for 10 minutes. Melted fractions were analyzed by denaturing immunoblot
analysis as described below.
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Immunoprecipitation (IP) using Protein G DynabeadsTM (Thermo Fisher Scientific) was
performed directly on PBS brain homogenates and on enzymatically digested agarose pieces
(see above). Antibody bead conjugation was carried out according to the manufacturer’s
protocol. Ab fractions (F1 to F7) were subjected to anti-Ab antibody-conjugated Protein G
DynabeadsTM (Thermo Fisher Scientific) and incubated overnight at 4°C while mixing. As the
input for IP, 75-fold more fractionated brain homogenate was used for the young, predepositing
brain homogenates compared to the b-amyloid-laden brain homogenates. Sample:bead ratios
of 1:1 (amyloid-laden transgenic brain) to 5.25:1 (predepositing transgenic mice and AD brain
tissue) were used. Beads were washed twice with PBS-T (0.05% Tween20 (v/v)) before elution
with 1x NuPAGE LDS Sample Buffer (Thermo Fisher Scientific) containing 50 mM DTT at
70°C for 10 minutes. The supernatant was transferred to a new 1.5 ml tube (Protein LoBind,
Eppendorf AG), snap-frozen on dry ice and stored at -80°C until denaturing immunoblot
analysis on NuPAGE 4-12% Bis-Tris Protein Gels (Thermo Fisher Scientific) using 1x MES
SDS Running Buffer (Thermo Fisher Scientific). Samples were blotted onto a nitrocellulose
membrane (semi-dry; Bio-Rad Laboratories, Hercules, CA) that was equilibrated in glycine
transfer buffer (192 mM glycine, 25 mM Tris base, 20% methanol (v/v)). The membrane was
boiled in PBS for five minutes at 90°C and blocked in 5% milk in PBS-T (w/v) for one hour at
room temperature. The membrane was probed with the anti-Ab 6E10 antibody (1:2500;
BioLegend, San Diego, CA) overnight at 4°C. The secondary horseradish peroxidase-coupled
goat anti-mouse antibody (1:30,000; Jackson ImmunoResearch, Cambridgeshire, UK) was
subsequently applied for one hour at room temperature. Between the antibody incubation steps,
the membrane was washed five times for five minutes with PBS-T. Densitometric values from
the Western Blot were obtained from highly sensitive X-ray films (Amersham Hyperfilm ECL,
GE Healthcare, Chicago, IL) or a chemiluminescence imager (XSTELLA1.00; Raytest
Isotopenmessgeräte GmbH, Straubenhardt, Germany) using SuperSignal West Dura Extended
Duration Substrate (Thermo Fisher Scientific). Images from XSTELLA were further processed
with the AIDA image analyzer v.4.27 (Raytest Isotopenmessgeräte GmbH). The amount of Ab
from a fraction was normalized to the total amount of Ab detected in the sample. The contrast
of immunoblots was adjusted for illustration purposes only.
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Pharmacokinetics of antibodies in blood
Plasma antibody concentration 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, respectively. Peptides
were aliquoted, stored at -80°C and later diluted to the target concentration in coating buffer
(50mM Sodium Carbonate; pH 9.6 with NaHCO3). Aβ1-40 was used for m266 while Aβ1-42
was used for Beta1. For cmAducanumab, Aβ1-42 was pre-aggregated before adding it to the
coating buffer. For pre-aggregation, 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 at 37°C for three days, and subsequently stored at 4°C. 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 at 4°C on a shaker at 40 rpm overnight. After coating,
plates were washed four times with 0.05% PBS-T (0.05% v/v Tween-20) and blocked with 1%
BSA (Sigma-Aldrich) in PBS-T at room temperature on a shaker at 40 rpm for two hours. Plates
were washed with PBS-T and incubated with samples or standards diluted in 0.1% BSA in
PBS-T at 4°C on a shaker at 40 rpm overnight. Every plate contained triplicates of a standard
curve and plasma samples (diluted 1:200 and 1:2000), along with pooled controls from
untreated male wt and six month old APP23 mice. Plates were washed with PBS-T and
incubated with secondary antibody at room temperature on a shaker for two hours. For detection
of m266 and Beta1, the alkaline phosphatase-conjugated AffiniPure rabbit anti-mouse IgG
(H+L) antibody (1:5000; Jackson ImmunoResearch, Cambridgeshire, UK) was used.
Afterwards, plates were washed with PBS-T. Plates were subsequently washed with detection
buffer (10 mM diethanolamine (Sigma-Aldrich), 0.5 mM MgCl2 (Merck, Darmstadt, Germany;
pH 9.6)) and incubated with color reaction solution (16.89 mM 4-nitrophenyl phosphate (pNPP)
(Sigma-Aldrich) in detection buffer) in the dark at room temperature for 15 minutes. Absorption
was measured at 405 nm in a Mithras LB940 system (Berthold Technologies, Bad Wildbad,
Germany). For cmAducanumab, the peroxidase-conjugated AffiniPure goat anti-mouse IgG
(H+L) antibody (1:2500; Jackson ImmunoResearch, Cambridgeshire, UK) was used for
detection. Afterwards, plates were washed with PBS-T and incubated with TMB Substrate
Solution (Thermo Fisher Scientific) for two minutes at room temperature followed by addition
of stop solution (1M H2SO4; Merck). The absorbance was measured at 450 nm in a Mithras
LB940 system. Absorbance values of standard curves were plotted versus the logarithmic
concentration of the antibodies using the PRISM software (GraphPad; version 6). For Beta1,
the curve was fitted to a 4PL symmetric model. For m266 and cmAducanumab, the curve was
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fitted to a 5PL asymmetric model. The standard curve was interpolated for the sample
absorbance and the resulting concentrations were transformed back from the logarithmic
concentration with a 10x function, to be subsequently corrected by dilution. The corrected
concentrations were plotted versus time. The area under the curve was obtained through
integration with the area under curve function at less than 10% distance from minimum and
maximum y. The kel was obtained from the natural logarithm of concentration-versus-time
graph through linear regression.

Statistical analysis
All statistics were performed using the PRISM software (GraphPad; version 6) or Excel
(Microsoft®; version 16). Data was tested for normality using the Shapiro Wilk Test. If the
groups passed the normality test, one-way ANOVA was performed. If ANOVA revealed
significant effects, post hoc Dunnett’s multiple comparison test was applied. If the groups did
not pass the normality test, the non-parametric Kruskal-Wallis test was used for comparison.
Further analyses were performed using the post hoc Dunn’s test. If only two groups were
compared and data was normally distributed, the unpaired two-tailed t-test was used to compare
population means. If the two groups did not pass the normality test, the Mann-Whitney U test
was used for comparison. In the BACE1 inhibitor study, each treatment group was tested
independently. The mean and standard error of the mean (SEM) are reported for each
experimental group.
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4 Aβ restriction by BACE1 inhibition is most effective at
initial disease stages
4.1 Increase in brain Aβ, Aβ seeding activity and CSF NfL is agedependent
Based on failure of former clinical trials using BACE1 inhibition to affect the progression of
AD, we studied the effectiveness of BACE1 inhibitor treatment at different disease stages. To
understand the effect of BACE1 inhibition as a potent therapeutic strategy to treat AD, we
collected data from previous studies showing age-dependent increase of brain Aβ as the initial
cause for Aβ pathology in a mouse model of β-amyloidosis (Figure 3A; blue). Additionally,
previous data of seeding activity as one potential target of BACE1 inhibitor treatment and CSF
NfL as a read-out for disease progression and treatment response were collected. All data was
reassembled from previous studies performed in male and female APPPS1 mice (Bacioglu et
al., 2016; Schelle et al., 2017; Ye et al., 2017 and in-house mouse biobank). Data revealed that
the initial linear increase in brain Aβ starts at 1.5 months, concomitantly with first plaque
deposition in APPPS1 mice at this early, prodromal disease stage. Aβ levels continue to
accelerate constantly until mice are aged (approximately 18.5 months of age). During this late
stage, brain Aβ reaches a plateau.
If brain material of APPPS1 donor mice is used in transmission experiments to seed Aβ in a
host, the seeding activity (Figure 3A; yellow; half-maximal seeding dose; SD50) of the extract
is very potent at early donor age and reaches its plateau even before brain Aβ has come to the
maximum increase (Ye et al., 2017). Compared to the trajectories of brain Aβ and Aβ seeding
activity, CSF NfL, as a general marker for neurodegeneration, shows a much slower increase
within the first months of life (Figure 3A; green). NfL levels have the steepest rise at later stage
of Aβ deposition when Aβ is already in the plateau phase.
Based on the differential trajectories for brain Aβ and CSF NfL, male and female APPPS1 mice
were treated with the potent BACE1 inhibitor NB-360 (Novartis) at different stages of disease
progression and for different durations (Figure 3B). NB-360 intervention was performed
continuously for three months in young (1.5-4.5 months), adult (12-15 months) and aged (18.521.5 months) mice to determine the most effective timepoint for BACE1 inhibition.
Additionally, APPPS1 mice were treated chronically with NB-360 to investigate long-term
advancements and potential side effects. Chronic interventions started either at 12 months (halflifelong group) or the inhibitor was applied for the whole life starting at 1.5 months (lifelong
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group). Both long-term studies were terminated at 21.5 months of age, shortly before APPPS1
mice reached their mean life span (Ye et al., 2017). In the half-lifelong group, additional wt
mice were included to verify general tolerability of the inhibitor.

