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Abbreviations
Aβ

amyloid-β / β-amyloid

AD

Alzheimer’s disease

AE

adverse event

Ae

cumulative amount of unchanged drug excreted into the urine

ANCOVA

analysis of covariance

APOE

gene coding for Apolipoprotein E / apolipoprotein E gene

APP

amyloid precursor protein

ARAD

asymptomatic at risk for Alzheimer’s dementia

AUC

area under curve

AUCτ

area under the plasma concentration-time curve during a dosing
interval (τ)

BACE

β-site amyloid precursor protein cleaving enzyme

BACEi

BACE inhibitor

BACE1

β-site amyloid precursor protein cleaving enzyme 1

BMI

body mass index

C28d

concentration of at Day 28

CANTAB

Cambridge Neuropsychological Test Automated Battery

CDR

clinical dementia rating scale

CDR-J

CDR Japanese version

CDR-SB

clinical dementia rating scale – sum of boxes

CI

confidence interval

CL/F

oral clearance

CLR

renal clearance of the drug from plasma

Cmax

maximal concentration

CNS

central nervous system

CSF

cerebrospinal fluid
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CTF

carboxyl-terminal fragments

CV

coefficient of variation

DN

dose normalized

DNA

deoxyribonucleic acid,

eAD

early Alzheimer’s disease

ECG

electrocardiogram

ECL

electrochemiluminescence

EDTA

ethylenediamineteraacetic acid

ELISA

enzyme-linked immunosorbent assay

ES

elderly subjects

EU

European Union

FDG

fluorodeoxyglucose

FIH

first-in-human

GCP

good clinical practices

GSI

gamma secretase inhibitor

GWAS

genome wide association study

h

hour

HBR

heterophilic blocking reagent

HIV

human immunodeficiency virus

IC50

half maximal inhibitory concentration

ICH

international conference on harmonization

IWG

International Working Group

JNJ

Johnson and Johnson

JRD

Janssen Research and Development

kin

zero-order rate constant for input or production response

kout

first-order rate constant for loss of response

LC-MS/MS

liquid chromatographic-mass spectrometry/mass spectrometry
method

LLOQ
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lower limit of quantification

LOQ

limit of quantification

LP

lumbar puncture

LS

least squares

mAb

monoclonal antibody

MAD

multiple ascending dose

MAP

microtubule associated protein

MCI

mild cognitive impairment

MedDRA

Medical Dictionary for Regulatory Activities

MMSE

Mini-Mental State Examination

MRI

magnetic resonance imaging

MSD

meso scale discovery

NAs

not assessable

NIA-AA

National Institute on Aging – Alzheimer Association

NFT

neurofibrillary tangles

NS

not significant

p-tau

phosphorylated tau

pAD

prodromal AD

PAL

paired associate learning

PBS

phosphate buffered saline

PCR

polymerase chain reaction

PET

positron emission tomography

PD

pharmacodynamic(s)

PK

pharmacokinetic(s)

PLPH

post lumbar puncture headache

POM

proof-of-mechanism

qd

once daily

QTcF

QTc corrected by Fridericia’s formular

PSEN1

presenilin 1

PSEN2

presenilin 2
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RBANS

Repeatable Battery for the Assessment of Neuropsychological
Status

RTI

reaction time

SAD

single ascending dose

SAE

serious adverse event

sAPP

soluble amyloid precursor protein

SD

standard deviation

SE

standard error

SILK

stable isotope labelling kinetics

SNAP

suspected non-Alzheimer pathophysiology

SOC

system organ class

SWM

spatial working memory

t1/2

elimination half life

t1/2term

terminal elimination half life

TEAE

treatment emergent adverse event

tmax

time to achieve maximal concentration

t-tau

total tau

USA

United States of America

Vz/F

apparent volume of distribution during terminal phase after nonintravenous administration

YMS

young male subjects

ZNA

Ziekenhuis Netwerk Antwerpen

λz

terminal disposition rate constant/terminal rate constant
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Summary
In this thesis we defined an optimized protocol for frequent cerebrospinal fluid (CSF)
sampling using a spinal catheter and applied it during the clinical development of the βsecretase inhibitor, atabecestat (JNJ-54861911), targeting amyloid-β (Aβ) as a potential
treatment for Alzheimer’s disease (AD), to evaluate and predict the treatment effect of
atabecestat and to study translational biomarkers in the field of AD.
CSF levels of Aβ and tau closely reflect the central pathogenic processes in AD and have
proven their utility in evaluating disease risk or prognosis, guiding clinical diagnosis and
monitoring therapeutic interventions. However, frequent CSF sampling by using a spinal
catheter, a methodology used to allow for proper central pharmacokinetic (PK) and
pharmacodynamic (PD) profiling of therapeutic interventions, has been hampered by
pronounced increases in CSF Aβ thereby limiting its use in detecting any treatment
effects or getting a proper understanding of the PK/PD characteristics of potential new
Aβ directed treatments.
Our findings confirmed that CSF Aβ levels can be substantially affected by the CSF
sampling frequency. By adjusting the CSF sampling scheme from a high frequency to a
low frequency sampling scheme with lower collection volumes, we were able to reduce
this influence on CSF Aβ levels to very low to non-significant levels. In addition, we
ruled out that the placement of the spinal catheter itself or a potential inflammatory
reaction to the spinal catheter was causative of these increases.
Frequent CSF sampling both by means of a spinal catheter (in healthy subjects) and
frequent lumbar punctures (in early AD subjects) was successfully applied during the
Phase 1 clinical development program of atabecestat, a β-secretase inhibitor (β-site
amyloid precursor protein cleaving enzyme 1 [BACE1] inhibitor) affecting directly the
production of Aβ. Atabecestat showed strong dose dependent peripheral and central Aβ
lowering effects (up to 95%) in healthy elderly participants. The observed effects on Aβ
outlasted atabecestat’s PK profile making atabecestat suitable for once daily (qd) dosing.
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The observed effects on Aβ combined with the reported dose-related changes in CSF
levels for the amyloid precursor protein (APP) fragments, i.e., soluble APP(sAPP)α and
sAPPβ, their magnitude and direction of change from baseline are consistent with the
mode of action of atabecestat which inhibits cleavage of APP by β-secretase and thereby
inhibiting the production of Aβ.
The use of frequent CSF sampling using a spinal catheter allowed detailed PK/PD
profiling of atabecestat in healthy elderly participants and the development of PK/PD
model to predict potential treatment effects in AD participants and guide dose selection.
PK/PD model simulations based on healthy participant data were confirmed in a 4-week
proof-of-mechanism study in early AD subjects (preclinical AD and prodromal AD
[pAD]) showing that qd dosing with 10 mg and 50 mg atabecestat can attain 60% to 70%
and 90% Aβ1-40 reduction respectively. In addition, the effects on APP fragments (sAPPα
and sAPPβ) observed in healthy participants were confirmed in early AD. These
confirmatory data allow the prediction of Aβ reduction for atabecestat doses,
independent of the disease stages tested (preclinical AD or pAD) or the study population
(healthy vs early AD).
As BACE1 antagonists would be a potential chronic treatment for AD, we confirmed
that sustained inhibition of BACE1 did not alter its CSF levels. Currently BACE1 is not
considered a treatment effect marker, however its usefulness as a diagnostic marker is
currently still under investigation. In addition, we evaluated the correlation between
BACE1 levels and downstream protein markers of APP metabolism and neuronal
degeneration in CSF suggestive of what potential downstream effects BACE1 inhibition
could induce. For the first time, we have shown a (moderate) correlation between
BACE1 levels in CSF and Aβ1-42 in healthy participants. In addition, BACE1 strongly
correlated to tau levels (phosphorylated tau [p-tau] and total tau [t-tau]) in CSF
suggesting that by inhibiting BACE1 one might expect downstream effects on tau,
although to be confirmed.
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While strong genetic evidence points towards Aβ as the cause of AD, the clinical
syndrome of AD appears to be more closely related to the progression of tau pathology.
Our finding of an amyloid dependent correlation between cognitive/memory
performance and CSF tau levels is suggestive of an interaction between both
neuropathological hallmarks of AD with Aβ being the initiating step and tau driving the
level of cognitive impairment. A finding that may shift the amyloid cascade hypothesis
towards an interaction model.
Overall the findings described in this thesis emphasize the importance of CSF markers
in understanding AD, its progression and the impact of treatment. Although BACE1
inhibitors are able to halt the production of Aβ and thereby hopefully the formation of
Aβ plaques, their clinical efficacy still has to be proven. One of the key items for success
will be the timely initiation of treatment i.e., as early as possible in the AD continuum.
The interaction between Aβ and tau described in this thesis would advocate for
preventing Aβ plaque formation in the preclinical AD stages by shutting down Aβ
formation using a BACE1 inhibitor, thereby preventing or affecting downstream effects
or interactions with tau and prevent or halt tau induced cognitive decline to occur.
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Samenvatting
In dit proefschrift hebben we een geoptimaliseerd protocol voor frequente cerebrospinale
vloeistofafname (liquor of hersenvocht) met behulp van een spinale katheter
gedefinieerd en toegepast tijdens de klinische ontwikkeling van de β-secretase-remmer
(BACE1 inhibitor), atabecestat (JNJ-54861911). Atabecestat inhibeert de productie van
amyloid-β (Aβ) als een mogelijke behandeling voor de ziekte van Alzheimer.
Hersenvocht werd gebruikt om het behandelingseffect van atabecestat te evalueren en te
voorspellen, en om translationele biomarkers op het gebied van Alzheimer te bestuderen.
De levels van Aβ en tau in het hersenvocht weerspiegelen nauw de centrale pathogene
processen in de ziekte van Alzheimer en hebben hun nut bewezen bij het evalueren van
ziekterisico of -prognose, de klinische diagnose van de ziekte van Alzheimer en het
opvolgen van therapeutische interventies.
Frequente afnames van hersenvocht met behulp van een spinale katheter is een
methodologie die gebruikt kan worden om de centrale farmacokinetische (PK) en
farmacodynamische (PD) eigenschappen van therapeutische interventies te bepalen. De
techniek leidt echter tot uitgesproken verhogingen van Aβ levels in hersenvocht,
waardoor het gebruik ervan om de PD effecten en de PK/PD karakterisatie van nieuwe
Aβ-gerichte behandelingen voor de ziekte van Alzheimer te bepalen sterk beperkt wordt.
Onze bevindingen bevestigen dat de Aβ levels in het hersenvocht significant beïnvloed
kunnen worden door de frequentie van afnames. Door deze frequentie te verminderen
alsook het collectie volume te beperken, kunnen deze schommelingen of verhogingen
tot een minimum beperkt worden. Bovendien tonen de resultaten dat de plaatsing van de
spinale katheter zelf of een mogelijke ontstekingsreactie hierop niet aan de basis liggen
van deze verhogingen.
Frequente afnames van hersenvocht, zowel m.b.v. een spinale katheter (bij gezonde
proefpersonen) als via meerdere lumbaal puncties (bij mensen in de vroege fase van de
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ziekte van Alzheimer), werden met succes toegepast tijdens het fase 1 klinische
ontwikkelingsprogramma van atabecestat. Atabecestat induceerde een sterke
dosisafhankelijke verlaging van Aβ (PD effect) in plasma (bloed) en hersenvocht (tot
95%) bij gezonde oudere deelnemers. Deze PD effecten waren nog aanwezig nadat er
nog meetbare levels van atabecestat gemeten konden worden (PK profiel). Hierdoor is
atabecestat geschikt is voor een éénmaaldaagse toediening. De effecten van atabecestat
op Aβ in combinatie met de dosis gerelateerde veranderingen van de amyloïde precursor
eiwit (APP) -fragmenten in het hersenvocht, i.e., een verhoging van sAPPα en verlaging
van sAPPβ, komen overeen met de werkingswijze van atabecestat die de splitsing van
APP door BACE1 inhibeert en daardoor ook de productie van Aβ.
Door gebruik te maken van frequente afnames van hersenvocht m.b.v. een spinale
katheter kon een gedetailleerd PK en PD profiel opgesteld worden van atabecestat in
gezonde oudere deelnemers. Deze profielen werden gebruikt voor de ontwikkeling van
een PK/PD model om de potentiële dosis afhankelijke effecten van atabecestat bij
mensen in de vroege stadia van de ziekte van Alzheimer (preklinische fase en
prodromale fase) te voorspellen. De voorspelde reducties van Aβ in het hersenvocht
werden bevestigd in een 4 weken durende “proof-of-mechanism” studie bij mensen in
de vroege stadia van de ziekte van Alzheimer. Een éénmaaldaagse dosering met 10 mg
en 50 mg atabecestat over een periode van 4 weken resulteerde in een vermindering van
respectievelijk 60-70% en 90% in Aβ. Bovendien werden de effecten op de verschillende
APP-fragmenten (sAPPα en sAPPβ) die waargenomen werden bij gezonde deelnemers
bevestigd bij mensen in de vroege fase van de ziekte van Alzheimer. Deze gegevens
laten toe de effecten van atabecestat op Aβ te voorspellen onafhankelijk van het
ziektestadium (preklinische fase en prodromale fase) of de onderzoeksgroep (gezonde
mensen versus mensen in de vroege fase van de ziekte van Alzheimer).
Langdurige behandeling met atabecestat induceerde geen verandering in de levels van
BACE1 in het hersenvocht. Dit is belangrijk daar BACE1 antagonisten een potentiële
chronische behandeling voor de ziekte van Alzheimer zouden zijn. Als gevolg wordt
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BACE1 momenteel ook niet als een PD marker beschouwd. Een eventuele rol voor
BACE1 als diagnostische marker wordt momenteel nog verder onderzocht.
Door de correlatie tussen BACE1 en eventuele merkers van het APP-metabolisme
(amyloïd productie) alsook neuronale degeneratie in het hersenvocht na te gaan, kunnen
eventuele bijkomende effecten van BACE1 inhibitie bepaald worden. Voor de eerste
keer kon er in het hersenvocht een (gematigde) correlatie tussen BACE1 en Aβ1-42 levels
aangetoond worden in gezonde deelnemers. Bovendien was er een sterke correlatie
tussen BACE1 en tau levels (p-tau en t-tau) in het hersenvocht hetgeen suggereert dat
door BACE1 te inhiberen er effecten op tau kunnen worden verwacht, hoewel dit nog
moet worden bevestigd.
Hoewel genetisch bewijs in de richting van Aβ wijst als oorzaak van de ziekte van
Alzheimer, lijkt het klinische syndroom van de ziekte van Alzheimer meer gerelateerd
te zijn aan de progressie van de tau pathologie. Onze bevinding van een amyloïde (Aβ)
afhankelijke correlatie tussen cognitieve / geheugenprestaties en tau levels in het
hersenvocht suggereert een interactie tussen beide neuropathologische merkers van de
ziekte van Alzheimer, waarbij Aβ de initiërende stap is en tau de ernst van de cognitieve
stoornissen drijft. Deze bevinding zou de amyloïde cascade hypothese kunnen
verschuiven naar een interactiemodel tussen beide neuropathologische merkers.
De bevindingen beschreven in dit proefschrift benadrukken het belang van het onderzoek
naar de biomarkers aanwezig in het hersenvocht voor het enerzijds beter begrijpen van
de ziekte van Alzheimer in het algemeen en de progressie ervan en anderzijds om de
impact van eventuele behandelingen na te gaan. Hoewel BACE1 inhibitoren in staat zijn
de productie van Aβ te stoppen en daardoor hopelijk ook de vorming van Aβ plaques,
moet hun klinische doeltreffendheid nog worden bewezen. De sleutel tot het succes is
de tijdige start van de behandeling, d.w.z. zo vroeg mogelijk in het continuüm van de
ziekte van Alzheimer. De interactie tussen Aβ en tau die in dit proefschrift wordt
beschreven, pleit voor het voorkomen van Aβ plaquevorming in de preklinische fase van
de ziekte van Alzheimer. Door Aβ vorming tegen te gaan m.b.v. een BACE1 inhibitor
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zouden de stroomafwaartse effecten of interacties met tau en dus tau geïnduceerde
cognitieve achteruitgang vermeden of tegengegaan kunnen worden.
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1 Introduction
1.1 Alzheimer’s disease
Alzheimer's disease (AD) is a chronically progressive neurodegenerative disorder
characterized by progressive memory loss and cognitive decline leading to an incurable
form of dementia. The degenerative changes caused by AD, affect areas of the brain in
control of memory, intelligence, judgment, language, and behaviour. Over 90% of those
afflicted with AD have a sporadic form of the disorder while less than 10% of the cases
are familial or hereditary [1]. To date, AD is ultimately fatal and is the seventh leading
cause of death globally [2]. The cardinal symptom of AD is dementia. The development
of the disease is progressive over decades [3-6] where cognitive decline and dementia
symptoms are on a gradual continuum of severity (see Figure 1.1; see Section 1.5). In
its early stages, potentially decades before clinical symptoms arise, memory loss is
absent, patients function normally but show an abnormal biomarker pattern
characteristic of AD (i.e., preclinical AD). With progression of the disease, patients
decline in cognitive level first with no impact on daily functioning (prodromal AD
[pAD]/Mild Cognitive Impairment [MCI] due to AD). However, the persistent cognitive
decline and memory problems as well as gradually increasing neuropsychiatric problems
will impact the patient’s daily functioning leading to dementia due to AD over several
stages (mild, moderate and severe stages). Eventually, patients will no longer be able to
care for themselves or participate in daily life. They may become bedridden, demanding
significant care (severe AD).

Figure 1.1. Different stages of Alzheimer's disease. (AD = Alzheimer’s disease; CSF =
cerebrospinal fluid; PET = positron emission tomography).
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According to the latest World Alzheimer report (2016)[7], about 46.5 million people are
living with AD. It is expected that this number will increase and exceed 131.5 million
cases by 2050 as a result of the ageing population. Current treatments are purely
symptomatic and focused on enhancing cognition and do not alter the underlying
pathology of AD. As such they provide only temporary improvements. To date no
curative treatment exists, hence there is an urgent need to develop effective therapeutics
that are capable of halting or even preventing the disease. Apart from the pervasive
personal and familial impact, the public health burden may become unsurmountable for
healthcare systems over the next decades [8] unless efficacious interventions to prevent,
halt or slow down AD are discovered. The 2015 estimated worldwide cost of AD was
$818 billion [9]. To the concern of the world’s major governments, disease growth will
cause a tremendous shift in the global allocation of healthcare expenditures.
The neuropathological hallmarks of AD, extracellular amyloid plaques and intracellular
neurofibrillary tangles (NFT) were described in 1907 by Alois Alzheimer [10]. About
80 years later, it was identified that aggregates of amyloid-β (Aβ; mainly Aβ1-42) peptide
build up the amyloid plaques [11]. Aβ peptides result from the amyloid precursor
protein (APP), which is cleaved by β-secretase and γ-secretase to yield Aβ of different
lengths (such as Aβ1-37, Aβ1-38, Aβ1-40, Aβ1-42 , Aβ1-43) (see Section 1.3). The major
constituent of the NFT is hyperphosphorylated tau (p-tau) (See Section 1.4)[12]. Both
proteins (Aβ and tau) are currently the main therapeutic targets for the development of
potential treatments of AD.

1.2 The amyloid cascade hypothesis
Aβ accumulation and amyloid deposition are thought to be early, potentially initiating
events in the pathogenesis of AD, formulated as the amyloid cascade hypothesis [13,
14].
The amyloid cascade hypothesis brings forward the deposition of Aβ, as a result of
increased production or decreased clearance of Aβ from the central nervous system
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(CNS), as the initial pathological trigger in the disease, which subsequently leads to the
formation of NFTs, neuronal cell death and dementia (see Figure 1.2) [13, 14].

Figure 1.2. Current understanding of the amyloid cascade hypothesis (adopted from
Karran et al. 2011 [14]). (Aβ = amyloid-β; APP = amyloid precursor protein; FAD = familial
alzheimer’s disease; PHF = paired helical filament; PSEN1 = presenilin 1; PSEN2 = presenilin
2)

The founding blocks for the amyloid cascade hypothesis were the identification of Aβ
(mainly Aβ1-42) as the main foundation of the amyloid plaques [11] next to the discovery
of an autosomal dominant mutation in the gene coding for APP leading to the
accumulation of Aβ and early onset familial dementia [15-17]. The discovery of
additional mutations in the genes coding for presenilin 1 (PSEN1) and presenilin
2 (PSEN2) that lead to early onset familial dementia further supported this hypothesis
[18-20]. Both PSEN1 and PSEN2 can form the active site of γ-secretase involved in the
production of Aβ (see Section 1.3). To date, the apolipoprotein E gene (APOE) is
considered the major genetic risk factor for AD [21, 22]. APOE consists of 3 common
alleles i.e. ε2 (protective for AD), ε3 (neutral to AD) and ε4 (indicative of high risk for
AD), thought to play a role in the clearance of Aβ with ε2, ε3 and ε4 being increasingly
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less effective [23]. A coding mutation in the APP gene (A673T) has been found to be
protective for AD, hence further supporting the causative role of Aβ in AD [24]. As the
field evolved, genome-wide association studies (GWAS) and next-generation
sequencing revealed over 20 risk loci on multiple genes that affect AD [25]. Further
investigation of the genes involved, and the contribution of these variants to the actual
development of AD, may lead to new insights, potential new targets for drug
development or new diagnostic criteria.
The amyloid cascade hypothesis is currently still the leading hypothesis in the field,
however increasing evidence suggests a possible interplay between Aβ and tau, thereby
proposing Aβ as the trigger to AD inducing the cascade of events and tau as the bullet
[14, 26-28] driving the cognitive impairment. The rate of cognitive impairment in AD
correlates best with the burden of NFT [29-32]. Aβ may stimulate the formation NFT
by means of modulating protein kinases and phosphatases regulating the tau
phosphorylation and by inducing tau misfolding (review see [27]). In addition, synaptic
and neuronal degeneration and inflammation are thought to occur early in the disease
process or might even underlie neuropathological events (e.g., inflammation) in AD
[33].
While the genetic and neuropathological evidence for targeting amyloid plaques/Aβ is
strong, Aβ-centric approaches that reached Phase III clinical trials have failed [34].
These recent failures bring forward the question if Aβ is a trigger or a driver of AD
earlier described by Karran et al. [14]. As the development of AD is progressive,
convergent data from positron emission tomography (PET) amyloid imaging and
cerebrospinal fluid (CSF) markers in both genetic (autosomal dominant forms) and
sporadic forms of AD suggest that the pathophysiological process begins many years
prior to the onset of dementia by the accumulation of Aβ that may trigger and accelerate
neurodegeneration and lead to cognitive decline [3, 35-39].
For many reasons, it is expected to be beneficial to initiate therapy early. Under the
assumption that Aβ is a trigger there may be a point of no return. If a certain threshold
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level of Aβ is sufficient to drive the pathology and induce the further cascade of events,
including tau pathology, an early initiation would not only be beneficial, but mandatory.
Still in this case a prolonged therapy could drive Aβ levels and amyloid plaque load
below this threshold. Given the above, current phase III failures of anti-amyloid
treatments may potentially be attributed to the fact that the population targeted was too
far advanced to either halt or modify the course of the disease [34] hence favouring the
triggering role of Aβ in the development of AD. Very early intervention with an antiamyloid agent still may hold the greatest promise for slowing the inexorable disease
progression of AD [36].

1.3 The formation of amyloid-β and the role of BACE1 in the
process
Aβ protein fragments of different lengths can accumulate and build up into amyloid
plaques in the brain and are demonstrated to be neurotoxic [40]. However, the Aβ1-42
peptide is overrepresented relative to other forms of Aβ (e.g., Aβ1-40) and is considered
the main constituent of the amyloid plaques [41]. Aβ1-42 has a high tendency to aggregate,
forming oligomers and fibrils as well as amyloid plaques [42]. Agents that prevent the
formation of Aβ overall, or Aβ1-42 specifically, have been proposed as potentially
disease-modifying agents for the treatment of AD.
β-site amyloid precursor protein cleaving enzyme 1 (BACE1), an aspartyl protease also
called β-secretase, is the rate limiting enzyme in the generation of Aβ from APP [43, 44]
(Figure 1.3). APP can be cleaved at the N-terminus by α-secretase (non-amyloidogenic
pathway) or β-secretase (amyloidogenic pathway) within the extracellular domain
resulting in the production of large soluble APP derivatives (soluble APP [sAPP]α and
sAPPβ, respectively) and membrane-bound carboxyl-terminal fragments (CTFα or
CTFβ, respectively). Subsequently, γ-secretase cleaves APP within its transmembrane
domain, producing either a 3 kDa product p3 from the CTFα in the non-amyloidogenic
pathway, or Aβ species of different lengths, from which Aβ1-40 is the predominant one,
from the CTFβ in the amyloidogenic pathway (reviewed in [45]). The longer Aβ species
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(Aβ1-42 and longer) are suggested to be pathogenic and shorter Aβ species (Aβ1-38 and
shorter) are believed to be more benign. The relationship of physiological α-secretase to
β-secretase processing is not fully understood and BACE1 inhibition studies suggest that
APP degradation can be shifted to other BACE1 independent pathways [46].

non-amyloidogenic pathway

amyloidogenic pathway

Figure 1.3. Processing of APP to amyloid (modified from Citron 2004 [47]). (Aβ = amyloidβ; APP = amyloid precursor protein)

Increased BACE1 levels and activity have been reported in the brain of patients with
sporadic AD [48-52], supporting the amyloid cascade hypothesis of increased amyloid
production. Therefore, changes of BACE1 levels in the CSF have also been investigated
as a possible (diagnostic) biomarker of the disease (reviewed in [53]), however
inconclusive results have been reported showing increases and even decreases across the
AD spectrum [54-60] as well increases in other neurological disorders associated with
inflammation [61], suggesting CSF BACE1 is not a specific biomarker for the diagnosis
of AD.
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In the amyloidogenic processing of APP, BACE1 is the first and rate limiting step in the
production of Aβ1-42 as described above. Despite BACE1 being the rate limiting step in
Aβ formation no direct correlation between BACE1 levels in CSF and its end product in
CSF (Aβ1-42) could be established in non-diseased or diseased populations so far.
Interestingly, several groups have reported a strong correlation between BACE1 levels
and the levels of t-tau and p-tau in CSF and associated it to a possible link between
BACE1 and neurodegeneration [59-63].
However, as BACE1 is the rate limiting step in Aβ formation, inhibitors of BACE1
would prevent the formation of Aβ1-42 as well as Aβ1-40, Aβ1-38, Aβ1-37 and Aβ1-43 and
would be potential therapeutic agents in the treatment of AD by halting the production
of Aβ and the formation of amyloid plaques. In support of this hypothesis is the observed
correlation between the catalytic efficiency of BACE1 for its substrate APP and the
occurrence of AD. The Swedish APP mutant (KM670/671NL) which is a more efficient
substrate for BACE1 (±10x) causes a rare familial form of AD that is inherited in a
dominant Mendelian fashion [64, 65]. On the other end of the spectrum an allelic variant
of APP (A673T) that is not as good a substrate for BACE1 (±0.5x) is protective against
sporadic AD in the wider population [24]. BACE1 has emerged over the past decade as
the drug target of choice for reducing central Aβ levels in AD [66] with several BACE
inhibitors that were brought into clinical development for different stages of AD over
the past years [66-71].

1.4 Neurofibrillary tangles and tau
The second pathological hallmark feature of AD is neurofibrillary tangles within neurons
comprised of hyperphosphorylated tau [12]. Tau is a microtubule associated protein
(MAP), mostly enriched in neurons where its core function relates to microtubule
assembly and stabilization. Hyperphosphorylation of tau disables binding of tau to the
microtubules thereby compromising its primary role of cell stabilization and axonal
transport [72, 73]. In AD, excessive or abnormal phosphorylation of tau occurs which
leads to oligomerization, fibril formation and the formation of paired helical filaments
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eventually depositing as NFTs (neurofibrillary tangles) leading to neurodegeneration
and neuronal loss [74].
The progression of tauopathy in AD brains follows distinct spatial patterns [75-77]. In
nonclinical models, extracellular p-tau seeds have been able to induce tauopathy in
neurons, supporting the hypothesis that tauopathy can spread in a prion-like fashion
between neurons, allowing spread from one brain region to the next. This process of
spreading is assumed to occur through induction of tau pathology from one nerve cell to
the next in the neuronal chain by externalization of p-tau seeds that can be taken up
nearby neurons and subsequently spread [78].
It must be noted however that NFT are also abundant in other neurodegenerative diseases
in the absence of Aβ such as Pick’s disease, progressive supranuclear palsy,
frontotemporal dementia with parkinsonism linked to chromosome-17 [79, 80].
However, in AD, in support of the amyloid cascade hypothesis, more and more evidence
appears that there is an actual interplay between Aβ and tau, where Aβ may influence or
induce the hyperphosphorylation of tau [26, 81].

1.5 Alzheimer’s disease as a continuum – towards a biomarker
based diagnosis of Alzheimer’s disease and early stage
prevention trials
Over the last two decades, following the formulation of the amyloid cascade hypothesis,
the biological understanding of AD has been developing, starting from the pathology,
the genetic findings and now more and more into disease related biomarkers. The
hallmark pathological changes of AD, Aβ plaques and NFT tangles, are known to begin
years before the onset of clinical symptoms [3, 5, 35, 36, 38]. AD is considered a clinical
continuum, i.e., a seamless sequence in which impairments (severities) gradually
increase from stage to stage although not perceptibly different, albeit the extremes are
distinct [37, 82-84]. The AD continuum progresses in several stages from preclinical
(clinically asymptomatic), prodromal (mild cognitive impairment), mild (sometimes
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called early-stage), moderate, to severe (sometimes called late-stage) AD dementia and
can be characterized based on a combination of dynamic biomarkers (Figure 1.4)[5, 6,
37, 82-84].
A combination of both Aβ accumulation and other changes such as synaptic dysfunction
and NFT formation, neurodegeneration, and neuronal loss is believed to be driving the
cognitive decline and the transition across stages in the continuum eventually leading to
dementia [84-87].

Figure 1.4. Hypothetical model of dynamic biomarkers of the Alzheimer’s pathological
cascade (from Aisen et al 2017 [84]). Among the continuum of Alzheimer’s disease, it is
generally stated that amyloid accumulation (measured as low cerebrospinal fluid [CSF] amyloidβ [Aβ] or elevated amyloid positron emission tomography [PET]) occurs first and functional
decline occurs late in the continuum of AD, but cognitive performance, fluorodeoxyglucose
[FDG]-PET, tau PET, and magnetic resonance imaging [MRI] atrophy change along a common
gradually steepening curve. (Aβ = amyloid-β; FDG = fluorodeoxyglucose; MCI = mild cognitive
impairment due to Alzheimer’s disease; MRI = magnetic resonance imaging; PET = positron
emission tomography)

The increased biological understanding and cascade of events in AD have led to the
proposal of including biomarkers in the diagnostic process [88]. Meanwhile biomarkers
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such as CSF Aβ1-42, CSF tau (t-tau and p-tau at position threonine 181 [p-tau181p]), and
amyloid positron emission tomography (PET) have become invaluable in the early
diagnosis of AD from a research and clinical perspective. Tau-specific PET tracers are
in development and currently being assessed for their usefulness in exploring tau
pathology and as a diagnostic [89, 90]. Based on the hypothetical biomarker model put
forward by Jack et al. [37, 82], and the accumulating evidence that Aβ accumulation
begins many years before the onset of clinical impairment (cognitive decline), a
hypothetical pathophysiological model and research diagnostic criteria for the (early)
stages in the continuum of AD have been brought forward by the National Institute on
Aging – Alzheimer Association (NIA-AA; 2011 guidelines) [3, 4, 36, 91, 92] and the
International Work Group (IWG-2; [5, 6]). Both classification systems are based on
cognitive testing and the use of five biomarkers (low CSF Aβ1-42; positive amyloid PET
imaging; elevated CSF tau; hypometabolism in the temporoparietal cortex on [18F]fluorodeoxyglucose [FDG] PET imaging; and atrophy in specific brain regions). The
NIA-AA system defines three clinical stages of Alzheimer’s, each with their separate
classification criteria: stage 1, preclinical; stage 2, mild cognitive impairment (MCI) due
to AD; and stage 3, AD dementia [3, 91]. The IWG system is considered simpler than
the NIA-AA system and takes into account biomarkers, cognition, and other clinical
manifestations [5, 6].
The field continuously evolves, and a recent proposal by Jack et al. (2016)[83] further
advances these research criteria by making use of 3 binary categories (amyloid
deposition [A], neurofibrillary tangles [T] and neuronal injury [N]) in staging AD related
to its underlying pathophysiology using seven CSF and imaging markers (Table 1.1).
This newly proposed A/T/N classification system no longer requires cognitive testing
and relies next to the patient’s clinical profile on their biomarker profile, allowing for
more nuances than the NIA-AA (2011 guidelines) or IWG-2 criteria.
A comparison between biomarkers and their classification used in the diagnosis of
different stages in the continuum of AD between the NIA-AA (2011 guidelines) and the
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IWG-2 is provided in Table 1.1 and Table 1.2 below. The classification/naming
convention used in the studies reported in this thesis is depicted in Table 1.2.
Table 1.1. Comparison between the core AD biomarkers used in the classification of AD
IWG-2

NIA-AA

A/T/N

Pathophysiological markers
↓Aβ1-42 and ↑t-tau or p-tau in
CSF
↑tracer retention on amyloid
PET

Amyloid markers
↓Aβ1-42 in CSF

[A] Amyloid deposition
↓Aβ1-42 in CSF

↑ tracer retention on amyloid
PET

↑tracer retention on amyloid
PET

Topographical markers (AD
pattern)
FDG-PET hypometabolism
brain atrophy on structural MRI

[T] Tau pathology
↑CSF p-tau
↑tracer retention on Tau PET
Markers of neuronal injury
↑t-tau or p-tau in CSF
FDG-PET hypometabolism
brain atrophy on MRI

[N] Neuronal degeneration or
neuronal injury
Elevated CSF total tau
FDG-PET hypometabolism
brain atrophy on structural MRI
(AD pattern)

Genetic markers
(autosomal dominant)
PSEN1, PSEN2 or APP
Aβ = amyloid-β; AD = Alzheimer’s disease; CSF = cerebrospinal fluid; FDG = fluorodeoxyglucose; IWG
= International Working Group; MRI = magnetic resonance imaging; NIA-AA = National Institute on
Aging-Alzheimer’s Association; PET = positron emission tomography.

Recently, the NIA-AA published their 2018 NIA-AA research framework based on the
A/T/N criteria, shifting the definition of AD from a syndromal to a biological construct
in living people and no longer takes into account the clinical syndrome labels in a
research setting [93]. They thereby align more or less with the most recent IWG-2
criteria [5, 6] although subtle differences remain. The new NIA-AA research framework
allows the use of 2 different systems for cognitive staging in the early AD continuum
i.e., the earlier used three clinical categories (unimpaired, mildly impaired and dementia)
or a numerical clinical staging (ranging from stage 1 [unimpaired but biomarker positive]
to Stage 6 [severe dementia and biomarker positive]). Within this new framework AD is
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defined as a continuous process in both cognitive and biomarker domains. This updated
NIA-AA research framework is not to be used in medical practice to diagnose subjects.
Approximately one third of clinically normal older individuals over 75 years of age
demonstrate evidence of Aβ accumulation on amyloid PET imaging [35, 94, 95] or based
upon CSF measurements [96, 97]. This higher Aβ burden in clinically normal individuals
(so called asymptomatic at risk or preclinical AD – see Table 1.2) is associated with
evidence of 1) a subtle and a faster rate of cognitive decline over time and with changes
that can be detected even within the range of “normal” values [98-109]; and 2) an
increased risk for cognitive decline and progression among the AD spectrum [37, 108,
110-114]. The aforementioned data lead to the consensus in the AD community that
these Aβ+ clinically normal individuals represent a preclinical stage in the continuum of
AD pathology. The asymptomatic at-risk or preclinical AD population is the earliest
stage of the AD continuum we can currently define and identify, and is considered to be
the population of choice for prevention or disease modifying clinical studies in AD given
the clinical manifestations have not yet occurred.
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Table 1.2. Comparison of the A/T/N, IWG-2 and NIA-AA diagnostic classification and their application in study ALZ1005/1008/2002 of this
thesis.
A/T/N

IWG-2

NIA-AA (2011)

NIA-AA (2018)

A-/T-/N-

Normal

A-/T-/N+

Not defined

A-/T+/N-

Not defined

A+/T-/N-

Asymptomatic at risk for AD

A+/T-/N+

Asymptomatic at risk for AD

A+/T+/NA+/T+/N+

Asymptomatic at risk for AD
Asymptomatic at risk for AD

A-/T-/NA+/T-/NA+/T+/N-

MCI, unlikely due to AD
MCI, core clinical criteria
MCI core clinical criteria

Clinical Phenotype: Clinically Normal (CDR: 0)
Normal
Normal
Non-Alzheimer’s pathologic change, cognitively
Not defined
unimpaired
Non-Alzheimer’s pathologic change, cognitively
Not defined
unimpaired
Preclinical AD stage 1
Preclinical Alzheimer’s pathological change
Alzheimer’s and concomitant suspected nonPreclinical AD stage 2/3
Alzheimer’s pathologic change
Preclinical AD stage 2/3
Preclinical Alzheimer’s disease
Preclinical AD stage 2/3
Preclinical Alzheimer’s disease
Clinical Phenotype: Mild Cognitive Impairment (CDR: 0.5)
Not defined
Normal AD biomarkers with MCI
Typical AD
Alzheimer’s pathological change with MCI
Typical AD
Alzheimer’s disease with MCI (prodromal AD)

A+/T-/N+

MCI core clinical criteria

Typical AD

Alzheimer’s pathological change with MCI

Typical AD

Alzheimer’s disease with MCI (prodromal AD)

Not defined
Not defined
Not defined

Non-Alzheimer’s pathologic change with MCI
Non-Alzheimer’s pathologic change with MCI
Non-Alzheimer’s pathologic change with MCI

MCI due to AD, high
likelihood
A-/T+/N-*
Not defined
A-/T-/N+*
Not defined
A-/T+/N+*
Not defined
(table continues on next page)
A+/T+/N+

Terminology Applied in
ALZ1005, 1008, 2002#
Not enrolled
Not enrolled
Not enrolled

Preclinical AD

Not enrolled
Prodromal AD (MCI due to
AD)

SNAP*
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Table 1.2. Comparison of the A/T/N, IWG-2 and NIA-AA diagnostic classification and their application in study ALZ1005/1008/2002 of this
thesis (continued).
A/T/N

IWG-2

NIA-AA (2011)

NIA-AA (2018)

Terminology Applied in
ALZ1005, 1008, 2002#

Clinical Phenotype: Dementia (CDR > 0.5)
Dementia, unlikely due to AD
Not defined
Normal AD biomarkers with dementia
Intermediate likelihood,
A+/T-/NTypical AD
Alzheimer’s pathological change with dementia
probable AD dementia
High likelihood; probable AD
A+/T+/NTypical AD
Alzheimer’s disease with dementia
dementia
High likelihood; probable AD
Alzheimer’s and concomitant suspected nonA+/T-/N+
Typical AD
dementia
Alzheimer’s pathological change with dementia
Not enrolled
High likelihood AD
A+/T+/N+
Typical AD
Alzheimer’s disease with dementia
Pathophysiology
A-/T+/N-*
Probable AD dementia
Not defined
Non-Alzheimer’s pathologic change with dementia
Intermediate likelihood,
A-/T-/N+*
Not defined
Non-Alzheimer’s pathologic change with dementia
probable AD dementia
Intermediate likelihood,
A-/T+/N+*
Not defined
Non-Alzheimer’s pathologic change with dementia
probable AD dementia
A = Amyloid Deposition; AD = Alzheimer’s disease; CDR = Clinical Dementia Rating Scale; IWG = International Working Group; MCI = mild cognitive impairment; N
= Neuronal injury or neurodegeneration; NIA-AA = National Institute on Aging-Alzheimer’s Association; PET = positron emission tomography; T = Tau pathology; *also
referred to as SNAP = suspected non-Alzheimer pathophysiology; #studies part of thesis; table modified from Jack et al. 2016[83]
A-/T-/N-
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1.6 Frequent CSF sampling and its current challenges
CSF is a clear liquid filtrate that is formed and secreted by the choroid plexus, a special
tissue that has many blood vessels and lines the small cavities or chambers (ventricles)
in the brain. It flows around the brain and spinal cord, surrounding and protecting them,
and is continuously produced, circulated, and then re-absorbed into the blood system.
The normal (non-diseased) choroid plexus produces CSF at a continuous rate of
approximately 20 mL/h resulting in a daily CSF production of 500 mL on average. The
total CSF volume at any given time is about 120 to 150 mL, which is reproduced 4 to 5
times per day [115] allowing to sample nearly as much CSF over 24 to 36 hours as the
total CSF volume.
Lumbar puncture (LP) is a technique to sample CSF as a window into brain pathology
[116] . The procedure involves introducing a needle into the subarachnoid space of the
lumbar sac, at a level safely below the spinal cord. Despite modern neuro-imaging
techniques, LP remains an important diagnostic tool as CSF analysis provides important
diagnostic information for many neurological conditions, like AD. The acceptance rate
of an LP is high, especially in memory clinics as age and being cognitively impaired are
protective against the potential side effects that mainly consists of post LP back pain and
post-lumbar puncture headache (PLPH) [117]. In order to reduce complication rates,
evidence-based guidelines have been developed [116]. It is recommended to use 25G
atraumatic needles. A total of four LP attempts is an acceptable maximum and active
CSF withdrawals should be avoided. It is advised to perform LP in the lateral recumbent
position, and collection up to 30 mL CSF per collection is well tolerated and safe. There
is no recommendation to apply local anaesthesia and bed rest after the LP to reduce postLP complaints.
CSF can be sampled by single LP at single or repeated time points separated by several
days or weeks, or by serial sampling over 36 to 48 hours using a spinal catheter, a
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technique that has been first described by Bruce and Oldfield [118]. Serial CSF sampling
by using a spinal catheter allows the collection of multiple CSF samples, e.g., hourly,
over a period of 36 to 48 hours.
In the development of new therapies targeting AD, CSF will be the best proxy to
understand possible treatment induced changes over time in the brain using key
biomarkers such as Aβ1-42, ratio Aβ1-42/Aβ1-40, t-tau, and p-tau. Measuring levels of CSF
biomarkers Aβ and tau, by single LP, have proven their utility in evaluating disease risk
or prognosis, guiding clinical diagnosis and monitoring therapeutic interventions [119,
120]. However, several studies reported pronounced increases in CSF Aβ levels relative
to baseline upon repeated CSF sampling with spinal catheters [68, 121-126] used to
monitor potential pharmacodynamic (PD) effects over 36 hours. Additionally,
measuring Aβ itself is not a standard laboratory test, but used mainly in research settings,
with considerable variability and only partly understood influencing factors [127-130].
Investigating a γ-secretase inhibitor (GSI) changes of up to 200% for Aβ1-40 and Aβ1-42
have been demonstrated (Figure 1.5; age range of healthy subjects 21 to 50 years) using
frequent CSF sampling using a spinal catheter [122]. At the background of a high
coefficient of variation (CV; up to 20%) the mentioned baseline shift (potentially up to
200%) an expected treatment effect of around 20% may result in very high sample sizes
to reliably detect change after treatment. In addition, as the underlying influencing
factors of this CSF Aβ fluctuations are only partly understood, the utility of this
technique (frequent CSF sampling using a spinal catheter) to evaluate and predict
potential treatment effects of new amyloid based therapeutic interventions on CSF
markers may be limited.
Therefore, we deemed it crucial to optimize and understand the technique of frequent
(serial) CSF sampling using spinal catheters and measurement of CSF proteins, so that
decisions during clinical drug development can be based upon reliable data for therapies

34

targeting Aβ. Here we report a successful experimental approach to optimize conditions
for targeted proteomics using frequent CSF sampling over 36 hours (Chapter 3).

A

B

Figure 1.5. Changes of Aβ1-42 (A) and Aβ1-40 (B) over time in different treatment groups and
the placebo group (blue) upon treatment with a γ-secretase inhibitor (GSI) by Lilly (adapted
from Bateman et al. 2009)[122]. (Aβ = amyloid-β)

1.7 Atabecestat: an oral BACE inhibitor
Atabecastat (JNJ-54861911) is a β-site amyloid precursor protein cleaving enzyme (βsecretase, BACE) inhibitor (BACEi) that was developed by Janssen Research and
Development (JRD) for the treatment of AD. The development of atabecestat was
recently stopped due to an unfavourable benefit/risk ratio as a consequence of observed
elevations of liver enzymes which will not be further discussed in this thesis.
Atabecastat reduces production of Aβ protein fragments by inhibiting BACE1
processing of APP, with the aim of reducing amyloid plaque formation.
The investigational product atabecestat (JNJ-54861911), has a molecular formula of
C18H14FN5OS and a molecular weight of 367.40 g/mol (see Figure 1.6).
The inhibitory effect on BACE1 and selectivity of atabecestat were evaluated in vitro,
and Aβ reduction and inhibition of Aβ plaque formation were evaluated in vivo
(confidential data, not yet published).
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Figure 1.6. The chemical structure of atabecestat

This thesis will report out on data from the first in human study (FIH; single ascending
dose

[SAD];

54861911ALZ1001),

multiple

ascending

dose

(MAD)

study

(54861911ALZ1002) and first in patient/proof-of-mechanism studies of atabecestat in
the European Union (EU; 54861911ALZ1005) and Japan (54861911ALZ1008) as well
as

cross

sectional

data

from

the

6-month

safety

study

of

atabecestat

(54861911ALZ2002).
All studies listed are posted on Clinicaltrials.gov using the following identifiers (Table
1.3):
Table 1.3. Overview of clinical studies with atabecestat reported in this thesis and their
identifiers.
Study
(54861911)

Design

Population

#
Subjects

Treatment
Duration

Clinicaltrials. gov
identifier

ALZ1001

FIH/SAD

Healthy young and
elderly

56

1 day

NCT01827982

ALZ1002

MAD

Healthy elderly

70

14 days

NCT01887535

ALZ1005

POM

Preclinical AD /
Prodromal AD (MCI
due to AD)

45

28 days

NCT01978548

ALZ1008

POM

Preclinical AD /
Prodromal AD (MCI
due to AD)

18

28 days

NCT02360657

ALZ2002

Safety

Preclinical AD /
Prodromal AD (MCI
due to AD)

114

6 months

NCT02260674

AD = Alzheimer’s disease; FIH = first in human; MAD = multiple ascending dose; MCI = mild cognitive
impairment; POM = proof of mechanism; SAD = single ascending dose;
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The EARLY study (Phase 2b/3) of atabecestat in subjects asymptomatic at risk for
Alzheimer’s dementia (ARAD) or preclinical AD (54861911ALZ2003; NCT02569398)
was recently terminated prior to completion of enrolment due to an unfavourable
benefit/risk ratio.

37

38

2 Objectives
CSF biomarkers play an increasingly important role in AD drug development. CSF
biomarkers can provide insights into disease processes, drug responses or so-called
treatment effects. They may facilitate go/no-go decisions and dose finding. CSF
biomarkers may provide evidence of target engagement before clinical changes can be
expected. In addition, CSF biomarkers are applied to identify target populations for
clinical trials.
In AD, Aβ, t-tau and p-tau in CSF reflect the central pathogenic processes of the disease
and are used in risk evaluation, prognosis and guiding clinical diagnosis [119, 120]. In
the development of new therapies targeting AD, frequent CSF sampling by repeated
single LPs (spread over multiple days or weeks) or by using a spinal catheter (suitable
of hourly CSF collections for 36 to 48 hours) will be most suited to understand possible
treatment induced changes over time in the brain using key biomarkers such as Aβ1-42, ttau, and p-tau as well as markers of neuronal injury, synaptic dysfunction and
neurodegeneration or inflammation. In addition, CSF collected may be suited to identify
and diagnose different stages of AD.

Several studies have, however, reported

pronounced increases in CSF Aβ levels (up to 200%) relative to baseline upon repeated
CSF sampling with spinal catheters [68, 121-126]. As the underlying influencing factors
of CSF Aβ fluctuations are only partly understood, the utility of this technique (frequent
CSF sampling by using a spinal catheter) to evaluate and predict potential treatment
effects of new amyloid based therapeutic interventions on CSF markers may be limited.
In this context, the general aim of this thesis was to develop and apply an optimized
protocol for frequent CSF sampling using a spinal catheter which will allow the analyses
of AD-related biomarkers in CSF during phase 1 and proof-of-mechanism studies in
order to evaluate and predict the central treatment effects of a β-secretase-inhibitor
targeting Aβ. Subsequently, across populations drug effects will be evaluated on the
intended target enzyme (BACE) at the intended target location (brain) by showing an
effect on cell biology based on translational biomarker read outs in CSF. Translational
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CSF biomarkers will be used to guide and speed up the clinical development of potential
disease modifying treatment options like atabecestat.
Specific research objectives were:
•

To develop an optimized protocol for frequent CSF sampling using a spinal
catheter to allow analyses of AD-related biomarkers during phase 1 and proofof-mechanism studies (Chapter 3)

•

To apply this optimized CSF sampling protocol for the assessment of ADrelated biomarkers in CSF during phase 1 trials and possible later stages of
clinical drug development of a β-secretase-inhibitor in order to evaluate and
predict its treatment effects (Chapter 4 and 6)

•

To explore CSF markers related to BACE1 inhibition and neuronal degeneration
in samples collected during the clinical development program of a β-secretase
inhibitor as a diagnostic marker, disease state differentiator or potential
treatment effect marker (Chapters 4, 5, 6 and 7)
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3 Impact of frequent cerebrospinal fluid sampling on
Aβ

levels:

systematic

approach

to

elucidate

influencing factors
Van Broeck B*, Timmers M*, Ramael S, Bogert J, Shaw LM, Mercken M, Slemmon J,
Van Nueten L, Engelborghs S, Streffer JR. Impact of frequent cerebrospinal fluid
sampling on Aβ levels: systematic approach to elucidate influencing factors.
Alzheimers Res Ther. 2016 May 19;8(1):21. doi:10.1186/s13195-016-0184-z. PubMed
PMID: 27206648; PubMed Central PMCID: PMC4875639.
*Shared first authors
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3.1 Abstract
Background: CSF Aβ peptides are predictive biomarkers for AD and are proposed as
PD markers for amyloid-lowering therapies. However, frequent sampling results in
fluctuating CSF Aβ levels that have a tendency to increase compared with baseline. The
impact of sampling frequency, volume, catheterization procedure, and ibuprofen
pretreatment on CSF Aβ levels using continuous sampling over 36 hours was assessed.
Methods: In this open-label biomarker study, healthy participants (n = 18; either sex,
age 55 to 85 years) were randomized into one of three cohorts (n = 6/cohort; highfrequency sampling). In all cohorts except cohort 2 (sampling started 6 hours post
catheterization), sampling through lumbar catheterization started immediately post
catheterization. Cohort 3 received ibuprofen (800 mg) before catheterization. Following
an interim data review, an additional cohort (cohort 4; n = 6) with an optimized sampling
scheme (low-frequency and lower volume) was included. CSF Aβ1–37, Aβ1–38, Aβ1–40,
and Aβ1–42 levels were analyzed.
Results: Increases and fluctuations in mean CSF Aβ levels occurred in cohorts 1 to 3 at
times of high-frequency sampling. Some outliers were observed (cohorts 2 and 3) with
an extreme pronunciation of this effect. Cohort 4 demonstrated minimal fluctuation of
CSF Aβ both on a group and an individual level. Intersubject variability in CSF Aβ
profiles over time was observed in all cohorts.
Conclusions: CSF Aβ level fluctuation upon catheterization primarily depends on the
sampling frequency and volume, but not on the catheterization procedure or
inflammatory reaction. An optimized low-frequency sampling protocol minimizes or
eliminates fluctuation of CSF Aβ levels, which will improve the capability of accurately
measuring the PD read-out for amyloid-lowering therapies.
Keywords: Aβ peptides, Alzheimer’s disease, Catheterization, Cerebrospinal fluid,
Sampling frequency
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3.2 Background
AD neuropathology is characterized by deposition in the brain of amyloid plaques,
consisting mainly of Aβ peptides, and neurofibrillary tangles, composed of
hyperphosphorylated tau (p-tau) protein. Levels of CSF biomarkers Aβ and tau closely
reflect the central pathogenic processes in AD and have proven their utility in evaluating
disease risk or prognosis, guiding clinical diagnosis and monitoring therapeutic
interventions [119, 120].
Aβ peptides are proteolytic cleavage products of amyloid precursor protein, formed by
β- and γ-secretase activity. Aβ species predominantly include peptides of 1–40 amino
acids (Aβ1–40) and 1–42 amino acids (Aβ1–42). Several studies report pronounced
increases in CSF Aβ levels relative to baseline upon repeated CSF sampling with spinal
catheters [68, 121-126]. Additionally, methodological challenges in measuring Aβ in
CSF are well described, but influencing factors are only partly understood [127-130].
Considering these challenges, there is a clear need to optimize and standardize the
technique of continuous CSF sampling and measurement of CSF Aβ for application in
clinical trials for Aβ-lowering compounds. We performed a study utilizing continuous
CSF sampling with indwelling catheters over 36 hours in healthy older participants to
evaluate the effects on CSF Aβ levels when applying various sampling protocols. We
investigated the impact of sampling frequency, volume, catheterization procedure, and
pretreatment with an anti-inflammatory agent (ibuprofen) on changes in CSF Aβ levels
over time. We also monitored the impact of different sampling schemes and CSF volume
on the safety and tolerability of procedures.