Figure 3. Age-dependent increase of brain Aβ, Aβ seeding activity and CSF NfL in APPPS1 mice computed
from previous studies* result in various experimental groups. (A) Brain Aβ levels start to increase constantly
from 1.5 months of age in accordance with first deposition in APPPS1 mice (blue). In aged mice (>18.5 months),
brain Aβ levels reach a plateau with no net growth. Even before the detection of elevated brain Aβ levels, Aβ
seeding activity of APPPS1 brain extract from donor mice (yellow) increases robustly within the first eight months
and reaches a plateau very early in the process of amyloidosis (Ye et al., 2017). In contrast to brain Aβ and Aβ
seeding activity, the CSF NfL profile reveals a relatively slow increase within the first 12 months of life (green).
However, NfL increases rapidly in mice that are older than 12 months (late stage of Aβ pathology). *Data is
collected from Bacioglu et al., 2016; Schelle et al., 2017; Ye et al., 2017 and in-house mouse biobank. (B) APPPS1
transgenic mice (in the half-lifelong group also wt mice) were treated with the potent BACE1 inhibitor NB-360
(Novartis) for a period of three months at an early, intermediate or late stage of Aβ deposition (at 1.5, 12, and 18.5
months, respectively) or chronically half-lifelong or lifelong (12 - 21.5 and 1.5 - 21.5 months, respectively) based
on the different Aβ and NfL trajectories in these mice.
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4.2 Early BACE1 inhibition halts pathology and even reduces brain Aβ
To evaluate the effect of upstream BACE1 inhibition on Aβ pathology, we determined FAextracted brain Aβ40+42 levels in NB-360 treated APPPS1 mice. Chronic BACE1 inhibition
experiments were performed and measured independently from the three months treatment
groups leading to slightly higher absolute brain Aβ levels in the 21.5 months old lifelong control
group compared to age-matched untreated controls from the aged and half-lifelong group
(Figure 4A). NB-360 caused reliable blockage of Aβ increase in mice at different stages of Aβ
pathology and after different treatment durations (Figure 4A). A general effect of BACE1
inhibition on Aβ levels remained throughout all age groups, but alleviated with increasing age.
Adult mice showed a reduction by 40%, whereas Aβ levels were lowered by only 22% in aged
APPPS1 mice compared to age-matched controls. Half-lifelong duration of intervention, which
was initiated at 12 months of age, only decreased Aβ by 65%. However, treatment resulted in
a most prominent reduction of brain Aβ in young animals by 96% compared to age-matched
untreated controls. Similar to the results from the young group, a 96% reduction was achieved
after lifelong treatment. Surprisingly, NB-360 treatment was even able to reduce brain Aβ
below baseline levels in the plateau phase (adult and aged group; 30% and 22% below baseline,
respectively).
Reduction of soluble Aβ after BACE1 inhibition might be able to affect the equilibrium
between monomeric and aggregated Aβ forms, thereby disassembling deposited Aβ. To
investigate this, deposited brain Aβ load was determined by stereological quantification of
CN6/Congo red double-stained sections of mouse brains from all treatment groups. Similar to
previous brain Aβ measurements, the increase of Aβ-positive area in BACE1 inhibitor-treated
mice of all treatment groups was halted compared to age-matched controls (adult: 20%; aged:
9% and half-lifelong: 39% lower Aβ-positive area than control; Figure 4B). Again, most robust
effects were obtained when BACE1 inhibitor treatment was initiated at the early stage of Aβ
pathology (young and lifelong group; 85% and 69% reduction to controls, respectively).
Noticeably, chronic NB-360 treatment was able to maintain low cortical Aβ load throughout
life (Figure 4B/C). However, the reduction of brain Aβ below baseline level measured by
ELISA (Figure 4A) was not mirrored by the decrease of Aβ deposits in the treatment groups
quantified by stereology, except for the adult group (Figure 4B). Results indicate a less
pronounced effect of BACE1 inhibition on deposited Aβ. Overall, massive effects of NB-360
on brain Aβ were induced by the timepoint of early intervention rather than by the duration of
therapy.
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Figure 4. BACE1 inhibition prevents brain Aβ increase and even reduces below baseline in APPPS1 mice.
(A) FA-extracted brain Aβ40+42 was determined by ELISA in male and female APPPS1 mice treated with the
BACE1 inhibitor (BI) NB-360 (8–10 mice per group for all 1.5-18.5 months old mice; 12–16 mice per group for
21.5 months old mice; mouse age at the end of experiment). The Kruskal-Wallis-test demonstrates significant
differences after three months treatment at different stages of pathology (young: H(2)=24.90 and P<0.0001;
adult: H(2)=19.44 and P<0.0001; aged: H(2)=15.23 and P=0.0005). Three months BI treatment robustly blocked
the age-dependent Aβ increase in the young (treatment from 1.5–4.5 months), adult (treatment from 12–15 months)
and aged group (treatment from 18.5–21.5 months) compared to age-matched controls (post hoc Dunn’s multiple
comparison test: young: P=0.0303; adult: P<0,0001; aged: P=0.0067) as well as after chronic half-lifelong (from
12–21.5 months; Mann–Whitney U test; p < 0.0001) and lifelong treatment (from 1.5–21.5 months; MannWhitney U test; p <0.0001) compared to age-matched controls. Moreover, Aβ was even significantly reduced
below baseline levels, when three months treatment was initiated at an intermediate or late stage of Aβ pathology
(post hoc Dunn’s multiple comparison test: adult: P=0,0139; aged: P=0.0009). For illustration of Aβ increase in
the Aβ curves, the mean for 21.5 months old controls (grey) was calculated based on pooled absolute values from
the aged, half-lifelong and lifelong group. (B) Stereological quantification of Aβ plaque load after
immunohistochemistry (CN6 antibody and Congo red). BI treatment significantly alleviated plaque formation
compared to age-matched controls (Mann–Whitney U test for the young (p<0.0001), adult (p=0,0076), aged
(p=0,0152), half-lifelong (p<0.0001) and lifelong (p<0.0001) treatment group). No gender effect was detected in
any measurements. (C) Immunostaining with the Aβ-specific antibody CN6 and Congo Red. One representative
section is shown for each treatment group. Scale bar: 500 µm. All data are represented as group means ± SEM;
*P < 0.05; **P<0.01; ***P < 0.001.
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4.3 BACE1 inhibition prevents neurodegeneration and downstream
neuro-inflammatory pathology
To study the impact of BACE1 inhibitor treatment on the prevention of neurodegeneration as a
readout for intervention success, NfL was measured in CSF collected from APPPS1 mice
treated with NB-360 at different pathological stages as described previously. BACE1 inhibition
alleviated the increase of CSF NfL in all treatment groups (Figure 5A). Similar to determined
Aβ levels, most striking effects of BACE1 inhibition on NfL were observed in the young (69%
reduction to control) and the lifelong treated group (93 % reduction to control) in accordance
with previous results (Bacioglu et al., 2016). For these two groups, treatment was initiated
within the prodromal phase of Aβ deposition. At more advanced stages of deposition, effects
on NfL alleviated from 44% (adult group) to 22% (aged group) compared to age-matched
untreated controls. Chronic BACE1 inhibition in APPPS1 mice in the half-lifelong (12 – 21.5
months) and lifelong (1.5 – 21.5 months) treatment group maintained low NfL levels
throughout life. In untreated APPPS1 mice, NfL increases exponentially (shown in Figure 3A),
whereas our study shifted NfL towards a more moderate increase upon BACE1 inhibition.
Furthermore, wt mice were chronically treated with the BACE1 inhibitor for a half-lifelong
duration (treatment from 12-21.5 months of age). In these mice, low levels of NfL have been
detected at the age of 21.5 months due to the normal aging process, which was previously
reported (Bacioglu et al., 2016). Lifelong treated APPPS1 and half-lifelong treated wt mice
showed similar levels of NfL. These results demonstrate that NfL pathology can be completely
abolished by chronic BACE1 inhibition.
BACE1 inhibitor-treated and untreated wt mice did not show differences in NfL levels (Figure
5A). Therefore, the BACE1 inhibitor is not directly responsible for changes in NfL, but rather
indirectly affects neurodegeneration through limiting Aβ increase. In treated APPPS1 mice,
Aβ-driven NfL pathology has been shown to increase at advanced disease stages, although Aβ
pathology is still halted by NB-360 at theses timepoints. Thus, the close relationship between
brain Aβ and CSF NfL levels declines during aging.
To reveal potential side effects by NB-360 off-target inhibition, half-lifelong (treatment from
12-21.5 months) BACE1 inhibitor-treated wt mice were further investigated. Long-term
treatment of wt mice did not demonstrate detrimental effects by off-target engagement
compared to untreated wt controls. Merely hair depigmentation occurred in all treatment groups
due to unspecific BACE2 inhibition by NB-360. As already published by others, treated
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APPPS1 and wt mice developed patches of grey hair starting ventrally (Neumann et al., 2015;
Shimshek et al., 2016). During chronic intervention in the half-lifelong and lifelong treatment
groups, patches turned into an overall grey coat (data not shown).
Increased sTREM2, a proteolytic cleavage product of the microglial TREM2 transmembrane
receptor, has been detected in CSF during Aβ deposition in patients with inherited AD. In these
individuals, sTREM2 highly correlated with other biomarkers for neurodegeneration (SuárezCalvet et al., 2016a; Zhong et al., 2019). To investigate the effect and timepoint of BACE1
inhibition on downstream neuroinflammation, we determined sTREM2 levels in brain after
BACE1 inhibition. BACE1 inhibition significantly alleviated the production of sTREM2 by
30 - 40% in the adult, aged and half-lifelong group. An even stronger reduction was revealed
in the young (64%) and lifelong group (81%) compared to age-matched untreated controls
(Figure 5B). sTREM2 has been reported to increase microglial proliferation and clustering
around Aβ-positive plaques (Zhong et al., 2019). Quantification of the microglia-covered area
after immunohistochemical staining with the Iba1 antibody revealed reduced microgliosis in
BACE1 inhibitor-treated mice compared to controls (Figure 5C; approximately 25% reduction
in the adult, aged and half-lifelong group, young: 49%; lifelong: 65%).
In conclusion, NB-360 is able to prevent Aβ-driven neurodegeneration, if applied early during
the process of β-amyloidosis before NfL becomes uncoupled from Aβ. Furthermore, it restrains
neuroinflammation during treatment condition by less activation of microglia due to reduced
sTREM2 and Aβ levels.