3.3 Methods
3.3.1

Study population

Healthy men or women (n = 24; age 55 to 85 years, body mass index (BMI) 18 to 35
kg/m2) with Mini-Mental State Examination (MMSE) scores ≥27 were enrolled. None
of these participants had any significant history of or clinically significant current
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medical illness at screening or admission, and neither did they have any sign of
intracranial pressure as confirmed by fundoscopy.
Participants were excluded if they received the following drugs: aspirin (even low dose)
within 5 days, low molecular weight heparin within 12 hours, or anticoagulant treatment
(besides the heparin already described) within 1 week before spinal catheterization (see
Section 3.8.1.1 for supplemental information on inclusion and exclusion criteria).
The study was conducted in accordance with the ethical principles that have their origin
in the Declaration of Helsinki and that are consistent with current International
Conference on Harmonization (ICH) guidelines on good clinical practices (GCP) and
applicable regulatory requirements, and in compliance with the study protocol. The
study protocol was reviewed and approved by the Institutional Review Board
(Commissie voor Medische Ethiek, ZNA, Antwerp, Belgium). Written informed consent
was obtained for participation and a separate consent for pharmacogenomic
(deoxyribuncleic [DNA]) sampling.
3.3.2

Study design

This open-label, single-center (Belgium), biomarker study (ClinicalTrials.gov
NCT01436188) without investigational medicinal product, conducted between
September 2011 and June 2013, consisted of a screening period (between 21 and 2 days
before catheter insertion), an in-patient CSF collection period (1 to 3 days), and a followup period (~7 to 14 days after removal of the catheter). For each participant, the maximal
study duration did not exceed 6 weeks (Figure 3.1).
Initially participants (n = 18) were randomized into one of three cohorts (n = 6/cohort):
cohort 1, high frequency CSF sampling scheme with immediate sampling post
catheterization; cohort 2, high-frequency CSF sampling scheme with delayed sampling,
starting 6 hours post catheterization; and cohort 3, high-frequency CSF sampling scheme
with immediate sampling and pre-LP treatment with ibuprofen on Day 1 (single dose,
800 mg 2 hours before catheterization). CSF was sampled at the following time points
post spinal catheter placement for cohorts 1 and 3: 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 6, 8,
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10, 12, 16, 20, 24, 24.5, 25, 25.5, 26, 26.5, 27, 27.5, 28, 30, 32, 34, and 36 hours. For
cohort 2, the sampling time points were as follows: 0, 6, 6.5, 7, 7.5, 8, 8.5, 9, 9.5, 10, 12,
16, 20, 24, 24.5, 25, 25.5, 26, 26.5, 27, 27.5, 28, 30, 32, 34, and 36 hours.
Following an interim review of the data from cohorts 1 to 3, six healthy older participants
were allocated to an additional cohort: cohort 4, low-frequency CSF sampling scheme
with immediate sampling. CSF was sampled at the following time points post spinal
catheter placement for cohort 4: 0, 2, 4, 8, 24, 28, and 36 hours (Figure 3.1).
3.3.3

CSF sampling

CSF samples (6 mL for cohorts 1 to 3 and 4 mL for cohort 4, per time point) were
collected over 36 hours using a lumbar spinal indwelling CSF catheter. On Day 1, all
participants received a lumbar indwelling CSF catheter (interspace of L3 and L4 or L4
and L5 of the lumbar spine) between 6:00 and 9:00 a.m. The introducer needle (Tuohy
needle) with stylet in place was inserted at the superior aspect of the inferior spinous
process in the midline and approximately 15° cephalad. The stylet was removed and the
peridural space was entered using a loss of resistance technique. A Spinocath Catheter
(22 Gauge; BBraun Melsungen AG, Germany) with a spinal needle inside was
introduced through the Tuohy needle to perforate the dura mater (“dural pop”). The
spinal needle was withdrawn while moving up the spinal catheter into the subarachnoid
space for 10 to 15 cm (distance tip to skin). The Tuohy needle was subsequently
removed. To reduce the risk of CSF leakage, participants were preferably placed on a
bed, resting in a supine position during sampling and for up to 12 to 24 hours after
removal of the catheter. No specific cognitive activity was mandated, but most
participants were reading or listening to music.
CSF samples were collected with a syringe (BD Plastipack 2 and 5 mL) under sterile
conditions from the moment of catheter placement (0 h or baseline sample) through the
36-hour assessment period. Samples were collected in 10 mL (catalogue number
62.610.018)/12 mL (catalogue number 60.541.004) Sarstedt Liquor tubes, which were
immediately placed on melting ice and gently inverted for adequate mixing. The
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collected CSF volume was aliquoted by immediate transfer of 500 μL samples to
multiple storage tubes (Micronic 1.4 mL noncoded Ubottom tubes in Comorack-96
[catalogue number MP22502] with caps from FluidX [Split TPE Capcluster Blue,
catalogue number 65-53028]) and stored at −70 °C.
All sampling and processing materials used were analyzed for their Aβ adsorption
capacity and were found acceptable (<20 %) for avoiding any major influence on the Aβ
read-outs (unpublished data).
3.3.4

Analysis of CSF Aβ levels

A qualified, specific, and sensitive prototype multiplex immunoassay developed by
Janssen Research and Development and based on Meso Scale Discovery (MSD)
electrochemiluminescence detection technology was utilized for simultaneous detection
of four CSF Aβ species (Aβ1–37, Aβ1–38, Aβ1–40, and Aβ1–42) [131, 132]. Purified
monoclonal antibodies specific for Aβx-37 (JRD/Aβ37/3), Aβx-38 (J&JPRD/Aβ38/5), Aβx40

(JRF/cAβ40/28), and Aβx-42 (JRF/cAβ42/26) were coated on MSD 4-plex 96-well

plates as capture antibodies. JRF/AβN/25, which displays specificity for Aβ isoforms
with intact N-terminus (i.e., full-length Aβ), was utilized as the detection antibody [133].
The CSF Aβ1–37, Aβ1–38, Aβ1–40, and Aβ1–42 concentrations were determined using a
standard curve with a four-parameter logistic model with 1/Y² weighting function. One
operator performed all of the experimental analyses for participants in cohorts 1 to 3, in
a random fashion over 3 consecutive days. The experimental analysis for cohort 4 was
performed by one operator on the same day. All samples from each participant were
analyzed in duplicate on the same plate. Only mean values with a replicate well
coefficient of variation (CV) ≤20 % were accepted.
3.3.5

Analysis of baseline CSF Aβ1–42, t-tau, and p-tau181P levels

Baseline Aβ1–42, p-tau181P, and t-tau concentrations (i.e., directly after catheter insertion)
were measured utilizing INNO-BIA AlzBio3 kit reagents and the Luminex analytical
platform [134]. Diagnostic threshold CSF concentrations for AD versus normal controls
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for Aβ1–42 were applied to the current sample set to judge the likelihood of having
cerebral amyloid plaque deposition [135].
3.3.6

Apolipoprotein E (APOE) epsilon 4 carrier status

Blood samples (10 mL) were collected in tubes containing potassium/sodium
ethylenediamineteraacetic acid (EDTA). DNA was isolated using Puregene chemistry
and automated extraction using an Autopure LS. The aliquots of DNA samples from all
participants were genotyped in a multiplex reaction using polymerase chain reaction
(PCR)/ligation detection reaction [136].
3.3.7

Safety assessments

Adverse events (AEs) were monitored. Laboratory tests, examination of vital signs,
resting 12-lead electrocardiograms (ECGs), physical and neurological examinations, and
fundoscopy were performed.
3.3.8

Sample size

Based on CSF determinations of Aβ1–42, Aβ1–40, and Aβ1–38 with a similar enzyme-linked
immunosorbent assay (ELISA) method (Janssen, unpublished data), the CV of
percentage change from baseline was estimated to be ~13 %. A sample size of five
completers per group was expected to produce two-sided 95 % confidence intervals (CIs)
with 16 % precision compared with natural fluctuation of around 15 % in the reference
study (ClinicalTrials.gov NCT01556217) and was considered reasonable for precise
estimation of mean.

3.4 Results
3.4.1

Demographics, baseline characteristics, and AD biomarker pattern

Twenty-four participants were enrolled, most were men with a mean age of 64 years.
The average measures for age, weight, height, BMI, and MMSE score at screening were
comparable among cohorts (p=0.42, 0.16, 0.56, 0.66, and 0.45, respectively, F
test)(Table 3.1). AD biomarkers were analyzed. Two participants had Aβ1–42 below the
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threshold concentration (≤249 pg/mL)[135], suggested to be pathologic, but none had
elevated t-tau or p-tau181P values (Supplemental Figure S3.1). Hence, no participant had
a typical AD biomarker pattern. All participants completed the study.
3.4.2
3.4.2.1

CSF Aβ levels
Cohort 1: high-frequency CSF sampling scheme with immediate sampling

Mean CSF Aβ1–40 levels fluctuated with a tendency for increasing levels relative to
baseline over the sampling period (Figure 3.2). CSF Aβ levels were particularly
increased during periods of frequent sampling (sampling every 30 min: 0 to 4 hours and
24 to 28 hours). After the 12-hour time point, two participants showed increases in CSF
Aβ1–40 levels of >20 % at several time points compared with baseline. Other participants
had a rather stable pattern of CSF Aβ over the 36 hours (Figure 3.3A).
3.4.2.2

Cohort 2: high-frequency CSF sampling scheme with delayed sampling

In contrast to cohort 1, mean CSF Aβ1–40 levels at baseline and 6 hours post
catheterization were similar in cohort 2 (Figure 3.2). CSF Aβ levels increased in periods
of frequent sampling (sampling every 30 min: 6 to 10 hours and 24 to 28 hours). Notably
in cohort 2, unlike cohort 1, CSF Aβ levels remained elevated after the first period of
frequent sampling. The elevation of mean Aβ levels was not limited to the second period
of frequent sampling (24 to 28 hours), but started before this period and extended beyond
it. Fluctuation of mean CSF Aβ1–40 over 36 hours was higher in cohort 2 than in cohort
1. Increases in CSF Aβ over 36 hours were observed for all participants in cohort 2. After
the 10-hour time point, one participant showed increased CSF Aβ1–40 levels of >60 % at
many subsequent time points (Figure 3.3B).
3.4.2.3

Cohort 3: high-frequency CSF sampling scheme with immediate sampling
and ibuprofen pretreatment

Mean CSF Aβ1–40 levels in this cohort showed more fluctuation over 36 hours than that
observed for cohort 1 (Figure 3.2). Similarly to cohorts 1 and 2, CSF Aβ levels increased
during periods of frequent sampling. Similar to cohort 2, the CSF Aβ levels remained
elevated after the first period of frequent sampling. During the first period of frequent
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sampling (0 to 4 hours), all participants, except one who showed the earliest increases in
CSF Aβ levels, had increased levels between 3 and 4 hours. One participant showed an
increase in CSF Aβ1–40 levels >60 % (after 12 hours) and >100 % (after 25 hours) (Figure
3.3C). Several studies, support γ-secretase modulator activity of ibuprofen [137, 138].
Mean baseline CSF Aβ1–42 levels were not significantly reduced in the ibuprofen treated
cohort versus the other cohorts (Supplemental Figure S3.1; p = 0.26, F test), suggesting
that 800 mg ibuprofen did not lower baseline CSF Aβ1–42 levels).
3.4.2.4

Cohort 4: low-frequency CSF sampling scheme with immediate sampling

Mean CSF Aβ1–40 levels over 36 hours were more stable in this cohort versus the highfrequency sampling schemes (Figure 3.2). Only one participant showed a pronounced
increase in the CSF Aβ1–40 levels, observed after the 28-hour time point (Figure 3.3D).
For all cohorts, Aβ1–37, Aβ1–38, and Aβ1–42 were measured in addition to Aβ1–40 and similar
profiles were noted for mean change in Aβ levels versus baseline (data not shown). The
Aβ ratios showed lower intrasubject variability than that observed for individual peptides
over time, suggesting that the effect of different sampling schemes on CSF Aβ levels
was similar for Aβ1–37, Aβ1–38, Aβ1–40, and Aβ1–42.
3.4.3

Possible sources of intersubject variability

Intersubject variability was noted in all cohorts relating to increase in CSF Aβ levels
over time. No correlation was observed between increases in CSF Aβ levels and sex,
age, APOE ε4 status, MMSE score, CSF sampling or sample processing issues, or
baseline levels of Aβ1–42, p-tau181P, and t-tau (Supplemental Table S3.1). A trend for a
higher incidence of headache (10/15 [66.7 %]) was observed in participants with an Aβ
increase of >25 % versus baseline compared with participants with an Aβ increase <25%
(2/8 [25 %]) (Fisher’s exact test: p = 0.089).
3.4.4

Safety and tolerability of CSF sampling procedures

Nineteen (79.2 %) participants experienced at least one AE, which was mild or moderate
in severity, and the majority of events were resolved at follow-up. Incidence of AEs was
not significantly different across cohorts (p = 0.11, Fisher’s exact test). Headache (n =
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12 [50.0 %]), back pain (n = 7 [29.2 %]), and catheter-site pain (n = 3 [12.5 %]) were
most frequently reported, and were possibly related to the sampling procedure (Table
3.2). There was only one occurrence (4.2 %) of postdural puncture headache. No
clinically relevant changes in vital signs, ECG, or laboratory measurements were noted.
There were no signs of inflammation as indicated by clinical laboratory measurements.

3.5 Discussion
CSF Aβ concentrations were shown to be stable over months to years in longitudinally
collected samples with isolated LPs [139, 140]. However, the intrasubject CSF Aβ1–40
and Aβ1–42 levels varied largely and tended to rise over 36 hours after hourly sampling
via an intrathecal catheter in healthy participants [121]. Consistent with other studies, an
increase in CSF Aβ levels following serial samplings was noted in our study [68, 122124, 126]. Factors such as frequency of sampling and sample volume [124], diurnal
effects [121, 123, 125], catheter interaction with CSF Aβ at the first sampling time
points, and activity [121, 123] were suggested to be related to this observed increase.
However, further studies to delineate the exact mechanisms are needed.
We evaluated the effect of different CSF sampling protocols on CSF Aβ levels in an
older population to reflect the age range of the target population for AD. Earlier studies
mainly describe CSF Aβ changes for younger healthy participants. A study comparing
data from older healthy controls and AD patients showed that the variation in CSF
measures of Aβ1–40, Aβ1–42, t-tau, and p-tau181P was comparable [125]. On the other hand,
hour-to-hour fluctuations in CSF biomarkers were lower in older healthy controls and
AD patients than in young participants [121], underscoring the importance of
investigating these changes in the target population.
Our results corroborated earlier findings indicating a higher increase in CSF Aβ levels
with protocols using high sampling frequency compared with protocols using low
sampling frequency [124]. The increases in Aβ levels relative to baseline were more
prominent during high frequency sampling (every 30 min) in cohorts 1 to 3, while the
Aβ levels were relatively stable in samples drawn every 4 hours. Although the first
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period of frequent sampling occurs at a different time during the day for cohort 2
compared with cohorts 1 and 3, clear mean increases in CSF Aβ levels were seen in highfrequency sampling periods for all cohorts. Together with the fact that the average Aβ
levels did not return to baseline after 24 hours, this suggests that the observed increase
in our study could not be explained solely by a diurnal effect.
Interestingly, Aβ levels at baseline and 6 hours post catheterization were similar in
cohort 2, suggesting that the increase in Aβ levels was not related to the catheter insertion
procedure. Furthermore, precatheterization administration of ibuprofen did not impact
the increased CSF Aβ levels. These findings indicate that the increase in CSF Aβ levels
was not related to the procedure of catheterization itself, including any kind of induced
inflammatory reaction. Together, these data support the hypothesis that the intense
sampling frequency applied in these cohorts probably impacted CSF Aβ levels.
After the interim review of the data from cohorts 1 to 3, it was hypothesized that a lower
CSF sampling frequency over 36 hours may result in more stable Aβ profiles. An
additional cohort (cohort 4) of healthy older participants was included to assess an
alternative low-frequency CSF sampling scheme. This sampling scheme, with a lower
total volume of CSF sampled, resulted in more stable mean CSF Aβ levels over 36 hours
versus high-frequency sampling schemes. These data support the hypothesis that the
increase in CSF Aβ levels compared with baseline level is probably related to either CSF
sampling frequency or volume, or both. The underlying mechanism of the rise in CSF
Aβ concentrations after frequent CSF sampling is unknown. Various stimuli, including
stress and sleep deprivation, could increase brain Aβ levels, possibly through modulation
of neuronal activity [141]. Moreover, frequent sampling in the lumbar region might alter
a possible rostral–caudal Aβ gradient from ventricular to lumbar CSF by induction of
redistribution of CSF to the lumbar region [124]. The disease state may also influence
the CSF Aβ levels and thus studies in AD patients are warranted [125].
One out of six participants in cohort 4 demonstrated a rise in CSF Aβ levels after 24
hours post catheterization. This increase does not seem to be related to gender, age, race,
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APOE status, MMSE score, or AEs (Supplemental Table S3.1). As such, a possible
explanation for this finding is currently unclear, but might for example include a
difference in activity level of this participant. Only one participant in cohort 4 had an
Aβ1–42 concentration slightly below the threshold concentration, excluding the possibility
that greater amyloid deposition in cohort 4 would be responsible for the observed
stability of CSF Aβ concentrations over time in this cohort [142] .

3.6 Conclusions
CSF Aβ levels were substantially affected by CSF sampling frequency and/or sampling
volume. An optimized sampling protocol with lower CSF sampling frequency and
volume resulted in more stable Aβ profiles. In future clinical studies with Aβ-targeting
experimental drugs, this protocol would lead to a better estimation of drug effects on Aβ
levels after continuous CSF sampling and thus lower the required sample size. The
described protocols for continuous CSF sampling were well tolerated with no clinically
important safety concerns in healthy older participants. These results substantiate the
potential of CSF Aβ as a PD biomarker using frequent CSF sampling to assess evidence
of target engagement and pharmacological activity of Aβ-targeting compounds.
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3.7 Tables and figures
Table 3.1. Demographics and baseline characteristics of study participants by cohort (all
randomized participants)

Age (years)

Cohort 1
n=6
62 (4.3)

Cohort 2
n=6
64 (6.4)

Cohort 3
n=6
66 (1.7)

Cohort 4
n=6
63 (3.3)

Total
N=24
64 (4.3)

Sex, Men, n (%)

6 (100.0)

5 (83.3)

6 (100.0)

5 (83.3)

22 (91.7)

White
Black or African
American
Ethnicity, n (%)
Not Hispanic or
Latino
Weight (kg)

6 (100.0)

6 (100.0)

5 (83.3)

6 (100.0)

23 (95.8)

0

0

1 (16.7)

0

1 (4.2)

6 (100.0)

6 (100.0)

6 (100.0)

6 (100.0)

24 (100.0)

83 (10.8)

72 (8.3)

77 (5.6)

79 (10.6)

78 (9.6)

Height (cm)

176 (7.8)

170 (9.5)

171 (9.2)

173 (7.6)

172 (8.4)

BMI (kg/m2)

27.1 (3.8)

25 (2.3)

26.6 (2.7)

26.6 (3.5)

26.3 (3.0)

Total MMSE at Screening

29.2 (0.8)

29.0 (1.3)

29.7 (0.5)

29.7 (0.8)

29.4 (0.9)

Aβ1-42 (pg/mL)

393.2 (26.4)

380.6 (44.1)

326.1 (75.4) 319.2 (97.6) 354.8 (70.6)

t-tau (pg/mL)

74.5 (20.0)

62.7 (28.9)

46.7 (20.6)

50.7 (21.9)

58.6 (24.3)

p-tau181P (pg/mL)

30.7 (8.2)

22.2 (4.9)

20.4 (6.9)

24.9 (13.0)

24.6 (9.1)

Yes

1 (16.7)

1 (16.7)

0

2 (33.3)

4 (16.7)

No

4 (66.7)

3 (50.0)

5 (83.3)

4 (66.7)

16 (66.7)

Race, n (%)

APOE ε4 Carrier

Unknown
1 (16.7)
2 (33.3)
1 (16.7)
0
4 (16.7)
Data shown as mean (standard deviation), unless otherwise specified.
Cohort 1: immediate sampling – high frequency; cohort 2: delayed sampling – high frequency – procedure
effect; cohort 3: ibuprofen – high frequency – inflammation effect; cohort 4: immediate sampling – low
frequency. APOE = apolipoprotein E gene; BMI = body mass index; MMSE = Mini–Mental State
Examination.
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Table 3.2. Incidence of adverse events occurring during study (starting after catheter
insertion)

Participants with 1 or more AEs
Headache
Back pain
Catheter site pain
Dizziness postural
Hypoesthesia
Pain in extremity
Nausea
Musculoskeletal stiffness
Neck pain
Gastroesophageal reflux disease
Regurgitation
Toothache
Dermatophytosis
Sinusitis
Post lumbar puncture syndrome
Pruritus
Flushing

Cohort 1 Cohort 2 Cohort 3 Cohort 4
n=6
n=6
n=6
n=6

Total
N=24

6 (100.0)

6 (100.0)

3 (50.0)

4 (66.7)

19 (79.2)

3 (50.0)
1 (16.7)

5 (83.3)
2 (33.3)

2 (33.3)
1 (16.7)

2 (33.3)
3 (50.0)

12 (50.0)
7 (29.2)

2 (33.3)

0

1 (16.7)

0

3 (12.5)

0

1 (16.7)

0

1 (16.7)

2 (8.3)

1 (16.7)
1 (16.7)

0
0

1 (16.7)
1 (16.7)

0
0

2 (8.3)
2 (8.3)

0

1 (16.7)

1 (16.7)

0

2 (8.3)

0

1 (16.7)

0

0

1 (4.2)

0
0

0
0

1 (16.7)
1 (16.7)

0
0

1 (4.2)
1 (4.2)

0

0

0

1 (16.7)

1 (4.2)

0
0

0
0

0
1 (16.7)

1 (16.7)
0

1 (4.2)
1 (4.2)

0

0

0

1 (16.7)

1 (4.2)

0

1 (16.7)

0

0

1 (4.2)

1 (16.7)

0

0

0

1 (4.2)

0

1 (16.7)

0

0

1 (4.2)

Data shown as n (%).
Cohort 1: immediate sampling – high frequency; cohort 2: delayed sampling – high frequency – procedure
effect; cohort 3: ibuprofen – high frequency – inflammation effect; cohort 4: immediate sampling – low
frequency.
The laboratory parameters (clinical chemistry, hematology, urinalysis) were evaluated at screening, on days
-1 and 2, and during follow-up (days 7 to 14 after removal of the spinal catheter). The vital signs and resting
12-lead electrocardiograms (ECGs) were evaluated at screening, on days -1, 1 and 2, and during follow-up.
The participants were physically and neurologically examined at screening, on days 1 and 3, and in followup. Fundoscopy was performed at screening to exclude intracranial pressure.
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Figure 3.1. Study design.
Arrows indicate time points of CSF sampling post spinal catheter placement. Cohort 1 and cohort 3: 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 6, 8, 10, 12, 16, 20, 24,
24.5, 25, 25.5, 26, 26.5, 27, 27.5, 28, 30, 32, 34, and 36 hpurs. Cohort 2: 0, 6, 6.5, 7, 7.5, 8, 8.5, 9, 9.5, 10, 12, 16, 20, 24, 24.5, 25, 25.5, 26, 26.5, 27, 27.5,
28, 30, 32, 34, and 36 hours. Cohort 4: 0, 2, 4, 8, 24, 28, and 36 hours. Per time point, 6 ml of CSF was collected for cohorts 1 to 3 and 4 mL was collected
for cohort 4. (LP = lumbar puncture; CSF = cerebrospinal fluid)
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Figure 3.2. Mean % change from baseline of CSF Aβ1–40 for all cohorts. Standard deviation
is not shown for clarity of representation. Individual profiles can be found in Fig. 3.3. Cohort 1:
immediate sampling, high frequency; cohort 2: delayed sampling, high frequency, procedure
effect; cohort 3: ibuprofen, high frequency, inflammation effect; cohort 4: immediate sampling,
low frequency. (Aβ = amyloid-β; CSF = cerebrospinal fluid)
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Figure 3.3. Individual CSF Aβ1–40 profiles for all participants per cohort. A. Cohort 1: immediate sampling, high frequency. B. Cohort 2: delayed
sampling, high frequency, procedure effect. C. Cohort 3: ibuprofen, high frequency, inflammation effect. D. Cohort 4: immediate sampling, low frequency.
APOE ε4 carriers are indicated in red with a square or diamond symbol. Cohort 1: only five participants are shown; one participant (participant 6) did not
have a baseline sample available. (Aβ = amyloid beta; APOE = apolipoprotein E gene; CSF = cerebrospinal fluid)
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3.8 Supplemental data
3.8.1
3.8.1.1

Methods
Inclusion and exclusion criteria

Inclusion criteria
Postmenopausal (for at least 12 months) women. Healthy participants assessed by
physical examination, clinical laboratory tests, medical history, vital signs, and ECG.
Participants willing to refrain from smoking or the use of nicotine-based products from
day 1 until at least 12 hours after removal of the spinal catheter.
Exclusion criteria
Participants having relevant history of lower back pain or scoliosis and/or major
(lumbar) back surgery; history of severe bleeding with unclear origin; history of
epilepsy; history or family history of abnormal bleeding/blood clotting; history or family
history of anemia; history of or current neurological disease other than AD/MCI
(including any history of postdural puncture headache) were excluded.
Participants

were

excluded

for

any

clinically

significant

abnormality

in

physical/neurological examination, vital signs, or ECG; or if clinically significant acute
illness within 7 days before study drug administration.
Participants were also excluded if they were: allergic to local anesthetics and/or
chlorhexidine; hypersensitive, or intolerant to ibuprofen or one of its excipients and/or
had any contraindication for ibuprofen; positive for hepatitis B surface antigen, hepatitis
C antibodies or human immunodeficiency virus (HIV) antibodies.
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3.8.2

Tables and figures

Supplemental Table S3.1. Overview of individual participant characteristics at baseline

Cohort 1

Cohort

1

Maximum
CSF Aβ1-40
%Change
From
Baseline
36.05

2

56.23

M

60

White

ε3/ε3

86.7

182.5

26.03

29

395.6

27.6

65.2

3

15.79

M

65

White

ε3/ε3

104.0

180.0

32.1

29

372.8

44.2

104.6

4

19.69

M

65

White

ε3/ε4

78.3

176.0

25.28

29

354.8

29.4

51.5

5

14.18

ε3/ε3

Participant

Cohort 2

6

60

Gender

Age (years)

Race

APOE
Status

Weight
(kg)

Height
(cm)

BMI

MMSE
Score

M

59

White

ε3/ε3

72.8

184.5

21.39

M

67

White

M

56

White
ε2/ε3

Aβ1-42
(pg/mL)

p-tau181P
(pg/mL)

t-tau
(pg/mL)

AE

30

399.9

36.5

79.4

Headache

430.2

22.5

88.2

Headache
Back pain,
pruritus,
headache
Catheter site pain,
hypoesthesia
Pain in extremity

406.1

24.0

58.2

Catheter site pain

447.6

20.8

103.4

after 24h

410.3

18.2

45.3

30

at 26,
26.5, 27h

326.3

18.7

31.2

20.68

29

after
27.5h

383.8

30.9

93.2

344.7

24.6

47.4

Headache
Back pain,
headache
Musculoskeletal
stiffness,
headache, back
pain
Headache,
dizziness postural
Headache,
nausea, post
lumbar puncture
syndrome

370.7

19.8

55.7

80.9

164.5

29.9

30

80.8

169.8

28.02

28

71.8

172.5

24.13

27

60.5

152.0

26.19

30

79.4

173.5

26.38

64.2

176.2

7

58.71

M

70

White

8

44.78

W

57

White

9

174.58

M

64

White

10

77.40

M

57

White

11

34.73

M

72

White

ε3/ε3

72.3

165.5

26.4

28

12

119.76

M

61

White

ε3/ε4

81.7

177.2

26.02

30

ε3/ε3

CSF
Samples
Missing

at 0h

at 7.5, 8,
8.5, 16,
20, 24,
24.5h

Flushing

Cohort 4

Cohort 3

Cohort

13

Maximum
CSF Aβ1-40
%Change
From
Baseline
57.49

14

57.83

Participant

Gender

Age (years)

Race

APOE
Status

Weight
(kg)

Height
(cm)

BMI

MMSE
Score

M

66

White

ε3/ε3

69.9

176.5

22.44

M

63

White

78.7

178.0

24.84

15

82.22

M

67

16

36.59

M

68

17

37.00

M

18

148.12

19

White

CSF
Samples
Missing

Aβ1-42
(pg/mL)

p-tau181P
(pg/mL)

t-tau
(pg/mL)

30

281.4

18.4

32.4

30

425.6

33.3

82.7

ε2/ε3

78.7

167.3

28.12

30

332.7

15.9

39.2

Headache,
dermatophytosis,
gastroesophageal
reflux disease,
pain in extremity

299.3

18.4

40.4

Catheter site pain,
hypoaesthesia

ε3/ε3

71.2

156.7

29

30

67

Black or
African
American
White

ε3/ε3

80.6

165.5

29.43

29

395.7

22.4

58.3

M

66

White

ε3/ε3

84.2

180.7

25.79

29

221.7

14.1

27.0

-3.97

M

67

White

ε3/ε3

82.8

167.1

29.65

30

508.5

17.3

83.8

20

-6.32

W

65

White

ε3/ε4

69.9

162.9

26.34

28

287.2

51.1

73.4

21

10.51

M

58

White

ε3/ε3

91.6

184.0

27.06

30

334.1

16.6

36.7

after 24h

AE

22

13.72

M

62

White

ε3/ε4

80.0

172.0

27.04
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a
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Supplemental Figure S3.1. Scatter plots of baseline concentrations of CSF Aβ1-42, p-tau181P and t-tau per cohort. Analyses were performed utilizing
INNO-BIA AlzBio3 kit reagents and the Luminex analytical platform. Measures for individual participants are indicated with symbols referring to the
corresponding cohort. Diagnostic threshold CSF concentration for Alzheimer’s disease versus normal controls for Aβ1-42 (≤249 pg/mL) is indicated as a
vertical line on the plot. Cohort 1: immediate sampling – high frequency; cohort 2: delayed sampling – high frequency – procedure effect;
cohort 3: ibuprofen – high frequency – inflammation effect; cohort 4: immediate sampling – low frequency. (Aβ = amyloid-β; CSF = cerebrospinal fluid;
p-tau = phosphorylated tau; t-tau = total tau)
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4.1 Abstract
Objectives: Safety, tolerability, PK, and PD of a novel BACE1 inhibitor, JNJ-54861911,
were assessed after single and multiple dosing in healthy participants.
Methods: Two randomized, placebo-controlled, double-blind studies were performed
using single and multiple ascending JNJ-54861911 doses (up to 14 days) in young and
elderly healthy participants. Regular blood samples and frequent CSF samples, up to 36
hours after last dose, were collected to assess the PK and PD (Aβ, sAPPα, β, total levels)
profiles of JNJ-54861911.
Results: JNJ-54861911 was well-tolerated, AEs were uncommon and unrelated to JNJ54861911. JNJ-54861911 showed dose-proportional CSF and plasma PK profiles.
Plasma- and CSF-Aβ and CSF-sAPPβ were reduced in a dose-dependent manner. Aβ
reductions (up to 95%) outlasted exposure to JNJ-54861911. APOE ε4 carrier status and
baseline Aβ levels did not influence Aβ/sAPPβ reductions.
Conclusion: JNJ-54861911, a potent brain-penetrant BACE1 inhibitor, achieved high
and stable Aβ reductions after single and multiple dosing in healthy participants.
Keywords: JNJ-54861911; Alzheimer’s disease; Amyloid β; β-secretase enzyme;
BACE1; BACE inhibitors
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4.2 Background
AD is a neurodegenerative disorder characterized by progressive memory loss and
cognitive decline. The neuropathological hallmark of AD are extracellular plaques of
insoluble Aβ, intracellular NFT composed of hyperphosphorylated tau protein, and
atrophy of the cerebral cortex [143]. All of these pathological changes begin years before
the onset of symptoms [36].
Multiple lines of evidence support the amyloid cascade hypothesis stating that Aβ
accumulation and deposition are the initiating factors for the pathogenesis of AD [13,
14]. The hypothesis puts forward factors such as increased production or decreased
clearance of Aβ from the CNS, driving the Aβ accumulation in brain. As a consequence,
agents preventing formation of Aβ could have disease-modifying properties for AD. Aβ
is generated from APP. The amyloidogenic processing of APP is initiated by β-site APP
cleaving enzyme 1 (BACE1). BACE1 is an aspartyl protease, cloned initially by several
groups [43, 44] that cleaves the N-terminus of Aβ, followed by γ-secretase cleaving the
C-terminal end. In this process, BACE1 cleavage is the first and rate limiting step.
Subsequent γ-secretase cleavage results in formation of Aβ species of different lengths,
from which Aβ1-40 is the predominant one. The cleavage site for another APP processing
enzyme, α-secretase, lies within the Aβ sequence and thus precludes Aβ formation. The
relationship of physiological α-secretase to β-secretase processing is not fully
understood and BACE1 inhibition studies suggest that APP can be shifted to other
pathways [46]. The amino terminal fragment generated through α- or β-secretase
cleavage is called sAPPα or sAPPβ, respectively.
Inhibitors of BACE1 prevent the formation of Aβ and would therefore be potential
therapeutic agents for AD.
BACE1 has emerged over the past decade as the drug target of choice for reducing
central Aβ levels in AD. Several BACE inhibitors are currently in clinical development
for different stages of AD [66-71]. JNJ-54861911 is the first BACE inhibitor being
developed by Janssen in collaboration with Shionogi. Herein we describe the safety and
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tolerability, peripheral and central pharmacokinetic (PK) and pharmacodynamic (PD)
characteristics of JNJ-54861911 following single and multiple dosing. Confirmation of
peripheral and central BACE1 inhibition, and as such target engagement of JNJ54861911, was assessed primarily by Aβ1-40 levels in plasma and CSF.

4.3 Methods
4.3.1

Clinical studies

Two randomized, placebo-controlled, double-blind, single-site clinical studies were
performed using single-(SAD) and multiple-ascending dose (MAD) administrations in
young healthy men and elderly healthy men and women.
Both study protocols and amendments were reviewed by an Investigational Review
Board (Commissie voor Medische Ethiek, Ziekenhuis Netwerk Antwerpen (ZNA),
Antwerp, Belgium). All procedures followed were in accordance with the principles of
the Declaration of Helsinki. Written informed consent was obtained from all participants
before participation. The studies are registered on ClinicalTrials.gov: NCT01827982 and
NCT01887535.
4.3.2

Study population

Young men (18 to 54 years old, body mass index [BMI]: 18 to 30 kg/m²) and elderly
men or women (55 to 75 years old, BMI: 18 to 32 kg/m²), considered healthy based on
medical history, physical examination, 12-lead ECGs and clinical laboratory evaluations
(see Section 4.8. Supplemental data for key inclusion criteria), were enrolled in the SAD
and MAD studies from April 2013 to December 2013 at SGS, Life Science Services,
Clinical Pharmacology Unit, Belgium.
4.3.3

Clinical study designs and treatments

In the SAD study, young participants (n=8) received a single dose of 1 mg JNJ-54861911
(n=6) or placebo (n=2). Elderly participants (n=48) received escalating single dose levels
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as oral suspension of 1, 3, 10, 30, 90 or 150 mg of JNJ-54861911 (n=6/cohort) or placebo
(n=2/cohort).
In the MAD study, elderly participants (n=38) received, double blind, JNJ- 54861911
(n=6/cohort) or placebo (N=2/cohort) as oral suspension at escalating doses of 5, 30, 50
or 90 mg once daily (qd) or open label as solid dose formulation of 25 mg qd (n=6) for
14 days. A single young healthy men cohort to explore safety and tolerability at higher
dose level received 150 mg JNJ-54861911 (n=6) or placebo (n=2) as solid dose
formulation for 7 days. An additional enlarged cohort of elderly participants to assess
potential QTc liabilities received JNJ-54861911 (n=18) or placebo (n=6) as oral
suspension for 7 days (see Section 4.8. Supplemental data for a detailed description).
4.3.4

Safety assessments

Safety was assessed before and after dosing by recording adverse events (AE), physical
and neurological examinations, vital signs, 12-lead ECGs, 24-hour Holter monitoring,
and clinical laboratory tests. All participants were included in the safety analysis.
4.3.5

Pharmacokinetic (PK) and pharmacodynamic (PD) assessments

Plasma and urine concentrations of JNJ-54861911 and PD effects in plasma were
evaluated at regular time points (limited PD assessments were applied in the QT cohort;
see Section 4.8. Supplemental data).
For all elderly participants (except for the QT cohort), PK and PD effects of JNJ54861911 were assessed in CSF on day 1 (SAD; 6 mL/sample) and day 14 (MAD; 4
mL/sample) using serial CSF sampling through an indwelling subarachnoid lumbar
catheter from 2 hours before until 36 hours after the last dosing, as described previously
[144].
In addition, in the MAD study, a baseline CSF sample was collected by single LP
predose on Day 1 (12 mL).
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From all participants, a pharmacogenomic sample was collected and APOE ε4 carrier
status analyzed [136].
4.3.6
4.3.6.1

Bioanalytical methods
Analysis of JNJ-54861911

Plasma, urine and CSF JNJ-54861911 samples were analyzed using a scientific validated
[145] specific, and sensitive liquid chromatographic-mass spectrometry/mass
spectrometry method (LC-MS/MS) (see Section 4.8. Supplemental data). The lower
limit of quantification (LLOQ) was 1 ng/mL.
4.3.6.2

Analysis of plasma and CSF Aβ concentrations

A qualified prototype multiplex immunoassay based on Meso Scale Discovery (MSD)
(Gaithersburg, MD, USA) electrochemiluminescence (ECL) detection technology was
utilized for simultaneous detection of 4 Aβ species (Aβ1-37, Aβ1-38, Aβ1-40 and Aβ1-42)
[131, 132]. Plasma samples were analyzed after pretreatment with Heterophilic Blocking
Reagent-9 (HBR-9, Scantibodies, Laboratory, Inc., CA, US). As in plasma most of the
concentrations of Aβ1-37, Aβ1-38 and Aβ1-42 were near or lower than LLOQ, only Aβ1-40
concentrations are reported.
4.3.6.3

Analysis of CSF sAPP concentrations

sAPPα, sAPPβ and sAPP total were quantified in CSF using MSD ECL detection
technology. For the MAD study, Day 1 and Day 14 predose samples together with
samples taken at Day 14 at 10, 24 and 36 hours post dose were analyzed. sAPPα and
sAPPβ CSF concentrations were measured using MSD® 96-well MULTI-SPOT®
sAPPα/sAPPβ assay according to manufacturer’s instructions [146].
For sAPP total, an MSD ECL assay developed by Janssen Research & Development was
used (see Section 4.8. Supplemental data).
Both Aβ and sAPP were determined using a standard curve with 4-parameter logistic
model with 1/Y2 weighting function. All samples from each participant were analyzed

68

in duplicate on the same assay plate. Only mean values with replicate well CV of ≤20%
were accepted.
4.3.6.4

Analysis of baseline CSF Aβ1-42, p-tau181P and t-tau levels

Baseline Aβ1-42, p-tau at position threonine 181 (p-tau181P) and total tau (t-tau)
concentrations were measured utilizing INNO-BIA AlzBio3 kit reagents and Luminex
analytical platform [134, 135].
4.3.7
4.3.7.1

Statistical analysis
Sample size

For mean % change in CSF Aβ1-40, a dose group of 6 participants and a pooled placebo
group of 10 participants was expected to provide a 1-sided 90% CI for between treatment
difference with a precision of ±9, based on a standard deviation (SD) of 12 observed
earlier [144].

4.4 Results
4.4.1

Demographic characteristics

All participants completed the studies, except one in the MAD study, who withdrew
consent on Day 28. Eight elderly participants in the SAD and 4 elderly participants in
the MAD study had Aβ1-42 concentrations below the threshold (249 pg/mL), suggestive
of cerebral amyloid plaque deposition [135] , but none had elevated t-tau or p-tau181P
values (data not shown). Overall, 28.6% (n=16/56) and 27.1% (n=19/70) of all
participants enrolled in the SAD and MAD study respectively were identified as APOE
ε4 carriers. Across both studies, a total of 94 participants, mainly Caucasian, received
one or more doses of JNJ-54861911 (Supplemental Table S4.1 and Supplemental
Table S4.2).
In the SAD study, 8 young men (1-mg; mean age: 44.8 years) and 48 elderly men and
women (1-150-mg; mean age: 64.2) participated in the study.
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In the MAD study, 62 elderly men and women (5 to 90-mg; mean age of 64.8) and 8
young men (150-mg; mean age: 39.6) were enrolled. Within studies the average
measures for age, height, BMI, Aβ1-42, p-tau181P, and t-tau at baseline were comparable
among treatments for the elderly participants enrolled in cohorts measuring CSF in the
SAD (p = not significant [NS] for all, F test) and MAD (p = NS for all) study. Gender
and APOE ε4 status were comparable among treatments (p=NS, Fisher’s exact test) in
the SAD study while there was a slight imbalance of these parameters in the MAD study
(both p=0.08, Fisher’s exact test) (Supplemental Table S4.1 and Supplemental Table
S4.2).
4.4.2

Safety and tolerability

Single and multiple oral doses of JNJ-54861911 ranging between 1 and 150-mg were
well-tolerated. AEs were uncommon, occurred with similar frequency in the placebo and
JNJ-54861911 treatment groups, and are probably attributable to the LP procedure
(Supplemental Table S4.3 and Supplemental Table S4.4)
In participants receiving JNJ-54861911, the most common AEs (≥10 participants) were
headache (SAD: 16/42 [38.1%] vs placebo: 7/14 [50%]; MAD: 13/52 [25.0%] vs
placebo: 1/18 [5.6%]) and back pain (SAD: 10/42 [23.8%] vs placebo: 0/14 [0%]; MAD:
11/52 [21.2%] vs placebo: 2/18 [11.1%]). All other AEs were observed in ≤8 participants
receiving either a single or multiple dose of JNJ-54861911 or placebo. There were no
apparent trends in AEs with regard to dose.
There were no serious AEs (SAEs) or significant changes noted in vital signs, physical
and neurological measurements, or ECG (12-lead ECG; Holter monitoring), nor were
there any investigator-identified laboratory AEs or clinically relevant laboratory
abnormalities.
4.4.3

Pharmacokinetic properties of JNJ-54861911

An overview of the plasma and CSF PK parameters and profiles is provided as
supplemental data (Supplemental Table S4.5, Supplemental Table S4.6,
Supplemental Table S4.7, Supplemental Table S4.8, Supplemental Figure S4.1 and
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Supplemental Figure S4.2). After single and multiple doses, plasma JNJ-54861911
maximal concentration (Cmax) and AUC increased dose-proportionally from 1 to 150 mg,
and appeared similar between healthy young and elderly participants. JNJ-54861911
plasma PK profiles were characterized by rapid absorption (median time to achieve
maximal concentration [tmax] of 0.75-2 hours following single dose, and 2-4 hours
following multiple dosing) and essentially biphasic decline at all dose levels
(Supplemental Figure S4.1). Following multiple dosing, mean elimination haf life (t1/2)
on Day 14 ranged from 14.4 to 18.5 hours compared to 9.0 to 16.1 hours following single
dose. Steady state JNJ-54861911 concentrations following multiple dosing were reached
by Day 5 for all cohorts, which is consistent with the observed t1/2. Mean accumulation
ratios for steady-state Cmax and AUCτ on Day 14 ranged from 1.27 to 1.73 ng/mL and
1.34 to 2.17 ng.h/mL, respectively. Mean renal clearance (CLR) values of JNJ-54861911
between Day 1 (single dose; data not shown) and Day 14 (Supplemental Table S4.7)
were similar (0.111 vs 0.115 L/h) and comparable across studies.
JNJ-54861911 levels in CSF were assayed only in elderly participants (Supplemental
Table S4.6 and Supplemental Table S4.8). Single dose CSF concentrations of JNJ54861911 were generally below the LOQ for the 1- and 3-mg dose level. Following
single and multiple doses, both Cmax and AUC in CSF increased dose proportionally
across doses studied (10 to 150 mg). Maximal mean concentrations in CSF (2.94-22.7
ng/mL) on Day 1 were reached between 2.0 and 3.0 hours. Following multiple dosing,
median tmax in CSF on Day 14 was approximately 4 hours and mean t1/2 ranged from 11.7
to 14.4 hours across doses studied. Plasma and CSF tmax following single and multiple
dose were similar. Dose-normalized plasma and CSF PK were comparable between
formulations used (Supplemental Table S4.5 and Supplemental Table S4.6). Finally,
CSF PK profiles appeared to be parallel to corresponding plasma PK profiles at each
dose group (Supplemental Figure S4.1 and Supplemental Figure S4.2). CSF
concentrations were approximately 3% of total plasma concentrations, and 50% to 60%
of free plasma concentrations, estimated based on a plasma free fraction of 6%.
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4.4.4
4.4.4.1

Pharmacodynamics of JNJ-54861911
Plasma and CSF Aβ

To investigate target engagement, CSF and plasma Aβ levels were monitored over time.
In the SAD study, a dose-dependent reduction of plasma and CSF Aβ1-40 concentrations
versus baseline was observed (Figure 4.1, Supplemental Figure S4.3). The reduction
in plasma (Figure 4.1A, Supplemental Figure S4.3A) was characterized by a fast onset
with strongest reduction during the first 4 hours post dose, approaching (close to)
maximal effects in all doses. In young healthy men (1-mg dose), a similar plasma Aβ
profile was seen as in elderly healthy participants (data not shown). Higher doses (10,
30, 90, and 150 mg) achieved 70% to 80% Aβ reduction at 4-hours postdose, and the
reduction compared to baseline was long-lasting. Analysis of later time points showed a
slow return to baseline concentrations for all dose groups, with reductions remaining up
till 96 hours post dose for all groups from 3-150 mg.
Compared to plasma, reduction of CSF Aβ1-40 concentrations showed a later onset and
slower kinetics (Figure 4.1B, Supplemental Figure S4.3B). As anticipated based on
earlier findings reported by Van Broeck et al. 2016 [144], the high-frequency CSF
collection scheme resulted in an initial mean increase of Aβ1-40 levels over baseline. Over
the first 6 hours, no apparent treatment effect was observed. After 6 hours, a dosedependent reduction of Aβ1-40 levels started. While doses of 1 and 3 mg trended slightly
below placebo, no relevant Aβ1-40 reduction could be observed. Increasing doses yielded
a dose-dependent reduction of Aβ1-40 concentrations. The maximum observed reduction
after single dosing was 75% (36 hours after 150 mg). The Aβ-lowering effect was
persistent over 36 hours for the highest doses (90 and 150 mg), while participants treated
with lower doses showed a trend for return to baseline 36 hours postdose.
In the MAD study, reduction of plasma and CSF Aβ1-40 levels from baseline was stable
until at least 24 hours post last dose in participants receiving a qd dose of JNJ-54861911
for 14 days (Figure 4.2). Plasma reductions were dose-dependent with participants
dosed with 5 mg JNJ-54861911 having reductions of 60% to 75%, at 30 mg 75% to
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85%, at 50 mg around 90%, and at 90 mg around 90% to 95% (Figure 4.2A). The
reductions in the 25-mg tablet group were close to those in the 30-mg oral suspension
group. Similar to the SAD study, no notable changes from baseline were observed in
participants receiving placebo. Analysis of time points beyond 36 hours showed a slow
return to baseline concentrations, with reductions remaining up till 72 hours post dose
for all treatment groups.
Similarly, in CSF, a dose-dependent decrease in Aβ1-40 levels was observed compared to
baseline (Figure 4.2B). The Aβ1-40 reduction in plasma was numerically stronger
compared to CSF at the lowest dose of 5 mg. In contrast to the SAD study, no marked
increase above baseline was present in the placebo group. For JNJ-54861911, dose
dependent Aβ1-40 reductions were seen: 50% at 5 mg/day, 80% to 85% at 30 mg; about
90% at 50 mg; and 90% to 95% at 90 mg. The reductions after treatment with the 25-mg
tablet were similar to those with 30-mg oral suspension. Similar to the observed
reductions in plasma, all reductions in CSF were stable up till 24 hours after the last dose
on Day 14, not only on a group mean level, but also at an individual level (data not
shown). Thirty-six hours after the last dose, there was a trend towards normalization for
the lowest dose of 5 mg, while reductions remained relatively stable for the higher dose
groups.
For all cohorts, CSF concentrations of all measured Aβ species (Aβ1-37, Aβ1-38, Aβ1-40
and Aβ1-42) demonstrated similar changes in Aβ levels versus baseline (Figure 4.3).
4.4.4.2

Pharmacodynamics of CSF sAPP

To obtain direct evidence of specific BACE1 inhibition in the CNS, sAPPα, sAPPβ and
total sAPP were measured in a selection of CSF samples of the MAD study (Figure 4.4).
sAPPβ concentrations decreased in a dose-dependent and stable manner after 14 days
dosing comparable to Aβ1-40. sAPPα increased to a similar extent in 30, 50 and 90-mg
cohorts, not exceeding a 2-2.5 fold increase versus baseline levels (Figure 4.4). sAPP
total levels remained rather constant over the full observation period.
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Additionally, APOE ε4 carrier status and baseline Aβ levels (data not shown) did not
impact the mean of the maximum percent Aβ or sAPPβ reduction from baseline (Figure
4.5).
4.4.4.3

PK/PD relationship in plasma and CSF

Comparison between PK and PD parameters in plasma and CSF revealed clear
differences. In plasma, the onset of Aβ lowering is parallel to the PK profile, with
maximum Aβ reduction close to tmax (Figure 4.1A). In CSF, Aβ lowering was delayed
compared to CSF PK, with Aβ reduction starting only 6 hours post dose (Figure 4.1B).