44

Aβ restriction by BACE1 inhibition is most effective at initial disease stages

Figure 5. BACE1 inhibitor treatment reveals uncoupling of NfL and Aβ in aged mice and affects
downstream neuroinflammation. (A) CSF NfL concentration in BACE1 inhibitor (BI)-treated mice is shown
for a subset of mice from Figure 4 (8–10 mice per group for 1.5-18.5 months old mice; 11–14 mice per group for
21.5 months old mice; mouse age at the end of experiment). Mice were excluded, if <10 µl CSF was obtained.
Results indicated robust blockage of NfL increase after three months BACE1 inhibition in the young, adult and
both chronic treatment groups in APPPS1 mice compared to untreated controls (two-tailed unpaired t-test; young:
t(17)=7.501, P<0.001; adult: t(16)=4.014, P=0.0010; half-lifelong: t(24)=6.754, P<0.001; lifelong: t(24)=13.64,
P<0.001). This strong effect was attenuated in aged APPPS1 mice. Wt mice treated with BI from 12-21.5 months
of age (half-lifelong; n=3 for the 12 months baseline group and n=12 for 21.5 months old BI and untreated wt
mice) revealed a slight, age-related NfL increase, but no reduction after BI treatment. (B) Brain sTREM2
concentration of BI-treated mice is shown for mice from Figure 4 (8–10 mice per group for all 1.5-18.5 months
old mice; 12–16 mice per group for 21.5 months old mice; mouse age at the end of experiment). BI treatment
decreased the production of sTREM2 in brain at all treatment stages and durations. After three months treatment,
brain sTREM2 was even reduced below baseline levels, when treatment was initiated at an intermediate or late
stage of Aβ pathology. (C) Normalized total area covered by microglia was determined for a subset of mice from
Figure 4 (8–10 mice per group for 1.5-18.5 months old mice; 12–16 mice per group for 21.5 months old mice;
mouse age at the end of experiment). BI and baseline groups were normalized to the respective control group. BI
was able to maintain low microglia activation states in brain (Mann–Whitney U test in the young (p=0.0041); adult
(p=0,0142) and aged (p=0,0194) treatment group and also after chronic half-lifelong (p=0.0202) and lifelong
treatment (p<0.0001). No gender effect was detected in any measurements. All data are represented as group means
± SEM; *P < 0.05; **P<0.01; ***P < 0.001.
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4.4 Discussion
Inhibition of the rate-limiting enzyme BACE1 that generates new Aβ peptides after cleavage
of APP during the amyloidogenic pathway constitutes one major therapeutical approach in the
context of the cure of AD. So far, different BACE1 inhibitors have been investigated in clinical
trials for a limited period of intervention. Unfortunately, none of the tested inhibitors reached
its primary or secondary outcome measures. Some compounds even caused adverse effects
leading to the discontinuation of all BACE1 inhibitor trials (e.g. Egan, 2018; Eisai and Biogen
Press Release, 2019; Wessels et al., 2019). Based on the mode of action, long-term therapy with
a BACE1 inhibitor seems to be necessary to maintain positive aspects of this approach.
Therefore, the present study for the first time investigated the effects of a half-lifelong and even
lifelong, chronic BACE1 inhibition including analyses of pathological sequelae during the
process of Aβ deposition in a mouse model of β-amyloidosis. With this approach, we effectively
stopped Aβ pathology and neurodegeneration by interference with the amyloid cascade at levels
of Aβ production.
Results are most beneficial after chronic, lifelong treatment, when the initiation of this
intervention takes place before large Aβ aggregates are deposited. At this early pathological
stage, permanent and lifelong BACE1 inhibition maintains initial, low Aβ pathology in brain
(Figure 4). Our results after chronic BACE1 inhibitor treatment indicate that early and
permanent Aβ reduction throughout life might be necessary to cause long-lasting effects.
However, most clinical trials using BACE1 inhibition were applied in symptomatic patients
with mild-to-moderate AD. Two BACE1 inhibitors, Umibecestat (Novartis) and Atabecestat
(Janssen), were tested at an earlier timepoint during pathogenesis, namely in asymptomatic
individuals at risk for AD (Henley et al., 2019; Novartis International AG, 2019). But, treatment
did not cause advancements in cognitive decline leading to the discontinuation of BACE1
inhibitor trials. To restore confidence in BACE1 as a potential therapeutic target, we
investigated the impact of BACE1 inhibition at early vs. late pathological disease stages. Thus,
we treated additional APP transgenic mice for three months at an early, intermediate and late
stage during the process of Aβ pathogenesis. We found out that, even more important than the
duration of therapy, is the timepoint of treatment initiation for later intervention success. We
demonstrated that prevention of APP cleavage by three months BACE1 inhibition robustly
halters the production of soluble Aβ in brain at all disease stages. But similar to the chronic
inhibition, most convincing results were obtained when treatment was started at initial disease
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stages. This may explain the failure of recent clinical trials due to an inappropriate, too old
subject selection.
Surprisingly, three months treatment with NB-360 was even able to remove preexisting brain
Aβ, as seen in ELISA measurements by the reduction below baseline (Figure 4A). One
hypothesis is that blockage of Aβ production causes disaggregation of deposited Aβ in order to
maintain the equilibrium between monomeric and aggregated Aβ. If beneficial, the reduction
of Aβ below baseline may indicate not only the elimination of soluble Aβ, but might also
include the removal of Aβ seeds that may otherwise promote disease progression. If
detrimental, reduction of brain Aβ by BACE1 inhibition could disassemble larger Aβ
aggregates into smaller, highly seeding-active species. This might highly promote deposition
after termination of the intervention. Unfortunately, reduced brain Aβ (below baseline) is not
seen for deposited Aβ detected by immunohistochemistry (Figure 4B). One explanation is
based on our brain Aβ measurement technique, which only captures Aβ40 and Aβ42 isoforms,
whereas our immunohistochemical procedure is not limited to specific Aβ length suggesting
that an increase of further (toxic) Aβ species during disease progression, e.g. Aβ34, conceals
the reduction of Aβ40 and 42 (Liebsch et al., 2019).
In our study, brain Aβ changes over time, as illustrated in the curve, could indicate that longterm BACE1 inhibition is able to reduce Aβ to zero, but the lifespan of a mouse seems not long
enough (Figure 4A). This is not the case, since NB-360 does not exhibit a 100% blockage of
Aβ production allowing small amounts of Aβ still being produced. Furthermore, remaining Aβ
levels in mice after lifelong BACE1 inhibition also suggest a low, but continuous Aβ
accumulation during life.
Unlike latest human trial outcomes, the results of this study suggest BACE1 inhibition to be an
excellent target to interfere with the amyloid cascade and decelerate disease progression, at
least in mice. Chronic, long-term therapy seems to be optimal to achieve permanent lowering