4.5 Discussion
Nonclinical studies in transgenic animal models have demonstrated a link between
BACE1 inhibition and lowering of Aβ levels in the brain, as well as prevention or even
reversal of amyloid deposition [147-149]. These findings, together with results from
genetic studies [24], underscored the potential of BACE1 inhibitor treatment in AD, and
currently several compounds are in various stages of clinical development [66].
We describe the results of first-in-human (FIH) studies in which the safety and
tolerability, PK and PD of a novel BACE1 inhibitor, JNJ-54861911, were evaluated in
healthy participants after single and multiple doses.
In general, JNJ-54861911 was well tolerated in both studies. Overall AEs observed and
reported were uncommon, occurred with similar frequency in placebo and JNJ54861911 treatment groups and were probably attributable to the LP procedures. AE
profiles related to the LP procedures were comparable to previously reported LP-related
AEs [144]. There were no apparent trends in AEs reported with regard to dose. No
significant differences in AE profiles were observed between tablet and oral suspension
formulation.
JNJ-54861911 mean plasma profiles were similar between young and elderly, across
studies and between formulations (suspension vs. tablet). JNJ-54861911 exhibited rapid
absorption and multiphasic decline across dose levels. The extent of absorption was
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similar between populations and studies. Dose linearity was observed across all
treatment groups after single and multiple dosing in CSF and plasma (Cmax and AUCτ),
with doses ranging from 1 to 150 mg.
In the MAD study, steady state plasma levels were reached by Day 5. The sustained PD
effects outlasted the PK profile, making this drug suitable for once daily dosing.
The decrease in mean plasma Aβ1-40 levels was dose dependent. In the SAD study, onset
of Aβ1-40 reduction was fast and parallel to PK. Even at 96 hours after dosing, reduction
in plasma Aβ1-40 levels was still present for most dose groups, whereas compound
concentrations were low or even below quantification limit at that time point. The reason
for these long-lasting effects on plasma Aβ1-40 is currently unknown but might be related
to intracellular compartmentalization of the compound [71]. The fact that reductions in
plasma Aβ can be long lasting has been observed in other studies in healthy participants
as well [67, 71]. In the MAD study, a stable 90% to 95% inhibition of plasma Aβ1-40 was
noted in the 90-mg dose group after 14 days of dosing. Mean percent change in Aβ1-40
levels from baseline was stable up to at least 24 hours in all dose groups.
Analysis of CSF Aβ1–40 levels revealed no apparent treatment effect over the first 6 hours
after a single dose of JNJ-54861911. After 6 hours, a dose-dependent decrease in CSF
Aβ1-40 levels was observed which continued in the 150-mg group until the end of the
observation period at 36 hours, whereas lower doses trended toward normalization
earlier. The initially observed increase in CSF Aβ1–40 levels versus predose levels was
most probably related to the high frequency and/or volume of CSF sampling [144].
Indeed, in the MAD study, where a lower sampling frequency scheme and volume was
applied, Aβ1-40 levels in the placebo group did not show significant changes compared
to predose samples. Here, a dose-dependent and stable reduction in CSF Aβ1-40 levels
was observed allowing for a qd dosing regimen. Studies with other BACE inhibitors
described various extents of dose-dependent CSF Aβ reductions in healthy participants
[67, 68, 150]. In contrast to the observations in plasma, CSF Aβ1-40 reductions showed a
delay compared to the PK profile of JNJ-54861911. The rate of onset of CSF Aβ
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lowering was similar to production rate of new Aβ in CSF of healthy participants [151].
It is plausible that plasma and CSF Aβ1-40 reductions are driven by peripheral and central
activity, respectively. Additionally, baseline Aβ or APOE ε4 genotype had no relevant
impact on Aβ reduction.
In accordance with the mechanism of action of BACE1 inhibitors, it was also confirmed
that Aβ species of various lengths were reduced in parallel. Moreover, sAPPβ levels
were shown to exhibit dose-dependent reduction, providing direct evidence of βsecretase inhibition in the human CNS. In agreement with earlier studies, sAPPβ and Aβ
decreased in a similar manner [68]. The concomitant increase in sAPPα indicated
increased processing through the α-secretase pathway, as has been demonstrated before
in CSF [150, 152-155].

4.6 Conclusions
JNJ-54861911 is a potent, brain-penetrant BACE1 inhibitor, achieving robust and high
(up to 95%) CSF Aβ reduction with qd oral dosing in healthy elderly participants, in
absence of significant AEs. Aβ reduction outlasted plasma/CSF PK, leading to sustained
PD activity. These results support JNJ-54861911 as a promising candidate to test in
patient populations for its potential to mitigate AD disease progression and thus
clinically validate the amyloid cascade hypothesis.
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4.7 Tables and figures

Figure 4.1. Dose-dependent plasma (A) and CSF (B) Aβ1-40 reduction and mean dose normalized
plasma and CSF JNJ-54861911 concentrations in the SAD study. Aβ data are represented as mean
percent change from baseline over time. 1 mg cohort was only analyzed until 24 hours after treatment.
CSF analysis of 3 mg cohort was performed until 28 hours post dose (data at 36 hours was rejected).
Plasma and CSF JNJ-54861911 concentrations presented as mean dose normalized profiles, obtained
by dose-normalizing all individual PK profiles and averaging them at each time point. (Aβ = amyloidβ; CSF = cerebrospinal fluid)
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A. Plasma

B. CSF

Figure 4.2. Stable and dose-dependent plasma (A) and CSF (B) Aβ1-40 reduction in the MAD
study as measured 14 to 15 days after repeated dosing. Data of Day 14 are represented as
mean percent change from baseline (Day 1) over time (including 95% CI bars). Plasma samples
were taken during a longer period (up to 72 hours) as compared to CSF (up to 36 hours). (Aβ =
amyloid-β; CI = confidence interval; CSF = cerebrospinal fluid)
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Figure 4.3. Stable reduction in Aβ species (Aβ1-42, Aβ1-40, Aβ1-38, Aβ1-37) in CSF compared to
baseline as measured 14-15 days after repeated dosing with 90 mg JNJ-54861911. Data from
Day 14 are represented as mean percent change from baseline (Day 1) over time (including 95%
CI bars). Data from the 90-mg dose level presented is representative for all other cohorts. Number
of participants for whom samples could be analyzed and for which levels were above LOQ are
indicated below figure. (Aβ = amyloid-β; CI = confidence interval; CSF = cerebrospinal fluid;
LOQ = limit of quantification)
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Figure 4.4. CSF sAPPα increase and sAPPβ decrease in the MAD study as measured 14 to
15 days after repeated dosing. Data are represented as mean of the average percent change from
baseline (Day 1) over 24 hours 14-15 days after repeated dosing (+/- SD). Total sAPP levels
remained rather constant over the observation period. CSF Aβ1-40 reduction is included to allow
comparison with measured changes in sAPP species. (Aβ = amyloid-β; CSF = cerebrospinal fluid;
CI = confidence interval; MAD = multiple ascending dose; sAPP = soluble amyloid precursor
protein; SD = standard deviation)
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Figure 4.5. APOE ε4 Carrier status has no impact on Aβ or sAPPβ reduction.
Data are represented as mean percent change from Day 1 baseline on Day 14 (24 hours), CSF Aβ1-40 reduction is included to allow comparison with
measured changes in sAPP species. (Aβ = amyloid-β; APOE = apolipoproteine E gene; CSF = cerebrospinal fluid; MAD = multiple ascending dose; sAPP
= soluble amyloid precursor protein)
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4.8 Supplemental data
4.8.1
4.8.1.1

Methods
Clinical Study Design

The SAD study (54861911ALZ1001) was conducted in two parts and consisted of 7
cohorts (n=8/cohort). All participants (n=56; Part 1 and 2) were confined to the clinical
unit from Day -1 to Day 3.
Part 1: Healthy young men were enrolled in a single cohort (n=8) and randomized to a
single dose of 1 mg JNJ-54861911 (n=6/cohort; oral suspension) or placebo (n=2/cohort)
in fasted state. A significant reduction in mean plasma Aβ1-40 levels was already observed
in treated young participants at 1 mg, predicted to reduce CSF Aβ levels in elderly
participants by 20%. Thus, part 1 was halted and dosing was started in elderly
participants in Part 2 (Cohorts 2 to 7). Part 2: Elderly healthy men and women were
enrolled in 1 of 6 cohorts (Cohorts 2 to 7) and randomized (3:1) to a single dose of 1-,
3-, 10-, 30-, 90- and 150 mg of JNJ-54861911 (n=6/cohort, oral suspension) or placebo
(n=2/cohort) in fasted state.
The MAD study (54861911ALZ1002) in healthy participants (n=70) consisted of 4 parts
(7 Cohorts). All participants were confined to the study center from Day -1 up to
minimally 24 hours post last dose or 24 hours post last CSF sample collected, if
applicable.
Part 1: MAD study in elderly healthy participants using a suspension formulation
(n=8/cohort; Cohorts 1 to 4; dose levels 5-, 30-, 50- and 90 mg); Part 2: an open label
cohort to assess the PK properties of a solid dose formulation in elderly healthy
participants (n=6; Cohort 5 [25-mg] ); Part 3: a single elderly men and women cohort
(n=24; Cohort 6) to assess any major QT liabilities (suspension, 90-mg dose; QT cohort)
and Part 4: a single young healthy men cohort (n=8; Cohort 7) to explore safety and
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tolerability at higher dose levels using a solid dose formulation (dose level 150-mg).
Participants, except for those enrolled in Part 2 (Cohort 5) were randomly (3:1) assigned
to JNJ-54861911 or placebo for 14 (Part 1) or 7 (Part 3 and 4) consecutive days. In Part
2 (Cohort 5), 6 elderly healthy men and women received open-label treatment with JNJ54861911 for 14 days.
For both the SAD and MAD study the maximum exposure level of a mean Cmax of 1,200
ng/mL or AUC0-24 of 16,800 ng.h/mL was not allowed to be exceeded based on
preclinical safety data. In addition, 90 mg of JNJ-54861911 already reached 90% to 95%
reduction in CSF Aβ. Hence no higher dose level of 150 mg was assessed.
4.8.1.2

Study population

Key inclusion criteria included no significant history/clinically significant current
medical illness, no sign of intracranial pressure as confirmed by fundoscopy (performed
in elderly participants having a LP). Women were ineligible if pregnant, nursing or of
childbearing potential. Exclusion criteria for CSF sampling in elderly healthy
participants were use of aspirin (even low dose) within 5 days, low molecular weight
heparin within 12 hours, anticoagulant treatment (besides the heparin described above)
within 1 week before spinal catheterization. No criteria for ethnic diversity were
included.
4.8.1.3

Pharmacokinetic and pharmacodynamic assessments

In the SAD study, plasma samples were collected approximately at predose and 0.25,
0.5, 0.75, 1, 1.5, 2, 2.5, 3, 3.5, 4, 6, 8, 10, 12, 16, 20, 24, 28, 36, 48, 72 and 96 hours
postdose.
Urine PK samples were collected predose and over following intervals i.e., 0 to 4, 4 to
8, 8 to 12, 12 to 24 and 24 to 48 hours postdose.
In the MAD study, plasma samples were collected at baseline (Day 1 predose), on Day
1 at approximately predose, and 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, and 16 hours post dose, on
Day 7 at approximately predose and 1, 2, 3, 4, 6, 8, 12, and 16 hours post dose and on
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Day 14 (if applicable, Cohorts 1 to 5) after last dosing at approximately predose, 1, 2, 3,
4, 8, 12, 24, 28, 36, 48 and 72 hours post last dose. Specific sampling time points for full
PK profiles varied by cohort as a consequence of data-based decision making but all
spanned minimally 24 hours on Day 1 and Day 7 and 72 hours on Day 14.
In the SAD study, serial CSF samples (6 mL) were collected on Day 1 at approximately
predose and 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 6, 8, 10, 12, 16, 20, 24, 28, and 36 hours postdose.
A high frequency CSF sampling scheme was chosen for the SAD study to allow in depth
characterization of central PK and PD (Aβ reduction) characteristics of JNJ-54861911
in this initial phase. Learnings obtained from the SAD were applied to the MAD study
reflected by the reduced frequency of CSF sample collection, in line with the expected
PK/PD profile. In the MAD study, CSF was sampled by single LP at baseline (Day 1
predose; 12 mL) and again by serial CSF samplings (4 mL/sample; through an
indwelling subarachnoid lumbar catheter) on Day 14 at approximately predose and 2, 4,
8, 24, 28 and 36 hours post last dose.
4.8.1.4

Preparation of JNJ-54861911 and dosing

All clinical studies were performed using free base JNJ-54861911 (JNJ-54861911AAA). JNJ-54861911 powder for reconstitution was supplied to make 2 oral suspensions
at a concentration of 1 mg/mL and 25 mg/mL, respectively. Proper volumes were
dispensed to participants in order to meet the required dose for each individual cohort.
In addition to the suspension, a 25 mg solid dose formulation (film-coated tablets) of
JNJ-54861911 has been used in the MAD study to assess its PK characteristics (Cohort
5) in comparison to the suspension as well as its safety at higher dose levels (Cohort 7).
Study drug (JNJ-54861911/placebo) was administered during the morning within 2
hours after placement of the spinal catheter/LP, if applicable, either in fasting (SAD
study) or fed (MAD study; standard breakfast) state.
4.8.1.5

Analysis of JNJ-54861911

JNJ-54861911 concentrations in plasma, urine and CSF were determined with a
scientific validated method [16], consisting of a protein precipitation with basic
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methanol (0.1% diethylamine), followed by liquid chromatography (reversed phase
using a 5 x 2.1 mm ID XBridge Phenyl column (Waters, Milford, MA, USA), and a
mobile phase of 0.1% ammonium formate pH4/methanol from 65/35 to 40/60 (v/v)
running a 2-minute gradient at 0.5 mL/min) coupled with a tandem mass spectrometer
(LC-MS/MS, Sciex, Framingham, MA, USA), interfaced with a Turbo IonsprayTM in
positive ionization mode. A stable isotope labeled internal standard was used for the
quantification. All results were within predefined acceptance criteria. The LLOQ was 1
ng/mL.
The unbound fraction of JNJ-54861911 in plasma was determined by spiking the predosed plasma samples from the multiple dose study with

C-labeled JNJ-54861911

14

followed by ultrafiltration and radioactivity detection.
4.8.1.6

Analysis of CSF sAPP concentrations

For sAPP total quantification, an MSD ECL assay developed by Janssen Research &
Development was used. The assay uses P2-1 (against amino acid 104-118 of human
APP695) as capturing antibody, and SULFO-TAGTM labeled anti-sAPP JRD/sAPP/23,
raised against the peptide sequence of amino acids 557-576 of human APP695 as
detection antibody. Briefly, 96-well SECTOR® standard plates were pre-wetted with
phosphate buffered saline (PBS) for 3 minutes and tapped dry, where after plates were
coated with 1.25 µg/mL capture antibody overnight at 4°C. After a wash, plates were
blocked and washed again. Next, 25 µL of standards or samples was applied, and the
plate was incubated for 1 hour at room temperature on a shaker. After the next washing
step, 25 µL of the detection antibody (20 µg/mL) was added per well for an additional
incubation step of 1 hour. After the next wash step, read buffer was added to all wells,
followed by 10 min of incubation. The plate was read with the Sector Imager 6000
(MSD);
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4.8.2

Tables and figures

Supplemental Table S4.1. Demographics summary – single ascending dose study
Single ascending dose study
Pooled
Placebo
N

1mg
Young

1mg

3mg

10mg

30mg

90mg

150mg

JNJ-54861911
Total

14

6

6

6

6

6

6

6

42

9 (64.3)

6 (100)

2 (33.3)

4 (66.7)

2 (33.3)

3 (50.0)

2 (33.3)

3 (50.0)

22 (52.4)

Age years, Mean (SD)

59.4 (12.31)

48.0 (3.52)

66.3 (5.05)

69.7 (3.14)

62.3 (6.65)

62.2 (4.36)

62.8 (5.71)

63.5 (5.61)

62.1 (7.86)

Race, White, n (%)
Ethnicity, Not Hispanic or Latino,
n (%)

14 (100.0%)

6 (100)

6 (100)

6 (100)

6 (100)

6 (100)

6 (100)

6 (100)

42 (100)

14 (100)

6 (100)

6 (100)

6 (100)

6 (100)

6 (100)

6 (100)

6 (100)

42 (100)

Baseline Height, cm, Mean (SD)

170.8 (9.24)

166.6 (6.77)

166.0 (6.93)

Baseline BMI, kg/m2, Mean (SD)

26.3 (2.72)

177.2
(7.00)
24.9 (2.69)

26.7 (3.76)

27.8 (1.64)

164.4
(11.23)
25.7 (2.43)

167.7
(16.53)
27.4 (3.66)

No

10 (71.4)

4 (66.7)

4 (66.7)

4 (66.7)

5 (83.3)

Yes

4 (28.6)

2 (33.3)

2 (33.3)

2 (33.3)

10

-

331.5 (106.93)

-

8

-

6
355.7
(54.58)
6

6
314.3
(89.62)
6

62.6 (17.00)

-

53.1 (22.09)

10

-

6

30.9 (6.51)

-

24.4 (7.40)

Sex, Men, n (%)

25.4 (3.11)

168.4
(11.82)
24.7 (1.59)

5 (83.3)

4 (66.7)

4 (66.7)

30 (71.4)

1 (16.7)

1 (16.7)

2 (33.3)

2 (33.3)

12 (28.6)

6
301.8
(74.77)
6

6
376.8
(54.30)
6

5
286.6
(64.57)
5

6
313.2
(89.94)
5

35
325.8 (74.50)

70.2 (38.46)

57.3 (17.83)

65.8 (44.41)

59.4 (22.96)

47.0 (5.74)

59.1 (27.80)

6

6

6

6

6

36

26.8 (10.22)

30.4 (10.51)

27.2 (7.29)

28.5 (15.61)

24.6 (3.48)

27.0 (9.34)

167.4 (6.47)

168.2 (10.17)
26.1 (2.84)

APOE ε4 Carrier Status, n (%)

Aβ1-42, pg/mL, n
Mean (SD)
t-tau, pg/mL, n
Mean (SD)
p-tau181P, pg/mL, n
Mean (SD)

APOE = Apolipoprotein E gene; qd = once daily; SD = standard deviation;
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34

Supplemental Table S4.2. Demographics summary - multiple ascending dose study

N
Sex, Men, n (%)
Age years, Mean (SD)
Race, White, n (%)
Ethnicity, Not Hispanic or Latino,
n (%)
Baseline Height, cm, Mean (SD)
Baseline BMI, kg/m2, Mean (SD)
APOE ε4 Carrier Status, n (%)
No
Yes
Aβ1-42, pg/mL, n
Mean (SD)
t-tau, pg/mL, n
Mean (SD)
p-tau181P, pg/mL, n
Mean (SD)

Pooled
Placebo
18
7 (38.9)
63.8
(7.79)
18 (100)
18 (100)
169.8
(12.13)
26.6
(2.52)
15 (83.3)
3 (16.7)
7
400.7
(38.96)
7
57.3
(13.36)
7
27.6
(4.81)

Multiple ascending dose study

6
6 (100.0)

25mg qd
Solid
6
3 (50.0)

67.2 (6.97)

61.0 (7.10)

64.5 (5.13)

68.5 (4.14)

68.0 (4.34)

62.1 (4.73)

36.7 (8.07)

61.3 (10.81)

5 (83.3)

5 (83.3)

6 (100)

6 (100)

6 (100)

15 (93.8)

6 (100)

49 (94.2)

6 (100)

6 (100)

6 (100)

6 (100)

6 (100)

16 (100)

6 (100)

52 (100)

171.4 (3.76)

171.0 (9.19)

169.3
(11.90)

170.5
(11.89)

172.4 (8.28)

167.9
(9.40)

178.3 (7.67)

170.8 (9.27)

25.8 (1.81)

27.7 (2.88)

26.3 (1.99)

26.8 (1.49)

26.3 (1.91)

26.0 (2.80)

25.6 (3.64)

26.3 (2.46)

3 (50.0)
3 (50.0)
6
329.2
(113.58)
6

5 (83.3)
1 (16.7%)
6
370.9
(84.26)
5

5 (83.3)
1 (16.7%)
6
376.5
(58.28)
6

6 (100.0)
0
6
393.7
(30.81)
6

2 (33.3)
4 (66.7)
6
308.4
(89.47)
5

9 (56.3)
7 (43.8)
-

6 (100)
0
-

36 (69.2%)
16 (30.8%)
30

-

-

355.7 (81.38)

-

-

28

64.9 (27.04)

54.2 (7.58)

72.4 (44.96)

91.0 (63.27)

90.9 (68.62)

-

-

74.8 (46.53)

5mg qd

6
6 (100.0)

90mg qd
QT
16
7 (43.8)

150mg qd
Solid
6
6 (100.0)

JNJ-54861911
Total
52
34 (65.4)

30mg qd

50mg qd

90mg qd

6
3 (50.0)

6
3 (50.0)

6

6

6

6

6

-

-

30

32.0 (13.22)

31.3 (4.16)

28.3 (11.56)

32.4 (12.97)

43.9 (32.68)

-

-

33.6 (17.30)

APOE = Apolipoprotein E gene; qd = once daily; SD = standard deviation;
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Supplemental Table S4.3. Summary of adverse events occurring in ≥2 participants in any group after single dosing
Single ascending dose
Pooled Placebo
N
Participants with Any TEAE, n (%)
Back pain

1mg

1mg

3mg

10mg

30mg

90mg

150mg

JNJ-54861911 Total

14

6

6

6

6

6

6

6

42

10 (71.4)

3 (50.0)

6 (100)

4 (66.7)

5 (83.3)

6 (100)

4 (66.7)

5 (83.3)

33 (78.6)

0

1 (16.7)

4 (66.7)

0

3 (50)

1 (16.7)

0

1 (16.7)

10 (23.8)

Dizziness postural

2 (14.3)

0

0

0

0

0

1 (16.7)

1 (16.7)

2 (4.8)

Fatigue

2 (14.3)

0

0

1 (16.7)

0

0

1 (16.7)

0

2 (4.8)

Headache
MusculoSkeletal stiffness
Nausea

7 (50.0)

0

3 (50.0)

2 (33.3)

2 (33.3)

5 (83.3)

1 (16.7)

3 (50)

16 (38.1)

2 (14.3)

0

0

1 (16.7)

1 (16.7)

1 (16.7)

0

2 (33.3)

5 (11.9)

1 (7.1)

0

0

0

0

0

2 (33.3)

0

2 (4.8)

Neck pain
Pain in extremity
Paraesthesia

0

0

0

0

0

0

2 (33.3)

0

2 (4.8)

2 (14.3)

0

1 (16.7)

2 (33.3)

0

0

0

1 (16.7)

4 (9.5)

0

0

1 (16.7)

0

1 (16.7)

0

1 (16.7)

1 (16.7)

4 (9.5)

Post lumbar puncture syndrome

1 (7.1)

0

1 (16.7)

0

0

1 (16.7)

0

0

2 (4.8)

Puncture site pain

1 (7.1)

0

0

0

1 (16.7)

2 (33.3)

1 (16.7)

0

4 (9.5)

0

0

2 (33.3)

0

0

0

0

0

2 (4.8)

0

0

0

0

1 (16.7)

0

1 (16.7)

2 (4.8)

Puncture site reaction

Vomiting
0
qd = once daily; TEAE = Treatment emergent adverse event

88

Supplemental Table S4.4. Summary of adverse events occurring in ≥2 participants in any group after multiple dosing
Multiple ascending dose
Pooled Placebo 5mg qd 25mg qd Solid 30mg qd 50mg qd 90mg qd 90mg qd QT 150mg qd Solid JNJ-54861911 Total
N
Participants with Any TEAE, n
(%)
Back pain
Dizziness postural
Fatigue
Headache
MusculoSkeletal stiffness
Nausea

18

6

6

6

6

16

6

52

6 (100)

5 (83.3)

5 (83.3)

5 (83.3)

11 (68.8)

3 (50)

40 (76.9)

2 (11.1)

6
5
(83.3)
3 (50)

3 (50)

1 (16.7)

3 (50.0)

1 (16.7)

0

0

11 (21.2)

1 (5.6)

0

1 (16.7)

1 (16.7)

1 (16.7)

1 (16.7)

2 (12.5)

2 (33.3)

8 (15.4)

0

0

1 (16.7)

1 (16.7)

1 (16.7)

0

0

1 (16.7)

4 (7.7)

1 (5.6)

1 (16.7)

3 (50.0)

1 (16.7)

2 (33.3)

2 (12.5)

1 (16.7)

13 (25)

1 (16.7)

1 (16.7)

0

3 (50.0)

0

1 (16.7)

7 (13.5)

0

3 (50)
1
(16.7)
0

0

1 (16.7)

0

0

0

1 (16.7)

2 (3.8)

12 (66.7)

1 (5.6)

Neck pain
Pain in extremity

2 (11.1)

0

2 (33.3)

2 (33.3)

1 (16.7)

0

0

0

5 (9.6)

Paraesthesia

0

0

0

2 (33.3)

0

1 (16.7)

1 (6.3)

0

4 (7.7)

Post lumbar puncture syndrome

0

0

1 (16.7)

0

1 (16.7)

0

0

0

2 (3.8)

2 (11.1)

0

0

2 (33.3)

2 (33.3)

2 (33.3)

0

0

6 (11.5)

Vomiting
0
0
qd = once daily; TEAE = Treatment emergent adverse event

0

1 (16.7)

0

0

0

2 (33.3)

3 (5.8)

Puncture site pain
Puncture site reaction
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Supplemental Table S4.5. Summary of JNJ-54861911 plasma pharmacokinetic parameters following single dose

Young (males)
1 mg
PK Parameters
(N=6)
tmax*, h
0.75
(0.75-2.00)
Cmax, ng/ml
6.72 (2.09)
AUClast, ng·h/mL
61.6 (29.3)
AUC48h, ng·h/mL
64.7 (30.9)
AUC∞, ng·h/mL
NAs
t1/2term, h
9.0 (2.7)
Vz/F, L
NAs
Cl/F, L/h
NAs
Dose-normalized exposure data
Cmax, ng/mL
6.72
AUClast, ng·h/mL
61.6
AUC48h, ng·h/mL
64.7
AUC∞, ng·h/mL
NAs

1 mg
(N=6)
0.89 (0.50-2.50)

3 mg
(N=6)
1.25 (0.75-2.50)

5.62 (1.70)
54.7 (11.1)
57.5 (12.1)
NAs
11.7 (2.6)
NAs
NAs

17.2 (3.56)
231 (44.9)
232 (43.3)
259 (56.7)
13.9 (3.4)
235 (50.3)
12.0 (2.66)

83.9 (20.3)
1002 (258)
948 (235)
1044 (261)
14.4 (2.7)
210 (65.9)
10.3 (3.50)

5.62
54.7
57.5
NAs

5.72
77.1
77.4
86.3

8.39
100
94.8
104

N = number of subjects with data
*median (range)
NAs = Not assessable; SD = standard deviation
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Mean (SD)
Elderly (males and females)
10 mg
30 mg
(N=6)
(N=6)
0.88 (0.75-1.50) 2.00 (1.00-4.00)

90 mg
(N=5)
1.50 (1.00-3.00)

150 mg
(N=6)
1.50 (1.50-28.00)

148 (29.7)
2512 (579)
2253 (457)
2549 (594)
15.7 (1.9)
276 (54.8)
12.3 (2.88)

519 (156)
8802 (1670)
7822 (1655)
8950 (1691)
16.1 (2.2)
240 (55.6)
10.4 (2.03)

906 (451)
14322 (5227)
12730 (4596)
14515 (5333)
15.1 (0.9)
247 (73.8)
11.3 (3.22)

4.93
83.7
75.1
84.9

5.80
97.8
86.9
99.4

6.04
95.5
84.9
96.8

Supplemental Table S4.6.Summary of JNJ-54861911 CSF pharmacokinetic parameters following single dosing
Mean (SD)
Elderly
PK Parameters
tmax*, h
Cmax, ng/mL
AUClast, ng·h/mL
AUC48h, ng·h/mL
AUC∞, ng·h/mL
t1/2term, h
Dose-normalized exposure data
Cmax, ng/mL
AUClast, ng·h/mL
AUC48h, ng·h/mL
AUC∞, ng·h/mL

10 mg
(N=6)
2.00 (1.50-3.50)
2.94 (0.903)
18.4 (4.62)
21.4 (5.68)
NAs
NAs

30 mg
(N=5)
3.00 (1.50-4.00)
6.34 (4.04)
56.7 (4.83)
63.2 (6.27)
NAs
NAs

90 mg
(N=5)
2.00 (1.00-2.52)
17.6 (7.73)
210 (45.6)
233 (43.9)
NAs
NAs

150 mg
(N=6)
2.00 (1.50-28.02)
22.7 (7.52)
322 (69.3)
358 (82.7) a
388 (99.5) a
13.0 (1.6) a

0.294
1.84
2.14
NAs

0.211
1.89
2.11
NAs

0.196
2.33
2.59
NAs

0.151
2.15
2.39
2.59

Note: Single dose CSF concentrations of JNJ-54861911 were generally below the LOQ for the 1 and 3-mg dose level, hence not included in this table.
aN = 5
*median (range)
N = number of subjects with data.
NAs = Not assessable, SD = standard deviation.
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Supplemental Table S4.7. Summary of JNJ-54861911 pharmacokinetic parameters in plasma and urine following multiple dosing
Parameter/Dose

5 mg qd
Suspension
ESb

25 mg qd
25 mg Tablet
ESb

30 mg qd
Suspension
ESb

50 mg qd
Suspension
ESb

90 mg qd
Suspension
ESb - Cohort 2

90 mg qd
Suspension
ESb - Cohort 6

150 mg qd
25 mg Tablet
YMSb

Day 1 [Mean (SD)]
6

6

6

6

6

16

6

23.5 (3.56)

171 (64.8)

122 (35.5)

279 (51.9)

557 (179)

612 (133)

1010 (67.4)

3.00 (2.00 - 3.00)

4.00 (3.00 - 4.05)

2.00 (1.00 - 4.00)

3.00 (1.00 - 4.08)

3.52 (3.00 - 4.00)

4.00 (2.00 - 6.00)

3.00 (1.00 - 4.00)

285 (42.2)

1681 (558)

1346 (348)

3323 (947)

6970 (2298)

7684 (2208)

10371 (1115)

DN Cmaxc, ng/mL/mg

4.69 (0.712)

6.85 (2.59)

4.05 (1.18)

5.58 (1.04)

6.19 (1.99)

6.80 (1.48)

6.70 (0.449)

DN AUCt , ng*h/mL/mg

56.9 (8.45)

67.2 (22.3)

44.9 (11.6)

66.5 (18.9)

77.4 (25.5)

85.4 (24.5)

69.1 (7.43)

Ae (ng)

-

-

134766 (51858)

-

-

-

-

Ae (% dose)

-

-

0.449 (0.173)

-

-

-

-

CLR (L/h)

-

-

0.111 (0.0663)d

-

-

-

-

N

-

-

6

-

6

16

6

Cmin, ng/mL

-

-

60.6 (25.4)

-

227 (92.3)

267 (118)

227 (90.1)

Cmax, ng/mL

-

-

202 (68.6)

-

791 (317)

896 (267)

1210 (365)

tmaxa, h

-

-

3.00 (2.00 - 3.00)

-

3.00 (1.00 - 3.00)

3.00 (1.50 - 4.00)

3.50 (3.00 - 6.00)

AUCt, ng*h/mL

N
Cmax, ng/mL
tmaxa, h
AUCt, ng*h/mL
c

d

d

Day 7 [Mean (SD)]

-

-

2717 (1030)

-

10347 (3693)

11878 (3969)

13518 (3604)

Cmaxc, ng/mL/mg

-

-

6.74 (2.29)

-

8.79 (3.53)

9.95 (2.97)

8.06 (2.43)

DN AUCt , ng*h/mL/mg

-

-

90.6 (34.3)

-

115 (41.0)

132 (44.1)

90.1 (24.0)

Acc. Ratios Cmax

-

-

1.67 (0.352)

-

1.40 (0.192)

1.48 (0.319)

1.20 (0.328)

Acc. Ratios AUCt

-

-

2.04 (0.682)

-

1.49 (0.307)

1.56 (0.327)

1.29 (0.242)

DN

c
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5 mg qd
Suspension
ESb

25 mg qd
25 mg Tablet
ESb

6

5

Cmin, ng/mL

11.7 (2.14)

Cmax, ng/mL

38.7 (8.86)

Parameter/Dose

30 mg qd
Suspension
ESb

50 mg qd
Suspension
ESb

90 mg qd
Suspension
ESb - Cohort 2

90 mg qd
Suspension
ESb - Cohort 6

150 mg qd
25 mg Tablet
YMSb

Day 14 [Mean (SD)]
6

6

6

-

-

59.2 (24.2)

62.2 (21.8)

116 (55.4)

194 (82.5)

-

-

210 (63.0)

202 (51.5)

364 (88.6)

699 (216)

-

-

3.00 (2.00 - 4.00)

3.00 (2.00 - 3.00)

2.00 (1.00 - 4.00)

4.00 (2.00 - 4.00)

3.01 (1.00 - 4.00)

-

-

548 (111)

2727 (886)

2897 (970)

5509 (1831)

9294 (3180)

-

-

lz, l/h

0.0414 (0.00495)

0.0443 (0.00475)

0.0416 (0.00841)

0.0377 (0.00320)

0.0485 (0.00395)

-

-

t1/2, h

17.0 (2.1)

15.8 (1.6)

17.2 (3.5)

18.5 (1.7)

14.4 (1.2)

-

-

DN Cmaxc, ng/mL/mg

7.74 (1.77)

8.38 (2.52)

6.72 (1.72)

7.28 (1.77)

7.76 (2.40)

-

-

DN AUCt , ng*h/mL/mg

110 (22.2)

109 (35.4)

96.6 (32.3)

110 (36.6)

103 (35.3)

-

-

Acc. Ratios Cmax

1.73 (0.697)

1.28 (0.254)

1.68 (0.199)

1.30 (0.137)

1.27 (0.201)

-

-

Acc. Ratios AUCt

2.00 (0.696)

1.63 (0.336)

2.17 (0.581)

1.64 (0.134)

1.34 (0.178)

-

-

Ae (ng)

-

-

323635 (171483)

-

-

-

-

Ae (% dose)

-

-

1.08 (0.572)

-

-

-

-

CLR (L/h)

-

-

0.115 (0.0534)

-

-

-

-

N

tmaxa,

h

AUCt, ng*h/mL

c

amedian

c

range; bES = elderly subjects; cDose-normalized to 1 mg; dn = 5; YMS = young male subjects; qd = once daily;
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Supplemental Table S4.8. Summary of JNJ 54861911 pharmacokinetic parameters in CSF following multiple dosing
5 mg qd
Suspension
ESb

25 mg qd
25 mg Tablet
ESb

30 mg qd
Suspension
ESb

50 mg qd
Suspension
ESb

90 mg qd
Suspension
ESb - Cohort 2

5

5

6

6

6

Cmin, ng/mL

BQL

1.99 (0.408)

2.54 (0.663)

4.47 (1.60)

5.70 (1.76)

Cmax, ng/mL

1.54 (0.0934)

6.42 (1.42)

8.14 (1.84)

14.5 (4.85)

21.9 (3.49)e

4.00 (2.00 - 4.00)

4.00 (2.00 - 4.00)

4.00 (2.00 - 10.00)

4.00 (2.00 - 4.00)

3.23 (2.00 - 4.00)e

AUCτ, ng*h/mL

NAs

89.2 (15.9)

119 (22.4)

202 (65.1)

308 (65.9)e

Fluctuation (%)

NAs

118 (20.2)

115 (34.4)

122 (27.6)

129 (23.4)e

λz, l/h

NAs

0.0519 (0.00727)d

0.0516 (0.00989)

0.500 (0.0107)

0.0604 (0.00957)

t1/2, h

NAs

13.6 (2.0)d

13.9 (2.7)

14.4 (2.8)

11.7 (1.8)

0.308 (0.0187)

0.257 (0.604)

0.271 (0.0614)

0.289 (0.0971)

0.243 (0.0388)e

3.96 (0.746)

4.03 (1.30)

3.42 (0.732)e

Parameter/Dose
N

tmaxa, h

DN

Cmaxc, ng/mL/mg

DN AUCc, ng*h/mL/mg
NAs
3.57 (0.636)
(range); bES = elderly subjects; cDose-normalized to 1 mg; dn = 4; en = 5;
BQL: below quantification level; YMS = young male subjects; qd = once daily

amedian
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Supplemental Figure S4.1. Mean plasma and CSF concentration-time profile of JNJ54861911 following single dose. (CSF = cerebrospinal fluid)

Supplemental Figure S4.2. Mean plasma and CSF concentration-time profile of JNJ54861911 following multiple dosing (Day 7 for 90 and 150 mg, Day 14 otherwise). Note:
Dose levels 5, 30, 50 and 90 mg were dosed with a suspension formulation of JNJ-54861911.
Dose levels 25 and 150 mg were dosed with a 25-mg solid dose formulation of JNJ-54861911.
(CSF = cerebrospinal fluid)
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A. Plasma

B. CSF

Supplemental Figure S4.3. Dose-dependent plasma (A) and CSF (B) Aβ1-40 reductions in the
SAD study (including 95% CI bars). Data are represented as mean percent change from
baseline over time (including 95% CI bars). Plasma samples were taken during a longer period
(up to 96 hours) as compared to CSF (up to 36 hours). (Aβ = amyloid-β; CI = confidence interval;
CSF = cerebrospinal fluid; SAD = single ascending dose)
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5 BACE1 dynamics upon inhibition with a BACE
inhibitor and correlation to downstream Alzheimer’s
disease markers in elderly healthy participants
Timmers M*, Barão S*, Van Broeck B, Tesseur I, Slemmon J, De Waepenaert K, Bogert
J, Shaw LM, Engelborghs S, Moechars D, Mercken M, Van Nueten L, Tritsmans L, de
Strooper B, Streffer JR.
J Alzheimers Dis. 2017;56(4):1437-1449. doi: 10.3233/JAD-160829. PubMed PMID:
28157093; PubMed Central PMCID: PMC5325057.
*Shared first authors
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5.1 Abstract
Background: BACE1 is the rate limiting enzyme in the generation of Aβ from APP,
one of the major pathways in AD pathology. Increased BACE1 levels and activity have
been reported in the brain of patients with sporadic AD. Therefore, changes of BACE1
levels in the CSF have also been investigated as a possible biomarker of the disease.
Methods: We analyzed BACE1 levels in CSF of elderly healthy participants before and
after chronic treatment with a BACE inhibitor (BACEi) and evaluated the correlation
between BACE1 levels and downstream AD markers.
Results: Overall, BACE1 CSF levels showed strong correlations to all downstream AD
markers investigated. This is the first reported finding that shows BACE1 levels in CSF
were well correlated to its end-product Aβ1-42. As previously described, BACE1 levels
were strongly correlated to t-tau and p-tau levels in CSF.
Conclusion: Generally, chronic BACE inhibition did not influence BACE1 CSF protein
levels. Follow-up studies including early-stage AD pathophysiology and prodromal AD
patients will help to understand the importance of measuring BACE1 routinely in daily
clinical practice and AD clinical trials.
Keywords: AD markers, Alzheimer’s disease, BACE1, β-secretase enzyme, JNJ54861911

98

5.2 Background
Pathological changes in Aβ, t-tau, and p-tau in CSF can be detected many years before
neurodegeneration and clinical signs of dementia are observed in AD patients (reviewed
in [37]). Although previous studies have shown that these CSF specific markers are well
associated with the brain pathology and constitute reliable diagnostic biomarkers of AD
[38, 94, 156-160], new biomarkers would be of additional value to predict disease
progression, also in the early disease stages, in order to stratify patients and to evaluate
treatment efficacy.
BACE1 is the rate limiting enzyme in the generation of Aβ from APP [43, 44], one of
the major pathways in AD pathology. APP can be cleaved by α-secretase or β-secretase
within the extracellular domain resulting in the production of large soluble APP
derivatives (sAPPα and sAPPβ, respectively) and membrane-bound carboxyl-terminal
fragments (CTFα or CTFβ, respectively). Subsequently, α-secretase cleaves APP within
its transmembrane domain, producing either a 3 kDa product p3 from the CTFα in the
non-amyloidogenic pathway, or Aβ from the CTFβ in the amyloidogenic pathway
(reviewed in [45]). Increased BACE1 levels and activity have been reported in the brain
of patients with sporadic AD [48-52]. Therefore, changes of BACE1 levels in the CSF
have also been investigated as a possible biomarker of the disease (reviewed in [53]).
Previous investigations measuring the activity or protein levels of BACE1 in CSF have
resulted in different conclusions and despite BACE1 being the rate limiting step in Aβ
formation no direct correlation between BACE1 and its end product (Aβ1-42) could be
established in non-diseased or diseased populations. Some studies observed an increase
of BACE1 activity in CSF of AD patients versus non-demented subjects and other
dementias [54, 55, 57] as well as a higher BACE1 activity in mild cognitive impaired
(MCI) compared to AD patients [56, 57]. Other groups reported no differences between
controls, MCI, and AD patients [59, 60] and some others even reported a decrease of
BACE1 activity in CSF of AD [58] and multiple sclerosis patients [161]. Concerning
BACE1 CSF levels, Zhong et al. [56], and Ewers et al. [57] reported increased levels of
soluble BACE1 in MCI patients versus AD and non-demented controls. Another study
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revealed a mild increase in BACE1 levels in AD but also in other neurological disorders
associated with inflammation such as autoimmune limbic encephalitis [61], suggesting
BACE1 level in CSF is not a specific biomarker for the diagnosis of AD. Interestingly,
several groups have reported a strong correlation between BACE1 levels and the levels
of t-tau [59-63] and p-tau [59-61, 63] in CSF and associated it to a possible link between
BACE1 and neurodegeneration [59-63].
Inhibitors of BACE1 prevent the formation of Aβ1-42 as well as Aβ1-40, Aβ1-38, and Aβ1-43
and would be potential therapeutic agents in the treatment of AD. JNJ-54861911 is a
potent orally active brain-penetrant BACE inhibitor (BACEi) developed by Janssen
Research and Development in collaboration with Shionogi. In Phase I placebocontrolled single and multiple ascending dose studies in healthy elderly and young
participants, JNJ-54861911 administered once daily (qd) achieved significant and
sustained reduction in CSF Aβ (up to 95% at 90 mg qd for 14 days) and was safe and
well tolerated without significant adverse events across the dose range investigated (5
mg to 150 mg). As such, these results supported confirmation of target engagement of
JNJ-54861911 (reduction in Aβ1-40 levels in plasma and CSF) through its peripheral and
central BACE1 inhibition [162].
Given the current debate regarding the potential of BACE1 as a biomarker for AD and
therapeutic target for the disease, we evaluated the correlation between BACE1 levels
and downstream protein markers of APP metabolism and neuronal degeneration in CSF
and analyzed BACE1 dynamics in CSF of elderly healthy individuals before and after
chronic treatment with a BACEi.

5.3 Methods
5.3.1

Study population

The study population considered for this analysis consisted of 38 elderly men or women
(55 to 75 years old; BMI: 18 to 32 kg/m²) enrolled in a double blind, MAD study to
determine the safety, tolerability, PK, and central nervous effects of the BACEi JNJ-
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54861911 in healthy participants. The study consisted of a 4-week screening period, a
14-day treatment phase, and a follow-up period of 7 to 14 days after last dose
administration. Elderly participants were considered healthy based on medical history,
physical examination, 12-lead ECGs, and clinical laboratory evaluations. In the MAD
study, elderly participants received double-blind JNJ-54861911 (n = 6/cohort) or
placebo (n = 2/cohort) as oral suspension at escalating doses of 5, 30, 50, or 90 mg qd or
open label JNJ-54861911 as solid dose formulation of 25 mg qd (n = 6) for 14 days.
The elderly participants included in the current analyses are a sub-sample of the study
population enrolled in the MAD study, i.e., all elderly participants from whom CSF has
been collected. Details of the study design have been described earlier [162]. The MAD
study was conducted from June 2013 to December 2013 at SGS, Life Science Services,
Clinical Pharmacology Unit, Belgium. The study protocol and its amendments were
reviewed and approved by an Institutional Review Board (Commissie voor Medische
Ethiek, Ziekenhuis Netwerk Antwerpen [ZNA], Antwerp, Belgium). All procedures
followed were in accordance with the principles of the Declaration of Helsinki. Written
informed consent was obtained from all participants before participation. The study is
registered on ClinicalTrials.gov: NCT01887535.
5.3.2

APOE ε4 genotyping

From all participants, a blood sample for pharmacogenomic analysis (10 mL) was
collected in tubes containing potassium/sodium EDTA. DNA was isolated using
Puregene chemistry and automated extraction using an Autopure LS. For all participants,
APOE ε4 carrier status was analyzed in a multiplex reaction using PCR/ligation detection
reaction [136].
5.3.3

CSF collection and processing

For all elderly participants, a baseline CSF sample (12 mL) was collected predose on
Day 1 (between 6:00 and 9:00 AM) in fasting condition by a single LP between the L3
and L4 or L4 and L5 intervertebral space. Serial CSF sampling (4 mL/sample) was
performed through an indwelling subarachnoid lumbar catheter from 2 hours before and
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until 36 hours after the last dosing, as described previously [144, 162]. CSF samples
were collected in polypropylene tubes and aliquoted by immediate transfer of 500 µL
samples to multiple storage tubes (Micronic 1.4 mL non-coded tubes U-bottom in
Comorack-96, catalogue number. MP22502 with caps from FluidX, Split TPE
Capcluster Blue. catalogue number 65-53028) and stored at –70°C immediately after
collection. All samples analyzed in this study had at most two freeze-thaw cycles.
5.3.4
5.3.4.1

Bioanalytical methods
Analysis of BACE1

BACE1 levels in CSF were analyzed using a BACE1 sandwich ELISA as previously
described [26]. Briefly, NUNC ninety-six-well plates (Life Technologies) were coated
with 50 µL/well of capture antibody (5G7 [163]) dissolved in coating buffer (10mM
Tris-HCl, 10mM NaCl, 10mM NaN3, pH 8.5) with a final concentration of 2 µg/mL.
After overnight incubation at 4°C, the plates were washed with PBS+0.05% Tween 20
and blocked with 100 µL/well of casein buffer (1 g casein in 1 L PBS, pH7.4) for 4 hours
at room temperature. The coating was always done the day before the actual experiment.
Samples or standards were diluted in casein buffer and mixed with the detection antibody
(10B8-HRPO [32], 10 mg/mL) diluted 1:2000 in casein buffer. The mixtures were added
to the ELISA plates and incubated overnight at 4°C. Plates were washed and developed
with 0.2 mg/mL of 3,5,3’,5’-tetramethyl-benzidine (TMB, Sigma) dissolved in 100mM
sodium acetate (NaAc, pH 4.9) supplemented with 0.03% H2O2. The reactions were
allowed to proceed for maximum 15 min on a plate shaker at room temperature. The
reactions were stopped by adding 2N H2SO4, 50 µL/well and the plates were read on a
Perkin Elmer Envision 2103 multilabel reader at 450 nm. The anti-BACE1 monoclonal
antibodies (mAbs) 5G7 and 10B8 were generated as described before [163]. These mAbs
are highly specific for BACE1 and do not cross react with BACE2 or other structurally
related aspartyl proteases [61, 163]. BACE1 levels were determined using a standard
curve with a 4-parameter logistic model with 1/Y² weighting function. All samples from
each participant were analyzed in duplicate on the same assay plate. Only mean values
with replicate well CV of ≤20% were accepted.
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5.3.4.2

Analysis of Aβ1-37, Aβ1-38, Aβ1-40 , and Aβ1-42 concentrations (MSD 4-plex)

A qualified prototype multiplex immunoassay based on MSD (Gaithersburg, MD, USA)
ECL detection technology was utilized for simultaneous detection of four Aβ species
(Aβ1-37, Aβ1-38, Aβ1-40 and Aβ1-42). This method has been described previously [131, 132].
Briefly, the MSD 4-plex assay utilizes four different Janssen monoclonal antibodies with
specificity for four different Aβ isoforms (Aβ1-37, Aβ1-38, Aβ1-40 and Aβ1-42) and allows
simultaneous quantification of these four Aβ species in CSF. For all analytes, the lower
and higher limit of quantitation were determined to be 4.57 and 10,000 pg/mL,
respectively.

Percentage

cross-reactivity,

defined

as

(mean

predicted

concentration/tested peptide concentration)*100, was shown to be <1% for all
combinations of antibodies and peptides tested. Detection was performed with labeled
Janssen human-specific anti-Aβ antibody JRF/AβN/25 with specificity for Aβ isoforms
with intact N-terminus, i.e., full-length Aβ. Aβ concentrations were determined using a
standard curve with 4-parameter logistic model with 1/Y² weighting function. All
samples from each participant were analyzed in duplicate on the same assay plate. Only
mean values with replicate well CV of ≤20% were accepted.
5.3.4.3

Analysis of sAPP concentrations

sAPPα, sAPPβ, and sAPP total were quantified in CSF using MSD ECL detection
technology. sAPPα and sAPPβ CSF concentrations were measured using MSD® 96-well
MULTI-SPOT® sAPPα/sAPPβ assay according to manufacturer’s instructions [146].
For sAPP total, an MSD ECL assay developed by Janssen Research and Development
was used [162]. In brief, the assay uses P2-1 (against amino acid 104–118 of human
APP695) as capturing antibody, and SULFO-TAGTM labeled anti-sAPP JRD/sAPP/23,
raised against the peptide sequence of amino acids 557–576 of human APP695, as
detection antibody. Briefly, 96-well SECTOR® standard plates were prewetted with PBS
for 3 min and tapped dry, where after plates were coated with 1.25 µg/mL capture
antibody overnight at 4°C. After a wash, plates were blocked and washed again. Next,
25 µL of standards or samples was applied, and the plate was incubated for 1 hour at
room temperature on a shaker. After the next washing step, 25 µL of the detection
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antibody (20 µg/mL) was added per well for an additional incubation step of 1 hour.
After the next wash step, read buffer was added to all wells, followed by 10 min of
incubation. The plate was read with the Sector Imager 6000 (MSD).
The sAPP levels were determined using a standard curve with 4-parameter logistic
model with 1/Y² weighting function. All samples from each participant were analyzed
in duplicate on the same assay plate. Only mean values with replicate well CV of ≤20%
were accepted.
5.3.4.4

Analysis of baseline CSF Aβ1-42, p-tau181P, and t-tau levels

Baseline Aβ1-42, p-tau181P and t-tau concentrations were measured using INNO-BIA
AlzBio3 kit reagents (Innogenetics now Fujirebio Europe, Ghent Belgium) and Luminex
analytical platform [134, 135] with predefined assay acceptance criteria of CV <25% for
duplicates [134]. Diagnostic threshold CSF concentrations for AD versus normal
controls for Aβ1-42 were applied to current sample set to judge the likelihood of having
cerebral amyloid plaque deposition [134, 135].
5.3.5

Statistical analysis

Baseline CSF concentrations of BACE1 were compared with amyloid downstream
markers, markers of neurodegeneration and other baseline and demographic
characteristics with Pearson correlation coefficients and linear regression. The percent
change from baseline in CSF BACE1 concentrations after 14 days of treatment, 24 hours
post-dose, were computed. The relationships between the changes in CSF BACE1 with
other factors were analyzed with an F-test. All analyses were performed using SAS
statistical software version 9.2 (SAS Institute, Cary, NC).

5.4 Results
5.4.1

Demographic characteristics

Demographic characteristics, APOE ε4 status and pooled baseline CSF concentrations
of BACE1 and all amyloid downstream markers and markers of neurodegeneration are
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summarized in Table 5.1. Thirty-eight elderly men and women (mean age 66.3 years)
were enrolled and completed the study. Overall, 65.8% (n=25/38) of subjects enrolled
were male and 26.3% (n=10/38) were identified as APOE ε4 carriers (Table 5.1). Pooled
CSF BACE1 mean (SD) concentration was 4.4 (1.72) ng/mL and comparable to the 6.6
(0.7) ng/mL value reported by Barão et al. [61] for non-neurological disorder controls.
Four participants had baseline Aβ1-42 concentrations below the threshold (249 pg/mL),
suggestive of cerebral amyloid plaque deposition [135], but none had elevated t-tau or
p-tau181P values (data not shown).
5.4.2

Correlation between BACE1 and APOE ε4 status, gender and age.