of Aβ. For this approach, the BACE1 inhibitor requires great safety and tolerability profiles.
Especially after BACE1 inhibition, detrimental deficits in myelination and further mechanismbased side effects during development by affecting various BACE1 substrates have been
reported (Dominguez et al., 2005; Laird et al., 2005; Ohno et al., 2006; Barão et al., 2016) To
avoid this, we initiated NB-360 treatment in mice earliest at 1.5 months of age, immediately
after development was completed. Thus, APPPS1 and wt mice were spared from any adverse
effects on their physical condition, except hair depigmentation (data not shown) caused by
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partial cross-inhibition of BACE2, as published before (Neumann et al., 2015; Shimshek et al.,
2016). Results imply NB-360 to be highly safe and suitable for long-term application.
After BACE1 inhibitor treatment in APP transgenic mice, we achieved a more than 90%
reduction of brain Aβ (Figure 4). In 2012, Jonsson et al. have found a preventive APP mutation
demonstrating an Aβ reduction by 20% to be enough to protect against AD (Jonsson et al.,
2012). Since a non-linear relationship between BACE1 activity and subsequent Aβ production
has been reported previously, a 20% Aβ reduction is achieved in mice with 50% decreased
BACE1 activity (Laird et al., 2005; McConlogue et al., 2007; Rabe et al., 2011). Based on this
information, BACE1 inhibition could be further decreased without forfeiting long-lasting
effects on Aβ. This might cause a positive impact on the safety profile of the drug. Further
advancements in safety are expected by exclusion of side effects caused by cross-inhibition of
BACE2. But, recent failure of Umibecestat, which showed enhanced specificity of BACE1 over
BACE2, reveals that safety concerns rising from additional BACE2 inhibition can be hardly
estimated and remain obscure (Neumann et al., 2018).
Hitherto, many different intervention strategies, not only BACE1 inhibitors, try to mitigate or
prevent disease progression of AD. For all prevention trials, it is equally important to monitor
disease progression and response to treatment already at pre-clinical stages of disease.
Therefore, easily accessible biomarkers are essential (Bacioglu et al., 2016; Osborn et al.,
2019). Thus, we determined NfL in CSF after BACE1 inhibition as an indicator for
neurodegeneration. Changes in NfL should define the extent of treatment success.
BACE1 inhibitor treatment of wt mice did not reveal any effect on NfL levels (Figure 5A).
Hence, results suggest that Aβ removal, rather than the inhibitor itself, prevents downstream
neurodegeneration in APPPS1 mice. By lowering Aβ pathology in brain, neurodegeneration
and progression of disease might be prevented. In APP transgenic mice, BACE1 inhibition
reduced the Aβ-driven increase in CSF NfL throughout all treatment groups indicating a tight
connection between β-amyloidosis and NfL. But, although the BACE1 inhibitor robustly halted
Aβ increase, NfL changes corresponded less to Aβ at advanced disease stage. This implies an
uncoupling of Aβ and NfL during the course of amyloid pathology.
In accordance with previous results showing that minor NfL accumulation is part of the normal
aging process, BACE1 inhibitor-treated and untreated wt mice revealed low amounts of this
protein in CSF (Bacioglu et al., 2016). These findings strengthen the hypothesis that Aβ is the
initial trigger for massive NfL increase in APPPS1 mice rather than a parallel, but independent
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mechanism that drives neurodegeneration and later converges with Aβ pathology (Hardy and
Higgins, 1992; Masters and Selkoe, 2012; Jack et al., 2013; Wirth et al., 2013).
If transferred to human clinical trials, our findings raise issues of reliability regarding NfL as a
marker for the reflection of intervention response during all stages within the continuum of AD.
Additionally, since NfL is not a specific marker for AD, confirmation of findings by a second
measure would be helpful (e.g. PET or CSF Aβ) in order to define AD-related
neurodegeneration according to the latest NIA-AA framework (Jack et al., 2018). In humans,
one major challenge is the accessibility of meaningful biomarkers. Since CSF sampling is an
invasive procedure in humans, measurement of blood-based biomarkers, e.g. plasma NfL, in
our study would enhance clinical relevance.
Over the last years, the role of microglia in AD pathogenesis proved to be highly influential.
Genome-wide association studies have shown that many AD risk loci are located near or in
genes that are expressed by microglia (Hansen et al., 2018; Verheijen and Sleegers, 2018). In
our study, we could show that BACE1 inhibition robustly suppressed inflammation (Figure
5B/C). Compared to NfL, inflammation (microglia and sTREM2 measurements) correlated
well with Aβ. Thus, the clear coupling of Aβ and microgliosis hints at Aβ as the exclusive
trigger for the microglia activation in APPPS1 mice.
The failure of previous BACE1 inhibitor clinical trials in mild-to-moderate AD patients indicate
BACE1 to be a difficult target. Nonetheless, our study maintains the idea of BACE1 as a
promising target in the struggle of AD therapy. The major finding of our study reveals that
BACE1 inhibition needs to be applied latest at initial stages of Aβ deposition to cause solid
effects on deposition and downstream pathology similar to the idea of current secondary
prevention trials (Sperling et al., 2014a). With this knowledge and the fact that Aβ accumulation
already starts two decades before the onset of clinical symptoms (Villemagne et al., 2013), one
explanation for insufficient trial outcomes is the late treatment timepoint of past BACE1
inhibitor clinical trials.
In this study, we used the aggressive APPPS1 mouse model, exhibiting the Swedish mutation
as well as a mutation in the PS1 gene (Stürchler-Pierrat et al., 1997; Radde et al., 2006). Both
mutations cause massive Aβ production, enabling investigations even in the plateau phase of
Aβ, though mice do not exert a long pre-depositing phase without sub-threshold Aβ levels
required for very early (e.g. primary) prevention. To further investigate primary prevention of
β-amyloidosis, a less intrusive model, e.g. the APP23 model, would be useful.
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Based on our results, treatment of individuals at the asymptomatic stage even below Aβ
threshold, before neurodegeneration becomes uncoupled, seems to be the conclusive possibility
to obtain satisfying prevention of AD. Unfortunately, these primary prevention trials imply
many challenges, such as enormous costs, large group sizes and a very long treatment duration.
Furthermore, accuracy of identifying individuals at risk for AD needs to be improved by presymptomatic biomarkers, since patients at this stage do not show memory decline, yet. Even a
positive PET as readout might already be too late for beneficial therapy. In order to promote
the precision of prediction, the importance of familial AD cohorts (e.g. DIAN TU) carrying
high risk to develop AD comes more and more into the focus of research. In these cases,
insignificant but profound factors at sub-threshold levels which are crucial for later disease can
be scrutinized. This might make early and precise intervention accessible.
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5 Targetable pathogenic Aβ seeds prior to amyloid
deposition
5.1 Pre-amyloid Aβ seeds can be targeted by antibodies
To study early Ab seed formation, we assessed Ab levels in pre-depositing male APP23
transgenic mice using ultrasensitive immunoassays (Figure 6A). All samples were FAextracted under the assumption that Ab seeds adopt a b-sheet-rich conformation even at preamyloid stages. Results revealed an initial increase in insoluble Ab at 7-8 months of age,
roughly 1-2 months before Ab deposits become detectable by histology and 8-10 months before
they are detectable by PET imaging in these animals (Figure 6A).
To determine whether this increase in FA-soluble Ab at 7-8 months of age indicates an even
earlier presence of biologically active Ab seeds, we probed the mice at six months of age with
a variety of antibodies. Since no information was available about the nature or structure of
putative pre-amyloid seeds, we selected antibodies against various Ab species and assemblies,
including murine or murinized versions of antibodies that have been used in clinical trials
(Figure 6B). For comparative reasons, all antibodies (except one) were available on an IgG2a
background to maintain their presumed effector function in mice (Fuller et al., 2014). To
achieve high antibody levels in the brain, the antibodies were applied at 0.5 mg/mouse/day for
five consecutive days. The mice were analyzed six weeks later, at 7.5 months of age, a time
when they show FA-extractable Ab but still have no histologically detectable Ab deposition in
the brain (Figure 6B).
None of the tested antibodies altered Ab levels in the Triton-soluble fraction. However, in the
mice that received cmAducanumab, Ab was markedly reduced in the FA-soluble fraction
(Figure 6C). For Ab42 (the Ab species ending with amino acid 42) the reduction reached 50%.
To probe whether cmAducanumab indeed removed early Ab seeds, a well-established in vivo
seeding assay was performed (Ye et al., 2017), i.e., minute amounts of brain homogenates from
the cmAducanumab- and control antibody-treated mice were infused into young, 3-month-old
APP23 mice (Figure 6D). While brain extract from the control antibody-treated mice strongly
seeded Ab deposition in the host mice eight months later, seeding activity was reduced by more
than 80% in the brain extract from the cmAducanumab-treated mice (Figure 6D).
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Figure 6. Targeting Aβ seeds at the pre-amyloid stage. (A) Brain Aβ in male APP23 mice as a function of age.
The polynomial (4th degree) curve for Aβ concentration (Aβx-40 and Aβx-42 combined) at 10-30 months of age
was calculated based on previous publications (Maia et al., 2013, 2015; Ye et al., 2017). In addition, Aβx-40 and
Aβx-42 were measured in 2- to 8-month-old male APP23 mice (n=6-7/group) and revealed a first notable increase
at 7-8 months of age. This is at least one month earlier than Aβ plaque deposition becomes apparent in male APP23
mice (Eisele et al., 2010; Langer et al., 2011; Ye et al., 2017) and nine months earlier than plaque deposition has
been reported by PET imaging (Maier et al., 2014). (B) Schematic overview of antibody screening. Six-month-old
male APP23 mice intraperitoneally received 0.5 mg of one of the six antibodies directed against Aβ or
corresponding control (ctrl) antibodies on five consecutive days (n=11 [PBS], 13 [Ctrl1], 8 [Ctrl2], 8 [Beta1],
7 [cmGant], 8 [m266], 8 [mC2], 8 [cmAdu], 8 [mE8]). All groups initially had n=8 mice. mE8 immunization and
additional controls were performed in a separate experiment, explaining the higher number of mice receiving
control antibody. One cmGant animal died. Mice were sacrificed and analyzed at 7.5 months of age. (C) Brain
homogenates were extracted by Triton and subsequently with FA. The Kruskal-Wallis-Test indicates group
differences for the FA Aβx-42 measurements (PBS, Ctrl1, and Ctrl2 were pooled for this analysis; H(6)=14.73;
P=0.0225) and post hoc Dunn's multiple comparison test demonstrated a significant reduction of FA-extracted
Aβx-42 in cmAdu-injected mice compared to controls (P=0.0063). (D) Brain homogenates from cmAdu- and
Ctrl2-treated (7.5-month-old) mice were inoculated into the hippocampus of 3-month-old male APP23 hosts. After
an 8-month incubation time, the brain extract of cmAdu-treated mice induced markedly less Aβ deposition (n=7
for both cmAdu and Ctrl2, two-tailed unpaired t-test; t(12)=3.726; P=0.0029). All data are represented as group
means ± SEM; **P<0.01; Scale bar in D: 100µm.
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5.2 Characterization of pre-amyloid Aβ seeds
The finding that only cmAducanumab removed Ab seeds at pre-amyloid stages was surprising,
especially in light of previous evidence that the Beta1 antibody recognizes and blocks Ab seeds
extracted from aged, amyloid-laden APP23 mouse brains (Meyer-Luehmann et al., 2006; Eisele
et al., 2014). The characterization of native Ab assemblies (and putative seeds) recognized by
antibodies is inherently difficult. Thus, we used agarose-gel electrophoresis to separate brainderived Ab assemblies under semi-native conditions based on size, followed by enzymatic
digestion of the agarose to liberate the Ab assemblies. We then used antibodyimmunoprecipitation to establish an Ab-assembly recognition profile for a given antibody that
we termed Antibody Recognition Profiling of Ab assemblies (ARPA) (Figure 7A;
supplementary Figure 1).
ARPA of PBS homogenates from amyloid-laden APP23 mouse brains revealed robust
differences among the antibodies (Figure 7B). While cmAducanumab and mE8 recognized
almost exclusively larger Ab assemblies, Beta1 and mC2 (and to some degree also
cmGantenerumab) recognized a variety of Ab assemblies, including monomeric Ab. In
contrast, m266 mainly recognized monomeric Ab. Similar results were found when AD brain
samples were tested (supplementary Figure 2).
In 6-month-old APP23 mice, Beta1, mC2, cmGantenerumab, and m266 again recognized
monomeric Ab, but they failed to bind larger Ab assemblies due to the low abundance of Ab
assemblies (presumably Ab seeds) at this stage (Figure 7C). Consistently, no signal was
obtained with cmAducanumab and mE8 in mice of this age. However, when direct
immunoprecipitation from bulk brain homogenate was used, cmAducanumab recognized an Ab
species even in the 6-month-old APP23 mouse brain, while no such signal was found for mE8
(Figure 7C). The latter finding is consistent with pyroglutamated Aβ occurring at later stages
of cerebral Ab-amyloidosis (Güntert et al., 2006; Frost et al., 2013; Rijal Upadhaya et al., 2014).
The inability of ARPA to reveal Ab seeds at very early and pre-amyloid stages was not entirely
unexpected given that pathogenic Ab seeds can largely escape biochemical detection (Ye et al.,
2015). However, when brain homogenates from the antibody-treated 7.5-month-old mice (see
Figure 6) were examined with ARPA, faint bands of a higher molecular Ab species were found
in the control-treated mice, and these bands were absent in the cmAducanumab-treated mice
(supplementary Figure 3).
53

Targetable pathogenic Aβ seeds prior to amyloid deposition

54

Targetable pathogenic Aβ seeds prior to amyloid deposition
Figure 7. Brain Aβ assemblies recognized by the various antibodies. (A) Schematic overview of Antibody
Recognition Profiling of Aβ assemblies (ARPA). In a first step, brain PBS homogenates are immunoprecipitated
with the various antibodies followed by denaturing immunoblotting using 6E10 antibody. In a second step, brain
PBS-homogenates are subjected to semi-native agarose gel electrophoresis. Liquefied agarose fractions containing
Aβ assemblies of various sizes are then achieved by cutting the agarose gels into pieces and treating the pieces
with Agarase. Within each individual fraction, Aβ is then immunoprecipitated with one of the various antibodies
followed by denaturing immunoblotting. As a control for the total amount of Aβ in the individual fractions, agarose
gel pieces are melted and subjected to denaturing immunoblotting. For a more detailed description of ARPA, see
supplementary Figure 1 and Methods. (B) In fresh-frozen, amyloid-laden tissue samples from male 26-month-old
APP23 mice (hemibrains from three mice were pooled), all Aβ antibodies recognized an Aβ-species using
immunoprecipitation (left panel). ARPA revealed that cmAdu and mE8 recognized almost exclusively larger Ab
assemblies while Beta1 and mC2 (and to some degree also cmGant) recognized larger but also low molecular
weight (presumed monomeric) Ab (bands 6 and 7). Antibody m266 mainly recognized monomeric Ab. The Ab
band from a fraction was normalized to the total amount of Ab detected in the sample and the difference in intensity
compared to total Ab in the melted fraction is shown (the experiment was repeated three times; mean and SEM
are shown). Positive antibody affinity values indicate that the antibody recognizes Ab species better than predicted
from the total amount of Ab, while a negative antibody affinity indicates that the antibody recognizes an Ab
species less than expected from the total amount of Ab in this fraction (right panel). (C) In PBS homogenates of
6-month-old APP23 brains (male and female hemibrains from nine animals were pooled), ARPA revealed
recognition of monomeric Ab by Beta1, mC2, Gant, and m266, but these antibodies failed to detect larger Ab
assemblies. No signal was obtained with cmAdu and mE8. The experiment was repeated three times with similar
results. However, using direct immunoprecipitation, cmAdu recognized Ab species, while no such signal was
found for mE8. Note that in amyloid-laden mouse (panel B) and human brain (supplementary Figure 2) monomeric
Ab largely runs in fraction 6 while in the young (pre-amyloid) brain it equally runs in 6 and 7 (panel C).
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5.3 Pharmacokinetic of antibodies
It was possible that the successful targeting of pre-amyloid seeds in the brain by
cmAducanumab was based on a unique pharmacokinetic profile of cmAducanumab rather than
the recognition of seeding-active (pre-amyloid) Ab species. To this end, we studied the
pharmacokinetics of cmAducanumab in comparison to m266 and Beta1 because of their
markedly different Ab assembly recognition profiles and different seed-removal capabilities.
Six-month-old male APP23 mice and corresponding wt control mice were injected i.p. with the
respective antibodies at 0.5 mg/mouse/day for five consecutive days (Figure 8), as in previous
experiments. The concentrations of all three antibodies declined exponentially in the plasma
within a similar range (Figure 8). For m266 and Beta1, the decline was faster in APP23 mice
compared to wt mice, consistent with the binding of m266 and Beta1 to monomeric Aβ in the
blood. In contrast, cmAducanumab´s plasma half-life was similar in wt and APP23 mice,
suggesting that this antibody does not recognize a specific target in blood. This observation is
consistent with cmAducanumab having a much higher affinity for Aβ assemblies than for
monomeric forms of Ab (Arndt et al., 2018).

Figure 8. Pharmacokinetics and target engagement of antibodies at pre-amyloid stages. (A) Schematic
overview of antibody titer measurements. Six-month-old male tg APP23 mice or 6-month-old male wt mice
intraperitoneally received 0.5 mg of either Beta1, m266, or cmAducanumab (cmAdu) on five consecutive days
(n=5/group/antibody). Mice were analyzed 1, 7, or 21 days post immunization (dpi). (B) Plasma logarithmic
changes (Ln) in antibody concentration over time (days) in APP23 and wt mice. For Beta1 in the tg group, there
were 1 and 4 mice below detection at 7 and 21 dpi, respectively. (C) Calculated elimination rate (kel) and half-life
(t1/2) of antibody elimination in plasma suggest binding of Beta1 and m266 to blood Ab, thus accelerating removal
from blood, whereas no such acceleration is seen for cmAdu. All data are represented as group means ± SEM.
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5.4 Inactivation of pre-amyloid Aβ seeds leads to long-lasting prevention
of Aβ deposition and downstream pathogenic changes
We then tested the hypothesis that acute targeting of Ab seeds at a pre-amyloid stage (i.e.,
during the lag phase of amyloid aggregation) is effective for prevention of cerebral
β-amyloidosis and associated pathologic changes. We again treated 6-month-old male APP23
mice with cmAducanumab, m266 or Beta1 at 0.5 mg/mouse/day for five consecutive days.
However, in this experiment, the animals were aged for another six months and analyzed at 12
months of age (Figure 9A, B).
Strikingly, while m266- and Beta1-treated animals did not differ in any measure relative to
control antibody-treated mice, both FA-extracted Ab and immunohistochemically-detected Ab
deposits were reduced (35% and 67%, respectively) in mice receiving a single, five-day
regimen of cmAducanumab six months earlier (Figure 9C, D). Further quantitative
histopathological analyses indicated that the treatment mainly reduced the number of Aβ
plaques (86%), whereas the average size of plaques only decreased by 17% (Figure 9D, E). The
deposition of Aβ in the vasculature (cerebral β-amyloid angiopathy, CAA) was not lowered by
antibody treatment, and in some mice even appeared to have increased (Figure 9D). However,
no old or recent CAA-associated hemorrhages were detected in any of the groups using Perl´s
stain for iron or hematoxylin and eosin, respectively.
The reduction of cerebral β-amyloidosis six months after a single, five-day treatment with
cmAducanumab also was accompanied by reductions in both microgliosis and p-tau-positive
neuritic changes (Figure 9F, G). Measurement of NfL in CSF, a biomarker of
neurodegeneration in APP transgenic mice (Bacioglu et al., 2016), revealed 603.7 + 43.0 pg/ml
for the cmAducanumab-treated mice compared to 741.4 + 98.8 pg/ml for the control antibodytreated mice (mean and SEM; n=9 and 8, respectively) but this comparison did not reach
statistical significance.
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Figure 9. Targeting pre-amyloid Aβ seeds leads to long-lasting reduction of cerebral β-amyloidosis and
associated pathologies. (A) Schematic overview of long-term incubation after acute early seed removal. Sixmonth-old male APP23 mice received i.p. injections of either 0.5 mg Beta1, cmAducanumab (cmAdu) or m266
on five consecutive days. Mice were sacrificed and analyzed at 12 months of age. (B) Schematic overview of
tissue processing. CSF was taken prior to perfusion and collection of tissue. The fresh-frozen left hemisphere was
homogenized for biochemical analyses. Brain homogenates were extracted by Triton and subsequently with FA.
The paraformaldehyde-fixed right hemisphere was used for immunohistochemical analyses. (C) Aβ measurement
of the FA-soluble fractions showed reduced brain Aβ in cmAdu-treated mice although the reductions did not reach
statistical significance (n=4 [Ctrl1], 4 [Ctrl2], 9 [Beta1], 9 [cmAdu], 7 [m266]; All groups initially had n=10 mice
(each of the two controls n=5). During the six month-incubation period, one animal in each group died while in
the m266 group three animals died. (D) Stereological quantification of Aβ-immunostaining (CN6 antibody) in the
cortex revealed that Ab load was significantly lower in mice receiving early cmAdu treatment compared to controls
(one-way ANOVA: F(3,29)=3.613; P=0.0248 and post hoc Dunnett´s multiple comparisons test: P=0.0223). An
even larger reduction was found for plaque number (one-way ANOVA: F(3,29)=12.35; P<0.0001 and post hoc
Dunnett´s multiple comparisons test: P=0.0007). Plaque size was also reduced but smaller in magnitude (one-way
ANOVA: F(3,29)=3.6320; P=0.0247 and post hoc Dunnett´s multiple comparisons test: P=0.0268). The amount
of CAA was not significantly different in antibody-treated mice, although two mice treated with cmAdu and three
treated with m266 had relatively high CAA counts. (E) Immunostaining with the Aβ-specific CN6 antibody along
with Congo Red. One representative section from a 12-month-old APP23 mouse is shown for each experimental
group. Scale bars = 500 µm (inserts = 20µm). (F) The number of Pu.1-positive microglia associated with individual
plaques was not significantly changed, whereas the “total” number of plaque-associated (and thus activated)
microglia after cmAdu-treatment was reduced (one-way ANOVA: F(3,29)=7.516; P=0.0007; post hoc Dunnett´s
multiple comparisons test: P=0.0049). An overview of Iba1-immunostained microglia around congophilic plaques
depicts the reduced number of activated microglia after cmAdu-treatment compared to Ctrl1-treated mice. Scale
bar = 100 µm. (G) All plaques were surrounded by p-tau (AT8)-positive neuritic changes. Because of the
significantly reduced plaque-load of the cmAdu-treated mice, the overall load of p-tau-positive neurites in the
cortex also appeared reduced in cmAdu-treated compared to Ctrl1-treated mice. Scale bar = 100 µm (insert 50 µm).
All data are represented as group means ± SEM; *P < 0.05; **P<0.01; ***P < 0.001.

59

Targetable pathogenic Aβ seeds prior to amyloid deposition

5.5 Discussion
The immunization study demonstrates the presence of therapeutically targetable Aβ seeds
before Aβ aggregation and amyloid formation are detectable by current biochemical,
histological, or imaging techniques. The finding that acutely targeting such early Ab seeds for
only five days leads to a significant reduction of Aβ deposition and associated pathologies six
months later suggests that Ab seeds are already present during the lag phase of cerebral
β-amyloidosis. It also suggests that the formation and/or amplification of such early seeds is a
slow process, even in APP transgenic mice that overproduce Aβ.
The structure and biochemical nature of pathogenic pre-amyloid seeds remain largely unknown
because of their low concentration and the inherent difficulty in isolating them in their native
state. A variety of seeding-active Aβ assemblies from brain have been characterized, but all of
them have been isolated from end-stage AD or transgenic mouse brains (e.g. Langer et al.,
2011; Katzmarski et al., 2019). Whether Aβ seeds differ in the early and late stages of disease
is uncertain, but our findings suggest that they might. For example, Beta1 has been shown to
greatly inactivate Ab seeds derived from end-stage APP23 mouse brains (Meyer-Luehmann et
al., 2006), while the same antibody in the present study was ineffective at inactivating earlystage seeds.
There is multiple evidence for differences in Aβ composition and conformation between Aβ
deposits at early vs. late AD stages (Nyström et al., 2013; Rijal Upadhaya et al., 2014; Michno
et al., 2019). Pyroglutamate-modified Aβ (AβN3pE), which is recognized by antibody mE8,
forms highly active seeds (Nussbaum et al., 2012), but it occurs predominantly at later stages
of cerebral β-amyloidosis (Güntert et al., 2006; Frost et al., 2013; Rijal Upadhaya et al., 2014).
This might explain why mE8 did not inhibit early seeds in the present study despite showing
an ARPA profile almost identical to cmAducanumab in end-stage AD and transgenic mouse
brains.
Differences in the concentration of pathogenic Ab seeds compared to Ab species that are
relatively benign might also have important implications for the efficacy of antibodies in a brain
environment with high concentrations of monomeric (or possibly highly fibrillized) Aβ. ARPA
and plasma pharmacokinetics revealed cmAducanumab to be highly selective for Aβ aggregates
over Aβ monomers even at pre-amyloid stages. Using synthetic Aβ, Aducanumab has been
reported to have a >10,000-fold selectivity for Aβ aggregates over monomeric Aβ (Sevigny et
al., 2016; Arndt et al., 2018). Whereas cmAducanumab and mE8 recognize almost exclusively
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larger Ab assemblies, all other antibodies tested in the present study also recognize monomeric
Aβ, which may explain why they failed to impede Ab seeds in the present study (although we
only tested the IgG1 version of cmGantenerumab, whose effector function is reduced in mice;
DeMattos et al., 2012; Fuller et al., 2015). The reasons that Beta1 inactivates exogenously
applied seeds efficiently (e.g. Meyer-Luehmann et al., 2006), but was ineffective for
endogenous seeds, could then also be explained by a much higher ratio of seeds to monomeric
Aβ in the infusion paradigm. Another possibility is that the infused seeds end up in a brain
compartment that is accessible to antibodies, whereas endogenous seeds may be intracellular,
and thus are relatively inaccessible (Jucker and Walker, 2018). Thus, for future screening and
identification of therapeutic agents targeting pre-amyloid seeds, ARPA appears to be a suitable
method, with cmAducanumab as the lead antibody identified thus far.
Of potential concern for the translation of the present results into clinical applications is the
finding that cmAducanumab did not reduce CAA. The same was reported when APP transgenic
mice were passively immunized with cmAducanumab (Sevigny et al., 2016). The failure to
clear Aβ from the vasculature after immunization (or even the observation that immunization
increases CAA) in amyloid-laden murine or human brains has been thought to be caused by a
shift of antibody-bound Aβ from plaques in the parenchyma to the vessel wall (Pfeifer et al.,
2002; Boche et al., 2008; Sperling et al., 2011c). The present results suggest that this
translocation of Ab might also remain active in mice acutely treated with antibodies at an early
and pre-amyloid stage. It is also possible that the Ab seeds that induce CAA are structurally
different from parenchymal seeds (Kollmer et al., 2019), and therefore are not recognized by
cmAducanumab. The latter possibility will require a refinement of ARPA as a screening tool
for reagents that inactivate early seeds.
While the efficacy of the early removal of Ab seeds in humans has not been established, this
study supports the concept that acute removal of seeds in the lag phase of cerebral
β-amyloidogenesis delays the pathogenic cascade of amyloid formation and its toxic
downstream effects (Karlnoski et al., 2009; Das et al., 2012). More work on the in vivo
dynamics and turnover of pre-amyloid seeds is necessary (Arosio et al., 2015), in particular in
the human brain where the first amyloid deposits are reported as manifesting as early as 30 to
50 years of age (Braak et al., 2011; Pletnikova et al., 2015). Thus, the preclinical phase of AD
- defined as when Ab deposition is present with no clinical symptoms (Sperling et al., 2014a) may in fact be a later manifestation of a much earlier pathogenic process of seed propagation
that currently escapes detection in vivo. By reducing the concentration of highly bioactive Ab
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seeds at critical early time points during this pre-amyloid phase, it might be possible to forestall
the Ab-cascade and the onset of AD indefinitely. Given growing evidence that seeding of
specific proteins underlies several chronic neurodegenerative diseases and systemic diseases
(Jucker and Walker, 2018; Westermark et al., 2018), it is likely that these disorders also can be
delayed by the inactivation of proteopathic seeds in the lag-phase of protein deposition in brain.

6 Conclusions
In our studies, we used two different strategies, i.e. BACE1 inhibition and anti-Aβ
immunization, to interfere with the amyloid cascade. We could show that both strategies are
able to decelerate the process of Aβ deposition by reliable reduction of brain Aβ levels and
alleviation of associated pathologies. Similar to current clinical secondary prevention
approaches, the BACE1 inhibitor study revealed insight into the importance of early
intervention to cause long-lasting outcomes since treatment becomes less effective as soon as
pathology reached a more advanced stage. With this knowledge, we established a second
therapeutical approach at an even earlier, pre-amyloid stage to cause primary prevention by
passive immunization against early Aβ seeds. Inactivation of such seeds by an antibody that is
highly specific for aggregated Aβ causes long-lasting reduction of brain Aβ and delayed the
onset of deposition. While many anti-Aβ antibodies increase the clearance of both soluble and
insoluble Aβ species, Aducanumab exclusively targets aggregated forms of Aβ thereby
inducing a long-lasting shift of pathology.
Based on the complexity of AD, clinical outcome and long-term prevention of the disease might
only be obtained by affecting multiple targets. More than one drug might be applied like it is
the standard for many diseases, e.g. rheumatoid arthritis and the acquired immune deficiency
syndrome. To maintain the impact of Aβ seed removal on pathology, a combination of acute
Aducanumab immunization and additional chronic BACE1 inhibition to minimize Aβ
production demonstrate a promising approach. In future, positive consequences of a
combinatorial intervention may allow low dosing of the BACE1 inhibitor to narrow adverse
effects based on long-term inhibition.
If applied at the timepoint of primary prevention, the highly specific immunization therapy
using the anti-Aβ antibody Aducanumab together with an enhanced, safe and well tolerated
BACE1 inhibitor could induce a long-lasting shift in pathology and paves the road for the
preservation of brain function and hence, prevention of AD.
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10 Appendix
10.1 Supplementary figures

Supplementary Figure 1. Semi-native agarose gel electrophoresis on synthetic Aβ. Semi-native agarose gel
electrophoresis was done using monomeric, oligomeric and fibrillary Aβ in the same fashion as the first steps of
the ARPA method to determine Aβ distribution between fractions. Monomeric Aβ was prepared using Aβ1-40
(Bachem) in DMSO, oligomeric preparation followed a protocol for Aβ-derived diffusible ligands (Ryan et al.,
2010) using Aβ1-42 and fibrils were prepared by incubating 100 µM Aβ1-42 at 37°C for 24 hours. Agarose lanes
were cut as described in Figure 7a and the method section, and agarose gel pieces were melted followed by
denaturing immunoblotting and probed for Aβ with antibody 6E10. Chemiluminescent signal was captured with
Amersham Hyperfilm ECL (in contrast to the chemiluminescent imager used for quantitative analysis in Figure 7
and Supplementary Figure 2). See also Methods for detail. Note that (presumed) monomeric Aβ runs in fraction 6
and 7 while oligomeric Aβ species are additionally seen in 4 and 5 and Aβ fibrils in fraction 1 to 3.

Supplementary Figure 2. Aβ assemblies from AD brain recognized by the various antibodies. See Figure 7
for a description of the ARPA methodology. PBS-homogenates from the frontal cortex of three AD subjects (Braak
stage VI) were pooled. Direct immunoprecipitation (IP) or ARPA (right panel) are shown for the various
antibodies. Immunoblots were probed for Aβ with antibody 6E10. The experiment was repeated three times
obtaining similar results.
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Supplemental Figure 3. Removal of higher molecular Aβ assemblies in cmAducanumab-treated mice. Six
month-old APP23 mice acutely treated with cmAducanumab (cmAdu) and Control antibody (Ctrl2) were
examined at 7.5-month of age (see Figure 6 for details). Brain PBS homogenates of all 8 cmAdu- and 8 Ctrl2treated mice were pooled. Homogenates were examined with ARPA (see Figure 7 for a description of the ARPA
methodology) using Beta1 antibody to pull down Aβ. Beta1 was used since it recognizes all Ab species fairly
equally in this assay (see Figure 7). Note the faint bands in fraction 1-3 in the Ctrl2-treated mice that are largely
diminished in the cmAdu-treated mice. A reduction of faint bands in fraction 1-3 was also found in an additional
experiment when antibody 4G8 (BioLegend, San Diego, CA) was used to pull down Ab. The experiment was
repeated three times obtaining similar results.
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10.2 Abbreviations

A4

Anti-Amyloid Treatment in Asymptomatic Alzheimer’s Disease trial

AD

Alzheimer’s Disease

ADAD

Autosomal-Dominant AD

ADAM

A Disintegrin And Metalloprotease

ADRC

Emory University Alzheimer’s Disease Research Center

AICD

APP Intracellular Domain

API

Alzheimer’s Prevention Initiative

APICC

API Cognitive Composite

APOE

Apolipoprotein E

APP

β-Amyloid-Precursor-Protein

ARIA-H, -E

Amyloid-Related Imaging Abnormalities-Hemosiderin, -Edema

ARPA

Antibody Recognition Profiling of Ab assemblies

Aβ

Amyloid-β peptide

BACE1/2

β-site APP Cleaving Enzyme 1/2

BBB

Blood-Brain-Barrier

BCA

Bicinchoninic Acid

BI

BACE inhibitor

CAA

Cerebral β-Amyloid Angiopathy

CatD

Cathepsin D

CDR-SB

Clinical Dementia Rating-Sum of Boxes

CHL1

Close Homolog of L1

cm

Chimeric Murinized

CSF

Cerebrospinal Fluid
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Ctrl

Control

DIAN

Dominantly Inherited Alzheimer Network

DIAN-TU

DIAN-Trials Unit

DMSO

Dimethyl Sulfoxide

dpi

Days Post Immunization

DSM-V

Diagnostic and Statistical Manual of Mental Disorders, 5th edition

DTT

Dithiothreitol

ECL

Electrochemiluminescence

EDTA

Ethylenediaminetetraacetic Acid

ELISA

Enzyme-Linked Immunosorbent Assay

EYO

Estimated Years until symptom Onset

FA

Formic Acid

FDA

Food and Drug Administration

FDG

18

i.p.

Intraperitoneal

IP

Immunoprecipitation

IRB

Institutional Review Board

Kel

Elimination rate

MCI

Mild Cognitive Impairment

MMSE

Mini-Mental State Examination

MRI

Magnetic Resonance Imaging

NfL

Neurofilament Light chain

NIA-AA

National Institute on Aging – Alzheimer’s Association

NINCDS-

National Institute of Neurological and Communicative Disorders and

ADRDA

Stroke – Alzheimer’s Disease and Related Disorders Association

F-fluorodeoxyglucose
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NMDA

N-Methyl-D-Aspartate

p-tau

Phosphorylated tau

PBS

Phosphate-Buffered Saline

PET

Positron Emission Tomography

PMEL

Pigment cell specific Melanocyte protein

pNPP

4-Nitrophenyl Phosphate

Prion

Proteinaceous infectious particle

PrP

Prion Protein

PS

Presenilin

PSEN

Presenilin gene

SDS

Sodium Dodecyl Sulfate

SEM

Standard Error of the Mean

Simoa

Single Molecule Array

sTREM2

Soluble TREM2

t-tau

Total tau

t1/2

Half-life

tg

Transgenic

Thy1

Thymocyte differentiation antigen 1

TREM2

Triggering Receptor Expressed on Myeloid cells 2

v/v

volume/volume

w/v

weight/volume

wt

Wildtype (C57BL/6)
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