Correlation analyses were performed between CSF BACE1 and APOE ε4 status, gender
and age. CSF BACE1 levels showed a weak positive correlation with age (r=0.33:
p=0.0405; Figure 5.1), but not with APOE ε4 status or gender (data not shown).
5.4.3

Correlation between BACE1 and Aβ1-37, Aβ 1-38, Aβ 1-40 and Aβ1-42 (MSD 4plex)

CSF BACE1 levels for all participants combined (APOE ε4 carriers and non-carriers;
Figure 5.2A, D, G, J) correlated strongly and significantly with Aβ1-37 (r=0.843;
p<0.0001), Aβ1-38 (r=0.862; p<0.0001), and Aβ1-40, (r=0.869, p<0.0001); and moderately
with Aβ1-42 (r=0.497; p=0.002). Despite the small sample size of APOE ε4 carriers,
strong and significant correlations with BACE1 were observed in this small subgroup
for Aβ1-40, (r=0.821; p=0.004; Figure 5.2E), Aβ1-38 (r=0.865; p=0.001; Figure 5.2H) and
Aβ1-37 (r=0.864; p=0.001; Figure 5.2K). Separation of APOE ε4 carriers and noncarriers did not influence the correlation coefficients for Aβ1-40, 1-38, 1-37 species (Figure
5.2F, I, L). The correlation between BACE1 and Aβ1-42 was moderate and significant
in noncarriers (r=0.567; p<0.002; Figure 5.2C) but weak and non-significant in the
carrier group (r=0.121; p=0.740; Figure 5.2B) which was likely due to the small sample
size of APOE ε4 carriers in the analysis group.
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5.4.4

Correlation between BACE1 and sAPPα, sAPPβ and sAPP-total

Within this overall elderly population, CSF BACE1 levels correlated significantly and
positively with sAPP-total (r=0.878; p<0.0001; Figure 5.3A), sAPPα (r=0.5227;
p=0.0008; Figure 5.3D) and sAPPβ (r=0.5871; p=0.0001; Figure 5.3G). These
moderately strong correlations with sAPP remained when evaluating APOE ε4 carriers
(n=10; Figure 5.3B, E, H) (sAPPβ [r=0.6403; p=0.0461]; sAPPα [r=0.6195; p=0.0561);
sAPP-total [r=0.6230; p=0.0543]). Correlations and significance levels remained
unchanged in the APOE ε4 non-carrier group (Figure 5.3C, F, I).
5.4.5

Correlations between BACE1 and Aβ1-42, p-tau181P and t-tau levels
(AlzBio3)

Moderately strong and significant positive correlations between CSF BACE1 and ptau181P (r=0.4406; p=0.0063; Figure 5.4D) and t-tau (r=0.7355; p<0.0001; Figure 5.4G)
were observed in this elderly population, while CSF Aβ1-42 as measured with the AlzBio3
assay did not correlate with BACE1 (r=0.0305; p=0.8575; Figure 5.4A). Separation of
carriers and non-carriers did not result in significant correlations with t-tau or p-tau181P
for APOE ε4 carriers (Figure 5.4B, E, H) perhaps due to its small sample size, while
correlations were maintained for the APOE ε4 non-carriers (Figure 5.4C, F, I).
5.4.6

CSF BACE1 dynamics upon chronic inhibition with JNJ-54861911

Overall treatment for up to 14 days with increasing dose levels (ranging from 5 to 90
mg) of the BACE inhibitor JNJ-54861911 did not influence CSF BACE1 protein levels
as depicted in Figure 5.5 (p=0.5313).
However, it was noted that some individual participants (8/38; all APOE ε4 non-carriers)
showed increases in CSF BACE1 protein levels ranging from 24 to 132% (Table 5.2)
independent of dose level administered. None of these individuals had showed low CSF
baseline levels of Aβ1-42 suggestive of absence of cerebral amyloid plaque deposition.
Further investigation did not show a correlation between baseline biomarker levels (Aβ
[all forms], sAPPα, sAPPβ, sAPP total, t-tau, p-tau181P) and change in CSF BACE1 from
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baseline that could potentially clarify these increases. Similar findings have been
observed upon acute dosing with JNJ-54861911 (dose levels ranging from 1 to 150 mg)
in the single ascending dose study of JNJ-54861911 (see Supplemental Figure S5.1 and
Supplemental Table S5.1), with the exception that individual participants showing
increases >20% of CSF BACE1 protein levels upon dosing were identified as both
APOE ε4 carriers and non-carriers (Supplemental Table S5.1).

5.5 Discussion
Identification of new biomarkers may enhance efforts to diagnose AD in an early stage,
to stratify patients and to better evaluate treatment efficacy. Since BACE1 is the rate
limiting enzyme in the generation of Aβ from APP [43, 44] and increased BACE1 levels
and activity have been reported in the brain of patients with sporadic AD [48-52],
changes of BACE1 levels in the CSF have been investigated as a possible biomarker of
the disease (see Barao et al. for a review [53]). We analyzed BACE1 dynamics in CSF
of elderly healthy individuals before and after chronic inhibition of BACE and evaluated
its correlation to the well-known downstream AD markers to better understand the
potential benefit of measuring BACE1 routinely in the clinics as a potential diagnostic
or treatment effect biomarker for Alzheimer’s disease.
Savage et al. [60] reported that BACE1 activity increased approximately 1.8%/year in
healthy controls but not in AD or MCI groups. However, in this cohort of healthy elderly
individuals a weak correlation is observed between BACE1 CSF levels and age
suggesting that BACE1 levels are minimally affected by age. Although increased
BACE1 CSF activity has been associated with APOE ɛ4 genotype in subjects with MCI
and AD [57], no significant correlation is observed between BACE1 levels and APOE
ɛ4 status in healthy elderly individuals. The lack of such correlation is supported by
similar findings by Zetterberg et al. [62], Mulder et al. [59] and Savage et al. [60], who
found no evidence that number of APOE ɛ4 alleles among all diagnostic groups had any
impact on mean BACE1 activity.
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BACE1 CSF protein levels show strong correlations to all downstream AD markers
including Aβ1-37, Aβ1-38, Aβ1-40 and Aβ1-42, total sAPP, sAPPα and sAPPβ suggesting
there is an upstream metabolic pathway that can regulate the concentration of these
metabolites together. Interestingly, APOE ɛ4 carriers show a tendency for strong
correlations for Aβ forms except Aβ1-42. However, these differences are not significant
likely due to the small sample size.
In this study, for the first time, BACE1 levels correlate significantly with Aβ1-42 levels
in CSF. In MCI and AD patients, an inverse relation or no relation may be expected as
higher BACE1 levels in AD patients occur in combination with lower Aβ1-42 due to
plaque formation, depending on the balance between dynamics of drug treatment and
biology of APP processing on BACE1 levels. In healthy subjects, an increase in BACE1
levels would result in increased production of Aβ1-42, consistent with observations in this
study. Intriguingly, this correlation is not observed when Aβ1-42 levels were measured by
the Alzbio-3 assay but only when the Aβ MSD 4-plex assay was used (a moderate
correlation was observed between the AlzBio-3 and MSD 4-plex assay [pearson r=0.659,
p<0.0001]; data not shown). The reason for this discrepancy is currently unclear but
might be multifactorial in nature. First of all, matrix effects are known to influence the
concentration of Aβ1-42 among immunoassays [164]. The MSD 4-plex assay shows high
sensitivity and specificity allowing measurements in diluted samples thereby reducing
actual matrix effects. Secondly, both assays employ different antibodies. The Janssen
antibodies might have differential binding properties altering the fraction of detectable
Aβ1-42 with the MSD 4-plex assay. Thirdly, dissimilar sources for the calibrator peptides
may lead to divergences in the absolute Aβ1-42 concentration. In addition, variable
correlations between different Aβ1-42 immunoassays have been reported before ranging
from moderate to very strong correlations [165-167] related to differences in assay
parameters potentially leading to the detection of a different pool of Aβ1-42 species. The
correlation between BACE1 and Aβ1-40 CSF levels is in line with earlier publications
where BACE1 CSF activity was well correlated to Aβ1-40 CSF levels [59, 62].
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Since sAPPβ is the direct product from APP after BACE1 cleavage, the correlation
between BACE1 and sAPPβ CSF levels is not unexpected and is in line with the previous
results describing a strong correlation between sAPPβ and BACE1 CSF activity [60, 62,
63]. In contrast, the correlation between BACE1 and sAPPα CSF levels appears more
surprising. Nevertheless, this correlation might be explained by the strong correlation
between sAPPα and sAPPβ CSF levels which also suggests that α- and β-secretase
processing of APP can be co-regulated processes, as suggested by the previous results
describing a strong correlation between sAPPα and BACE1 CSF activity [62].
As previously reported, we also observed a strong correlation between BACE1 levels
and t-tau [59-63] and p-tau [59-61, 63] levels in CSF of elderly healthy individuals.
Although high amounts of t-tau and p-tau in CSF have been associated with increased
neuronal damage [168-170] and have been considered a general marker for
neurodegenerative processes [62, 168-170], in this study we only measured baseline tau
levels in elderly healthy individuals and it is difficult to assume a direct link of BACE1
expression to tau hyperphosphorylation and/or tauopathy and therefore to
neurodegeneration. Tau is a phosphorylated protein which explains why t-tau and p-tau
are mostly correlated. Since in AD the increase in t-tau and p-tau in CSF correlate well
to each other [62, 168, 169, 171], it remains to be established if that is just an increase
of “normal” tau overproduced by a neurodegeneration-linked mechanism (e.g., stress
response) or if the observed positive correlation in healthy individuals is due to another
mechanism (e.g., aging) beyond the scope of this study.
Generally, BACE1 CSF protein levels are not affected by acute (Supplemental Figure
S5.1) or chronic BACE1 inhibition (Figure 5.5). However, the observed tendency to
increased levels of BACE1 in some individual participants could not be linked to
changes in other biomarkers. In the MAD study (chronic dose) only APOE ɛ4 noncarriers show significant changes in BACE1 CSF levels but in the single ascending dose
study (54861911ALZ1001), both carriers and non-carriers show changes >20%.
Therefore, more in depth analysis are needed to further understand the reasons for this
individual variation.
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The relatively small sample size of the healthy elderly cohort in the MAD study can be
considered a limitation of the present study, particularly for the low number of APOE ε4
carriers when compared to other published studies in patients with AD.

Thus,

correlations of BACE1 for all AD markers were reported for all participants combined
(n=38), APOE ε4 carriers (n=10) and non-carriers (n=28) separately. Despite the small
APOE ε4 carrier subgroup, the observed correlations of biomarkers with BACE1 levels
were found to be numerically comparable across all subgroups for all Aβ fragments
except Aβ1-42.

5.6 Conclusions
In elderly healthy participants, BACE1 CSF levels show strong to moderate correlations
to all downstream AD markers including Aβ1-42 and markers of neurodegeneration (t-tau
and p-tau181P). For the first time, a (moderate) correlation between BACE1 levels in CSF
and Aβ1-42 is shown. Generally, chronic BACE inhibition does not influence BACE1
CSF levels. Additional studies including preclinical (asymptomatic) and prodromal AD
cases will help understanding the significance of measuring BACE1 routinely in clinical
practice and in AD clinical trials.
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5.7 Tables and figures
Table 5.1. Demographics and baseline cerebrospinal fluid (CSF) biomarker
Demographic and Baseline Characteristics for CSF Cohorts: ALZ1002
Pooled CSF Subjects ALZ1002
N
38
Sex, Male, n (%)
25 (65.8%)
Age, years
Mean (SD)
66.3 (5.93)
Median (Range)
67 (55, 74)
Race, White, n (%)
36 (94.7%)
APOE ε4 Carrier Status, n (%)
No
28 (73.7%)
Yes
10 (26.3%)
Aβ1-37, pg/mL, n
38
Mean (SD)
526.2 (157.53)
Median (Range)
506 (291, 975)
Aβ1-38, pg/mL, n
38
Mean (SD)
2977.1 (925.54)
Median (Range)
2975 (1650, 6030)
Aβ1-40, pg/mL, n
38
Mean (SD)
11143.2 (3301.40)
Median (Range)
10300 (6720, 21200)
Aβ1-42, pg/mL, n
38
Mean (SD)
908.8 (337.02)
Median (Range)
924 (321, 2200)
Aβ1-42/Aβ1-40Ratio, n
38
Mean (SD)
0.08 (0.024)
Median (Range)
0.08 (0.02, 0.13)
Aβ1-42 (AlzBio3), pg/mL, n
37
Mean (SD)
364.2 (76.86)
Median (Range)
380 (137, 474)
t-tau, pg/mL, n
35
Mean (SD)
71.3 (42.44)
Median (Range)
57 (34, 213)
p-tau181P, pg/mL, n
37
Mean (SD)
32.4 (15.83)
Median (Range)
28 (17, 106)
sAPP Total, ng/mL, n
38
Mean (SD)
1248.1 (433.21)
Median (Range)
1169 (555, 2140)
sAPPα, ng/mL, n
38
Mean (SD)
182.8 (64.67)
Median (Range)
181 (75, 351)
sAPPβ, ng/mL, n
38
Mean (SD)
262.2 (88.81)
Median (Range)
246 (124, 482)
BACE1, ng/mL, n
38
Mean (SD)
4.4 (1.72)
Median (Range)
3.9 (2.0, 10.0)

Aβ = amyloid-β; APOE = apolipoprotein E gene; BACE1 = β-site APP cleaving enzyme-1; CSF = cerebrospinal
fluid; p-tau = phosphorylated tau; sAPP = soluble amyloid precursor protein; SD = standard deviation; t-tau = total
tau;
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Table 5.2. Participant baseline characteristics and CSF markers for those with >20% change of BACE1 protein levels from baseline following
repeated once daily dosing with JNJ-54861911 at 5, 25, 30, 50 and 90 mg or placebo for 14 days
Baseline
BACE1
ng/mL

Day 14
BACE1
ng/mL
(24hrs
post
dose)

BACE1
%change
from
baseline

Sex

Treatment
mg qd

APOE
ε4
carrier
status

66

F

30

N

2.6035

6.0455

64

M

90

N

1.952

72

M

5

N

64

M

5

N

69

M

50

Age

Baseline CSF Markers
Aβ1-37
pg/mL

Aβ1-38
pg/mL

Aβ1-40
pg/mL

Aβ1-42
pg/mL

AlzBio3
Aβ1-42
pg/mL

ptau181P
pg/mL

t-tau
pg/mL

sAPP
Total
ng/mL

sAPPα
ng/mL

sAPPβ
ng/mL

132.2

431

2740

10400

1000

403.5

28.6

43

1022

185

228

2.7565

41.2

296

1650

6750

679

367.3

18.4

35.6

616

97

162

3.8965

5.73

47.1

541

3390

14720

1110

473.8

30.4

73.9

1082

145

217

4.75

6.0885

28.2

566

3330

12930

882

407.5

29

57.2

1551

214

319

N

4.464

5.412

21.2

377

2240

9370

665

416

30.7

70.2

1037

125

192

63

M

50

N

5.9745

7.419

24.2

691

3560

13890

1070

372.4

31.5

77.2

1702

256

349

70

M

25 (solid)

N

6.413

7.965

24.2

594

4340

12900

601

219.9

37.4

64.6

2140

330

429

N
3.8465
8.1775
112.6
442
2910
9750
1210
451.4
31.2
57
1244
180
246
25
(solid)
Individual participants (n=8/38) showing >20% change from baseline in CSF BACE1 levels are depicted including their baseline biomarker profiles, APOE ε4 status and
treatment allocation. Aβ = amyloid-β; APOE = apolipoprotein E gene; BACE1 = β-site APP cleaving enzyme 1; CSF = cerebrospinal fluid; p-tau = phosphorylated tau;
sAPP = soluble amyloid precursor protein; SD= standard deviation; t-tau = total tau
59
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M

Figure 5.1. Correlation of β-site amyloid precursor protein-cleaving enzyme-1 (BACE1)
protein levels in CSF with age in healthy elderly participants. A Pearson correlation
coefficient was calculated to evaluate the possible correlation between BACE1 and age, n = 38;
rho = 0.33; p = 0.0405; statistical significant level was set at 0.05. (BACE1 = β-site amyloid
precursor protein cleaving enzyme-1; CSF = cerebrospinal fluid)
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Baseline Aβ1-42 (pg/mL; MSD 4plex)

All

APOE ε4 carriers

A

Baseline Aβ1-40 (pg/mL; MSD 4plex)

n=38; Pearson correlation; rho=0.497; p=0.002
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B
Baseline BACE1 (ng/mL)

n=10; Pearson correlation; rho=0.121; p=0.740

D
n=38; Pearson correlation; rho=0.869; p<0.0001

APOE ε4 non carriers

E
Baseline BACE1 (ng/mL)

n=10; Pearson correlation; rho=0.821; p=0.004

C
n=28; Pearson correlation; rho=0.567; p<0.002

F
n=28; Pearson correlation; rho=0.896; p<0.0001

Baseline Aβ1-38 (pg/mL; MSD 4plex)

G

Baseline Aβ1-37 (pg/mL; MSD 4plex)

n=38; Pearson correlation; rho=0.862; p<0.0001

H
Baseline BACE1 (ng/mL)

n=10; Pearson correlation; rho=0.865; p=0.001

J
n=38; Pearson correlation; rho=0. 843; p<0. 001

K
Baseline BACE1 (ng/mL)

n=10; Pearson correlation; rho=0.864; p=0. 001

I
n=28; Pearson correlation; rho=0.885; p<0.0001

L
n=28; Pearson correlation; rho=0.864; p<0.0001

Figure 5.2.Correlation of β-site amyloid precursor protein-cleaving enzyme1 (BACE1) protein levels with Aβ species (Aβ1-42, Aβ1-40, Aβ1-38, Aβ1-37) at baseline in CSF of healthy elderly
for all participants (A, D, G, J), for APOE ε4 allele carriers (B, E, H, K). A Pearson correlation coefficient was calculated to evaluate the possible correlation between BACE1 and Aβ1-42
(A-C); between BACE1 and Aβ1-40 (D-F); between BACE1 and Aβ1-38 (G-I); and between BACE1 and Aβ1-37 (K-L) for all APOE ε4 carrier and non-carriers respectively. Number of participants
for whom samples could be analyzed and for which levels were above LOQ are indicated below each panel. P<0.05 was set as a statistically significant level. (Aβ = amyloid- β; APOE =
apolipoprotein E gene; BACE1 = β-site amyloid precursor protein cleaving enzyme-1; CSF = cerebrospinal fluid; LOQ = limit of quantification)
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Baseline sAPP-total (ng/mL)

All

APOE ε4 carriers

Baseline sAPPα (ng/mL)

B

A
n=38; Pearson correlation; rho=0.878; p<0.0001

APOE ε4 non carriers

Baseline BACE1 (ng/mL)

n=10; Pearson correlation; rho=0.6230; p=0.0543

D

E

C
n=28; Pearson correlation; rho=0.7984; p<0.0001

F

Baseline BACE1 (ng/mL)
n=38; Pearson correlation; rho=0.5227; p=0.0008
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n=10; Pearson correlation; rho=0.6195; p=0.0561

n=28; Pearson correlation; rho=0.5614; p=0.0019

Baseline sAPPβ (ng/mL)

All

APOE ε4 carriers

G

APOE ε4 non carriers

H

I

Baseline BACE1 (ng/mL)
n=38; Pearson correlation; rho=0.5871; p=0.0001

n=10; Pearson correlation; rho=0.6403; p=0.0461

n=28; Pearson correlation; rho=0.6619; p=0.0001

Figure 5.3. Correlation of β-site amyloid precursor protein-cleaving enzyme-1 (BACE1) protein levels with sAPP total (A-C), sAPPα (DF), and sAPPβ (G-I) at baseline in CSF of healthy elderly for all participants (A, D, G), for APOE ε4 allele carriers (B, E, H), and for
APOE ε4 non-carriers (C, F, I). A Pearson correlation coefficient was calculated to evaluate the possible correlation between BACE1 and sAPP
total (A-C); between BACE1 and sAPPα (D-F); and between BACE1 and sAPPβ (G-I) for all APOE ε4 carriers and non-carriers respectively.
Number of participants for whom samples could be analyzed and for which levels were above LOQ are indicated below each panel. p<0.05 was
set as a statistically significant level. (APOE = apolipoprotein E gene; BACE1 = β-site amyloid precursor protein cleaving enzyme-1; CSF =
cerebrospinal fluid; sAPP = soluble amyloid precursor protein)
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Baseline Aβ1-42 (pg/mL; AlzBio3)

All

APOE ε4 carriers

A

Baseline p–tau (pg/mL; AlzBio3)

n=37; Pearson correlation; rho=0.0305; p=0.8575

APOE ε4 non carriers

B
Baseline BACE1 (ng/mL)

n=10; Pearson correlation; rho=-0.3163; p=0.3732

D

E

C
n=27; Pearson correlation; rho=0.06167; p=0.7599

F

Baseline BACE1 (ng/mL)
n=37; Pearson correlation; rho=0.4406; p=0.0063
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n=10; Pearson correlation; rho=0.3850; p=0.2720

n=27; Pearson correlation; rho=0.86594; p<0.0001

Baseline t-tau (pg/mL; AlzBio3)

G

H

I

Baseline BACE1 (ng/mL)
n=35; Pearson correlation; rho=0.7355; p<0.0001

n=8; Pearson correlation; rho =0.2648; p=0.5262

n=27; Pearson correlation; rho =0.91037; p<0.0001

Figure 5.4. Correlation of β-site amyloid precursor protein-cleaving enzyme1 (BACE1) protein levels with Aβ1-42 (A-C), phosphorylated tau
(p-tau181P, D-F), and total tau (t-tau, G-I) at baseline in CSF of healthy elderly for all participants (A, D, G), for APOE ε4 allele carriers (B,
E, H), and for APOE ε4 non-carriers (C, F, I) measured by the AlzBio3 (xMAP) assay. A Pearson correlation coefficient was calculated to
evaluate the possible correlation between BACE1 and Aβ1-42 (A-C); between BACE1 and p-tau181P (D-F); and between BACE1 and t-tau (G-I) for
all, APOE ε4 carriers and non-carriers respectively. Number of participants for whom samples could be analyzed and for which levels were above
LOQ are indicated below each panel. P<0.05 was set as a statistically significant level. (Aβ = amyloid-β; APOE = apolipoprotein E gene; BACE1
= β-site amyloid precursor protein cleaving enzyme-1; CSF = cerebrospinal fluid; p-tau = phosphorylated tau; t-tau = total tau)
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Figure 5.5. Percent change in BACE1 levels from Day 1 baseline to Day 14 of BACE1
protein levels following repeated once daily dosing with JNJ-54861911 at 5, 25, 30, 50 and
90 mg or placebo for 14 days. Data are represented as individual percent change in BACE1
from Day 1 baseline to Day 14 (24 hours post dose). (BACE1 = β-site amyloid precursor protein
cleaving enzyme-1)
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5.8 Supplemental data
5.8.1

Tables and figures

Supplemental Table S5.1. Participant baseline characteristics and CSF markers for those with >20% change of BACE1 protein levels from
baseline following acute (single) dosing with JNJ-54861911 at 1, 3, 10, 30, 90 and 150 mg or placebo.
Treatment
mg

APOE
ε4
carrier
status

Baseline
BACE1
ng/mL

BACE1
ng/mL
24h post
dose

BACE1
%change
from
baseline

Aβ 1-37
pg/mL

Age

Sex

63

F

1

Y

3.388

2.472

-27

1115

68

F

Placebo

Y

5.244

3.912

-25.4

1139

68

F

1

Y

3.6

9.228

156.3

792

2769

Aβ 1-38
pg/mL

Baseline CSF Markers
AlzBio3
pt-tau
tau181p
Aβ 1-42
pg/mL
pg/mL
pg/mL

sAPP
Total
ng/mL

Aβ 1-40
pg/mL

Aβ 1-42
pg/mL

sAPPα
ng/mL

sAPPβ
ng/mL

3050

9092

1398

396.2

21

39.6

917

149

218

4348

16246

960

-

-

-

1438

210

304

12696

1298

377.2

34.8

79.8

1032

150

215

74

F

1

N

3.356

4.144

23.5

991

2666

8993

1225

368.9

26.9

73.9

1168

154

222

72

M

3

N

7.4215

9.1775

23.7

1080

3415

9984

1384

385.7

20.5

48

841

130

160

57

M

Placebo

N

10.687

13.402

25.4

964

3386

11223

1411

368.7

28.3

46.3

1627

202

279

59

F

30

N

6.6325

10.081

52

795

2226

5477

879

353.7

23

43.8

989

141

184

64

M

30

N

9.5145

13.346

40.3

815

3021

6621

1022

346.9

28.9

52.5

968

146

208

70

F

90

N

18.8195

12.522

-33.5

1548

4953

13608

1041

179.3

40.9

85.6

1159

149

226

67

M

90

Y

11.4725

14.8015

29

22.7

2643

6317

1282

-

9.3

-

1225

85

120

59

F

150

N

4.621

6.868

48.6

830

2262

6227

1213

322.5

23.6

-

984

190

235

58
M
150
N
5.461
7.593
39
627
1931
5829
1107
386.3
21.5
47.4
1044
149
205
Participants were enrolled in the single ascending dose study earlier described [28] and received a single dose administration of JNJ-54861911 (dose 1 to 150 mg) or placebo. Only participants
(n=45) who had CSF samples collected by indwelling catheters and had available BACE1 measures at baseline were included in the analysis. Individual participants (n=12) showing >20%
change from baseline in CSF BACE1 levels are depicted including their baseline biomarker profiles, APOE ε4 status and treatment allocation. Aβ = amyloid- β; APOE = apolipoprotein E
gene; BACE1 = β-site amyloid precursor protein cleaving enzyme-1; CSF = cerebrospinal fluid; p-tau: phosphorylated tau; sAPP = solubale amyloid precursor protein; t-tau = total tau
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Supplemental Figure S5.1. Percent change from baseline in CSF BACE1 levels at 24 hours
post dose following single dosing with JNJ-54861911 at 1, 3, 10, 30, 90 and 150 mg or
placebo. Data are represented as individual percent change in CSF BACE1 from Day 1 baseline
up to 24 hours post dose. Participants were enrolled in the single ascending dose study earlier
described [63] and received a single dose administration of JNJ-54861911 (dose 1 to 150 mg) or
placebo. Only participants (n=45) who had CSF samples collected by indwelling catheters and
had available BACE1 measures at baseline were included in the analysis. (BACE1 = β-site
amyloid precursor protein cleaving enzyme-1; CSF = cerebrospinal fluid)
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6 Pharmacodynamics of atabecestat (JNJ-54861911),
an oral BACE1 inhibitor in patients with early
Alzheimer's

disease:

randomized

double-blind

placebo-controlled study
Timmers M*, Streffer J*, Russu A, Tominaga Y, Shimizu H, Shiraishi A, Tatikola K,
Smekens P, Börjesson-Hanson A, Andreasen N, Matias-Guiu J, Baquero M, Boada M,
Tesseur I, Tritsmans L, Van Nueten L, Engelborghs S
Alzheimers Res Ther. 2018 Aug 23;10(1):85. doi: 10.1186/s13195-018-0415-6. PubMed
PMID: 30134967; PubMed Central PMCID: PMC6106931.
*Shared first authors
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6.1 Abstract
Background: BACE inhibition has been proposed as a priority treatment mechanism for
AD, but treatment initiation may need to be very early. We present proof-of-mechanism
of atabecestat (also known as JNJ-54861911), an oral BACE inhibitor for the treatment of
AD in Caucasian and Japanese populations with early AD who do not show signs of
dementia.
Methods: In two similarly designed Phase 1 studies, amyloid positive elderly patients
consisting of 45 early AD Caucasians diagnosed as preclinical AD) (n=15, CDR=0) or
with mild cognitive impairment (MCI) due to AD (n=30, CDR=0.5) and 18 Japanese
diagnosed as preclinical AD (CDR-Japanese version [CDR-J]=0) were randomized 1:1:1
to atabecestat 10 or 50 mg or placebo (n=6-8/treatment) qd for 4 weeks. Safety, PK and
PD (i.e., reduction of CSF Aβ 1-40 levels [primary endpoint] and effect on other AD
biomarkers) of atabecestat were evaluated.
Results: In both populations, atabecestat was well tolerated and characterized by linear
pharmacokinetics and high CNS penetrance of unbound drug. Atabecestat significantly
reduced CSF amyloid beta (Aβ1-40) levels from baseline at Day 28 in both 10 (67% to
68%) and 50 mg (87% to 90%) dose groups compared to placebo. For Caucasians with
early AD, the least squares mean difference (95% CI) was -69.37 (-72.25; -61.50) and 92.74 (-100.08; -85.39) and for Japanese with preclinical AD was -62.48 (-78.32; 46.64), and -80.81 (-96.13; -65.49) respectively. PK/PD model simulations confirmed
that once daily 10 mg and 50 mg atabecestat can attain 60% to 70% and 90% Aβ1-40
reduction respectively. The trend of the reduction was similar across the Aβ 1-37, Aβ1-38,
Aβ1-42 fragments in both atabecestat dose groups, consistent with Aβ1-40. CSF sAPPβ
levels declined from baseline irrespective of patient population, while CSF sAPPα levels
increased compared to placebo. There were no relevant changes in either CSF t-tau or ptau181P over a 4-week treatment period.
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Conclusions: Atabecestat at 10 and 50 mg daily doses after 4 weeks resulted in mean
CSF Aβ1-40 reductions of 67% and up to 90% in both Caucasian and Japanese patients
with early stage AD, confirming results in healthy elderly adults.
Trial Registration: ALZ1005: NCT No: NCT01978548 (November 7, 2013); EudraCT
No.: 2013-003036-69; ALZ1008: NCT02360657 (February 10, 2015).
Keywords: Atabecestat, JNJ-54861911, BACE1 inhibitor, Alzheimer’s disease, amyloid,
Aβ processing, PK/PD relationship.
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6.2 Background
BACE inhibition has been proposed as a key and potent mechanism for disease
modification in Alzheimer’s disease (AD) [47]. In addition, it is generally agreed that
patients with dementia due to AD may be too far advanced in their disease to be
amenable to therapeutic interventions that are expected to delay progression rather than
halt neurodegeneration. Patients who are in early stage of AD without cognitive
symptoms termed preclinical AD or with mild cognitive impairment due to AD, termed
MCI due to AD, are seen as being in the early (predementia) AD spectrum and
considered more optimally treated with disease-modifying interventions than those with
clinical signs of dementia associated with more advanced disease.
Positive biomarker patterns such as low CSF Aβ1-42 level or increased amyloid burden
on positron emission tomography (PET) imaging are seen as strong risk factors for
developing AD symptoms and can help to identify patients at risk for Alzheimer
dementia. Aβ is generated from APP. Cleavage by BACE1 (β-secretase) is the first and
rate limiting step in this process resulting in Aβ1-42 and other Aβ fragments (e.g., Aβ1-40,
Aβ1-38, and Aβ1-37) that are excreted into CSF. Aβ peptide fragments of different lengths,
especially Aβ1-42, accumulate and form Aβ plaques between neurons in the brain and are
demonstrated to be neurotoxic [43, 44].
Patients with underlying AD pathology and those in early stages of AD were shown to
have higher baseline BACE1 activity in CSF as compared to healthy controls [56, 59,
62]. Timmers et al. [172] reported that BACE1 CSF levels showed strong correlations
to all downstream AD markers including Aβ1-40, Aβ1-42, and markers of
neurodegeneration (t-tau and p-tau181p proteins) in healthy elderly participants.
Inhibition of the activity of the BACE enzyme has been suggested to be a priority
mechanism for AD therapies. Hence, the impact of lowering all Aβ fragments in CSF is
expected to be stronger, the earlier treatment with a BACE inhibitor is initiated.
Atabecestat is a potent brain-penetrant BACE inhibitor, developed by Janssen Research
and Development in collaboration with Shionogi, for an oral treatment of AD by
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reducing production of Aβ fragments. As Aβ1-40 is the most prevalent form, its reduction
in plasma and CSF is the primary determinant of atabecestat activity.
In prior studies in healthy elderly and young participants, atabecestat (5 mg to 150 mg)
administered once daily (qd) achieved significant and sustained reduction in plasma and
CSF Aβ (both up to 95% at 90 mg qd for 14 days). As such, these results supported
confirmation of target engagement of atabecestat through its central BACE1 inhibition
[162].
The studies reported here provide the first proof-of-mechanism data of atabecestat in
patients who have evidence of elevated levels of brain amyloid and are in the early stages
of the AD continuum but do not yet suffer from clinical symptoms of dementia related
to AD. The primary objective of this study was to demonstrate PD activity as proof of
mechanism of atabecestat in the intended target population of preclinical AD and MCI
due to AD patients. A 50 mg dose was selected based on steady-state (Day 14) CSF Aβ140

reduction from baseline observed in healthy participants (80% to 90%) [162], while a

lower dose of 10 mg was chosen based on exposure-response modelling and simulation
(CSF Aβ1-40 reduction of 50 to 60%). In this study, effects of repeat dosing of atabecestat
on lowering Aβ1-40 levels in CSF and plasma were evaluated as primary evidence of its
target engagement (i.e. BACE1 inhibition) in the brain. Atabecestat safety, tolerability,
steady state pharmacokinetics and extent of central nervous system (CNS) penetrance
were also determined as primary endpoints.
Secondary and exploratory endpoints evaluated treatment effects on the change in CSF
levels of downstream biomarkers such as Aβ fragments (Aβ1-37, Aβ1-38, and Aβ1-42), APP
fragments (sAPPα, sAPPβ, and total sAPP), t-tau/p-tau181p, and BACE1. The relationship
between atabecestat exposure and effects on CSF Aβ1-40 in early AD populations was
also determined.
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6.3 Methods
6.3.1

Study population and selection criteria

The study population consisted of participants recruited and screened from two separate
clinical trials; ALZ1008 study (NCT02360657) was conducted in Japan in Japanese
participants and ALZ1005 study (NCT01978548) was conducted in sites across Europe
(Belgium, Netherlands, Sweden, and Spain) in Caucasian participants. Potentially
eligible populations with abnormal CSF Aβ1-42 level (concentration below cut-off value
of 600 ng/L) even when CSF tau and p-tau181P protein levels were normal (see
bioanalytical assay procedures) included those diagnosed as clinically asymptomatic
(preclinical) who were cognitively and functionally normal (CDR=0), and those
diagnosed with MCI due to AD who had some limited cognitive impairment, but were
still functionally normal and therefore had no dementia (CDR=0.5).
Participants were screened in accordance with a baseline 4-step screening process to
assess their eligibility according to defined inclusion and exclusion criteria. The
screening process consisted of stepwise assessments of general health, cognitive status,
cerebral MRI scan and evidence of amyloid deposition by means of a positive amyloid
PET scan or low CSF Aβ1-42 level (see Section 6.8 Supplemental data and Supplemental
Figure S6.1).
Participants who had a CDR global score higher than 0.5, diagnosed with dementia due
to AD, degenerative dementia such as frontal lobe dementia, cortical basal dementia,
progressive supranuclear palsy and primary progressive aphasia, dementia associated
with significant Parkinsonism, diffuse Lewy body disease, and multi infarct dementia
(vascular dementia) were excluded. Participants diagnosed with primary and secondary
brain tumor; genetic disorder associated with dementia, severe depression, chromosome
21 trisomy, HIV dementia, and vitamin B12 or folic acid deficiency were also excluded.
Participants with a history of malignancy within 5 years before screening, epilepsy 10
years before screening, positive tests for hepatitis B surface antigen or hepatitis C
antibody, history of drug or alcohol abuse, known allergies or hypersensitivity or a
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clinically significant acute illness within 7 days prior to study drug administration were
excluded.
In ALZ1005 study, patients diagnosed as preclinical AD, aged 60 to 85 years or MCI
due to AD, aged 50 to 90 years were enrolled and randomized to treatment. Japanese
participants diagnosed as preclinical AD (CDR-Japanese version [CDR-J] = 0) aged 65
to 85 years who were amyloid positive were enrolled and randomized in ALZ1008 study.
Participants were considered otherwise healthy for their age with a body mass index
(BMI = weight/height2) between 18 and 35 kg/m2.
6.3.2

Overview of trial design

Both trials were multi-center, double-blind, placebo-controlled, randomized, multiple
dose proof-of-mechanism studies in patients with early stage AD. ALZ1005 study was
conducted from December 2013 to April 2015, and ALZ1008 study conducted from
February to September 2015. Each study consisted of an 8-week eligibility screening
period with a 4-step screening phase, a 4-week double-blind treatment phase and a
follow-up visit 7 to 14 days after last dosing. The maximal study duration for a
participant was 14 weeks.
Fully eligible participants who completed the 4-step screening period entered the
treatment phase on Day 1. During screening a CSF sample was collected for biomarker
diagnosis (eligibility assessment) which served as baseline for CSF PK and
pharmacodynamic biomarker profiling.
A predose baseline blood sample was collected for PK, biomarker profiling and for
clinical safety laboratory assessments. Measurement of vital signs and 12-lead ECG
were also performed. Within each preclinical AD or MCI due to AD study population,
enrolled participants were randomized at a ratio of 1:1:1 to one of 2 dose levels of
atabecestat (10 and 50 mg) or placebo (n=6-8/treatment) and self-administered single
oral daily doses (qd) of study drug for 4 weeks from Day 1 to Day 28. Following dosing
on Day 1, safety, tolerability, plasma PK and biomarkers of atabecestat were evaluated
regularly on weekly basis (Days 8, 15, 22 and 28). A follow-up MRI scan, between Days
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24 and 27 was collected. In addition, on Day 28 another CSF sample was collected
following last dosing for PK and biomarker profiling.
6.3.3

Pharmacokinetic analysis and modelling

CSF and plasma collection and processing, and APOE ε4 genotyping are described in
Section 6.8. Supplemental data. Population PK modelling from sparse PK samples
collected in Study ALZ1005 was performed to derive individual steady-state maximum
plasma concentration (Cmax) and area under the concentration-time profile during the
dosing interval at steady-state [AUC from 0 to 24 hours post dosing (AUC0-24h)]. This
model was also used to derive PK/PD simulations of CSF Aβ1-40 reduction (described
under Section 6.3.5. Pharmacokinetic/Pharmacodynamic (PK/PD) relationship). The
ratio between the observed CSF concentration at Day 28 visit and the corresponding
simulated plasma concentration at the same timepoint (since Day 28 dose) was evaluated
in order to assess the extent of penetration of atabecestat into the CNS, assuming a
plasma atabecestat free fraction of 6% [162].
In Study ALZ1008, non-compartmental PK analysis of individual atabecestat plasma
concentration-time data was performed using Phoenix® WinNonlin (version 6.2.1,
Princeton, NJ) to estimate PK parameters on Days 1 and 28 (steady state): Cmax, time to
reach maximum concentration (tmax), and systemic exposure (AUCτ) from area under
the concentration-time profile during the dosing interval was calculated by trapezoidal
summation. Total apparent clearance for Day 28 was calculated as dose/AUCτ. In
addition, derived PK parameters were determined to further explore PK of atabecestat
including apparent total body clearance after extravascular administration (CL/F), and
accumulation ratios for AUCτ and Cmax. The extent of penetration of atabecestat into the
CNS was also determined as described above for Study ALZ1005.
6.3.4

Pharmacodynamic biomarker profiling

Atabecestat is expected to affect different forms of Aβ and precursors through its
mechanism of inhibiting activity of BACE (β-secretase) enzyme. The activity of
atabecestat was determined by CSF/plasma concentration profiles of Aβ fragments (Aβ1-
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37,

Aβ1-38, Aβ1-40, and Aβ1-42) with Aβ1-40 being the most abundant and primary

determinant of atabecestat activity in the study population. In addition, exploratory
measurements of plasma/CSF levels of APP fragments (sAPPα, sAPPβ, and total sAPP),
CSF levels of BACE1 and t-tau, p-tau were performed.
6.3.5

Pharmacokinetic/pharmacodynamic (PK/PD) relationship

A semi-mechanistic indirect response PK/PD model was initially developed based on
healthy elderly data (Study ALZ1002) [162]. In this model, atabecestat PK was assumed
to drive inhibition of Aβ1-40 synthesis, which can be mechanistically interpreted as the
PD effect of BACE inhibition [173] as illustrated in Supplemental Figure S6.2. This
model was used to simulate the expected CSF Aβ1-40 reduction in Study ALZ1005 (at 3
to 6 hours postdose at steady-state, using the PK observed in this study) and the
predictions were then compared to the observed individual Aβ1-40 reductions. All
analyses were conducted with NONMEM version 7.2.0 Users Guide (1989-2011)
(ICON Development Solutions, Ellicott City, MD)[174].
In Study ALZ1008, the effects of plasma and CSF atabecestat exposure on CSF Aβ1-40
reduction at 3 to 6 hours postdose at steady-state were explored visually. Results of PK
and CSF Aβ1-40 reduction from Japanese preclinical AD participants in Study ALZ1008
were compared to Caucasians with early AD and with elderly healthy volunteers from a
previously published report of atabecestat multiple-dose study [162].
6.3.6

Cognitive evaluations

For Study ALZ1005, the effect of atabecestat on participant’s cognitive performance
was explored by CDR, Repeatable Battery for the Assessment of Neuropsychological
Status (RBANS), Mini-Mental State Examination (MMSE), and (Computerized
Cognitive Test Battery (CANTAB [Cambridge Neuropsychological Test Automated
Battery]) Elect assessments at screening and on Day 28 (see Section 6.8. Supplemental
data). When multiple assessments were performed at the same visit by independent
raters, the sequential order of testing was RBANS first followed by CDR, MMSE and
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CANTAB Elect, and if raters for RBANS and CDR were the same, then CDR was
performed prior to RBANS.
6.3.7

Safety assessments

Safety and tolerability was assessed during the study by recording AEs, clinically
significant abnormalities, clinical laboratory tests, ECG, vital signs, and physical,
neurological and MRI examination. All enrolled participants were included in the safety
analysis population.
6.3.8

Bioanalytical procedures

6.3.8.1

Analysis of atabecestat

Plasma and CSF atabecestat samples were analyzed using a scientific validated [145]
specific, and sensitive LC-MS/MS (see Section 6.8. Supplemental data). The LLOQ was
1 ng/mL.
6.3.8.2

Analysis of plasma and CSF Aβ concentrations (4-Plex assay)

A qualified prototype multiplex immunoassay based on Meso Scale Discovery (MSD)
(Gaithersburg, MD, USA) ECL detection technology was utilized for simultaneous
detection of 4 Aβ species (Aβ1-37, Aβ1-38, Aβ1-40 and Aβ1-42) as described earlier [131,
132]. Aβ concentrations were determined using a standard curve with 4-parameter
logistic model with 1/Y2 weighting function. All samples from each participant were
analyzed in duplicate on the same assay plate. Only mean values with replicate well CV
of ≤20% were accepted.
6.3.8.3

Analysis of CSF BACE1 and sAPP concentrations

BACE1 levels in CSF were analyzed using a previously described BACE1 sandwich
ELISA [61] ((see Section 6.8. Supplemental data). The sAPPα, sAPPβ and sAPP totals
were quantified in CSF using MSD ECL detection technology as described previously
(see Section 6.8. Supplemental data) [146, 172]. BACE1 and sAPP levels were
determined using a standard curve with 4-parameter logistic model with 1/Y2 weighting
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function. All samples from each participant were analyzed in duplicate on the same assay
plate. Only mean values with replicate well CV of ≤20% were accepted.
6.3.8.4

Analysis of baseline CSF Aβ1-42 (Innotest), p-tau181p and t-tau levels

Baseline Aβ1-42, p-tau181P and t-tau concentrations were measured using Innotest®
Phospho-TAU181P, Innotest® hTAU Ag, and Innotest® β-AMYLOID1-42 (Innogenetics
now Fujirebio, Ghent, Belgium) and Luminex analytical platform [109]. CSF samples
from both ALZ1005 (Caucasian) and ALZ1008 (Japanese) studies were analyzed in the
same laboratory setting using the same assays and analytical platform. Diagnostic
threshold CSF concentrations for AD versus normal controls for Aβ1–42 were applied to
current sample set to judge the likelihood of having cerebral amyloid plaque deposition
[109, 175].
6.3.9

Statistical analysis

Sample sizes for the studies were not based on formal statistical testing. Based on
previous clinical data, standard deviation (SD) for percent reduction in CSF Aβ1-40
ranged from 7% to 29%. Hence, assuming a SD of 16%, the precision of the 95% CI for
between-treatment difference in percent reduction of CSF Aβ1-40 was estimated to be
21% and 10% for a minimum group size of 6 and 16 subjects for ALZ1008 and ALZ1005
respectively.
Treatment effect on plasma/CSF Aβ as compared to placebo was estimated by 95% CI
for percent changes from baseline in each of the Aβ fragments (Aβ1-37, Aβ1-38, Aβ1-40 and
Aβ1-42) in CSF and plasma. For primary and secondary biomarkers, Day 28 percent
changes from baseline, the least-squares (LS) means (converted to original units) and
treatment differences relative to placebo (with corresponding 95% CI) were analyzed
based on an analysis of covariance (ANCOVA) model that included treatment group,
and baseline score as a covariate. Day 28 changes from baseline in CSF tau/p-tau were
summarized using descriptive statistics. Data were summarized and plotted by dose
group and exposure-response relationship was explored. The relationships between
central and peripheral effects on Aβ1-40 of atabecestat were summarized graphically by
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bar plots. Variability of predose baseline parameters versus Day 28 individual CSF ratios
of Aβ1-42 to Aβ1-40 across treatment groups were explored graphically. Analyses were
performed on individual population of preclinical AD and MCI due to AD as well as
combined population of early AD.

6.4 Results
6.4.1

Demographics, baseline characteristics and disposition

Participant disposition and study completion for ALZ1005 and ALZ1008 trials is shown
in Supplemental Figure S6.3. In the European trial (ALZ1005), a total of 432
participants were screened of whom 48 patients with early AD were eligible after full
screening, and 45 were enrolled and randomized to atabecestat 50 mg (preclinical AD
n=6, MCI due to AD n=10), 10 mg (preclinical AD n=5, MCI due to AD n=10) or
placebo (preclinical AD n=4, MCI due to AD n=10) treatment groups. Overall, the
screen success rate was 10%. As expected, a higher percentage of participants with
CDR= 0.5 were biomarker positive as compared with those with CDR = 0 (72% vs.
32%). In the Japanese trial (ALZ1008) overall, 233 participants were screened of whom
18 preclinical AD participants were equally randomized to the same atabecestat
treatment groups (n=6/treatment; 50 mg, 10 mg or placebo). In both trials, all
randomized participants completed the studies.
Demographic characteristics, APOE ε4 status and baseline CSF concentrations of
BACE1 and all amyloid downstream markers and markers of neurodegeneration are
summarized in Table 6.1. Across both studies, more males than females were
randomized to treatment (Caucasian males: 53.3%; Japanese males: 72.2%). All
participants in the European study were Caucasian, with mean (SD) age and BMI of 69.1
(5.44) years and 25.8 (3.31) kg/m2 for those in the atabecestat group, and 70.4 (6.17)
years, and 24.5 (3.20) kg/m2 in the placebo group. Overall, a total of 34 participants were
≥65 years. The reduced age limit for the preclinical AD population was driven by low
probability that participants younger than 60 years will have a positive biomarker
signature without any symptoms and a higher potential for those older than 85 years to
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proceed to AD or have significant cognitive decline. The mean (SD) age of Japanese
participants in the trial was 72.1 (3.97) years, with 15 participants (83.3%) <75 years,
and 3 (16.7%) ≥75 years.
Within studies, the average baseline measures of CSF biomarker levels of Aβ1-40, Aβ1-42,
APP fragments, p-tau181p, and t-tau at baseline were comparable among each treatment
group across the early AD populations. APOE ε4 status was comparable among
atabecestat 10 mg treatment groups within each study (ALZ1005 and ALZ1008), but the
number of APOE ε4 carriers and noncarriers was somewhat different in the placebo and
50 mg dose groups (Table 6.1).
6.4.2

Plasma and CSF pharmacokinetic properties

The plasma PK of atabecestat after repeated daily dosing of 10 or 50 mg was adequately
described by a model with linear absorption and elimination, and distribution to a
hypothetical peripheral compartment (i.e., 2-compartment model). The linear PK of
atabecestat in Study ALZ1005 was consistent with the previous findings in healthy
elderly volunteers [162]. Summary statistics of individual steady-state Cmax and AUC024h

by dose group are presented in Supplemental Table S6.1. Dose-normalized steady-

state Cmax and AUC0-24h were comparable to the values from Study ALZ1002 except for
slightly higher Cmax in Caucasian with early AD (ALZ1005) (Figure 6.1).
Mean plasma concentrations of atabecestat increased with increasing dose and no major
differences in concentration-time profiles were observed between the atabecestat 10 and
50 mg on Days 1 and 28 for Caucasian and Japanese and between preclinical AD and
MCI due to AD groups (data not shown). In Japanese preclinical AD patients, mean
accumulation ratios (Day28/Day1) for AUC0-24h were 165%, and 177% for the
atabecestat 10 mg and 50 mg groups respectively. In Japanese, steady state PK was
reached at or before Day 8 (based on mean predose concentrations of atabecestat at Days
2, 8, 15, 22 and 28). The semi-logarithmic plasma concentration plots (data not shown)
showed that the concentrations in the terminal phase declined in parallel for both
treatments and between participant groups on Days 1 and 28.
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In Caucasian preclinical AD and MCI due to AD patients, oral clearance (CL/F) was
estimated as 8.32 L/h (inter-subject CV=30%, log-normal distribution) consistent with
model-based estimate from MAD study (10.5 L/h, CV=19%). In Japanese preclinical
AD patients, the mean (SD) CL/F was higher (12.6 [4.96] L/h) for the atabecestat 50 mg
group compared with the 10 mg group (9.85 [3.51] L/h).
In Caucasian early AD population (i.e. preclinical AD and MCI due to AD patients), the
mean (SD) CSF atabecestat concentrations at Day 28 visit for the 10 mg and 50 mg
groups were 3.08 (1.04) ng/mL and 15.08 (7.07) ng/mL respectively (n=14 in each dose;
one participant in each dose group did not have a sample, and one in 50 mg group had a
CSF PK sample below limit of quantification). In Japanese preclinical AD patients, the
corresponding CSF concentrations in the 2 dose groups were 3.29 (0.423) ng/mL and
19.1 (5.67) ng/mL respectively (Supplemental Table S6.1). In general, individual CSF
concentrations at Day 28 increased with increasing free plasma concentrations of
atabecestat (sampled at nearest time point to CSF sampling on Day 28).
In Caucasians early AD population, the mean ratio between CSF and free plasma
atabecestat concentration was 84% with no significant differences between the 10 mg
and 50 mg dose groups (Figure 6.2). In Japanese, the mean ratio of CSF to free plasma
concentration at Day 28 was 65% and 83% for 10 and 50 mg groups respectively
(Supplemental Table S6.1). This suggested high CNS penetrance of unbound drug at
its central site of action in both Caucasian and Japanese early AD patients.
6.4.3
6.4.3.1

Pharmacodynamics of atabecestat biomarkers
CSF and plasma Aβ fragments

The primary PD endpoint was the reduction of the biomarker level of Aβ1-40, due to
inhibition of BACE1 enzymatic synthesis by atabecestat. Figure 6.3 shows the
individual CSF Aβ1-40 reductions, calculated as percent change between baseline and
Day 28 in each patient for the atabecestat treatment groups. The percent changes from
baseline at Day 28 in CSF and plasma Aβ1-40 and differences in least square means
(standard error [SE]) from placebo with 95% CI for all treatment groups is shown in
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Table 6.2. As compared to placebo, both atabecestat 10 mg and 50 mg dose groups
showed large and significant reductions from baseline in CSF Aβ1-40 levels. Mean
percent reduction for 10 mg and 50 mg vs. placebo were 67.3% - 89.9% vs. 3.3% in
Caucasian early AD, and 68.21%, - 87.15% vs. 7.36% in Japanese preclinical AD
respectively. Similarly, there were significant percent reductions from baseline at Day
28 (4 hours postdose) in plasma Aβ1-40 levels for atabecestat 10 mg and 50 mg as
compared with placebo (Caucasian early AD 83.8% to 92.9% vs. 9.4%, and in Japanese
preclinical AD: 82.7% to 91.5% vs. 11.8%). The magnitude of declines as compared
with placebo group was always larger in the 50-mg group than 10 mg for all participants
across early AD population subtypes (Table 6.2). There were no meaningful differences
in the magnitude of CSF and plasma Aβ1-40 reductions from placebo between Caucasian
and Japanese populations.
Table 6.3 shows secondary endpoints for the percent reductions at Day 28 from baseline
for Aβ1-37, Aβ1-38, and Aβ1-42 fragments in CSF and their mean differences from the
placebo group for all treatment groups. Both atabecestat dose groups showed greater
reductions in the Aβ fragment levels as compared to the placebo group. The magnitude
of the reduction was similar across the Aβ1-37, Aβ1-38, Aβ1-42 fragments and consistent
with the observed reductions for Aβ1-40. (Supplemental Figure S6.4) Similarly, the
magnitude of the reductions in the CSF Aβ fragment levels as compared with placebo
was larger in the 50 mg compared with 10 mg dose group regardless of Aβ fragment
species, and patient ethnicity.
In the Caucasian study population (preclinical AD and MCI due to AD), there was no
meaningful difference in percent change from baseline for any of the measured Aβ
species between APOE ε4 carriers and noncarriers across all treatment groups and AD
population subtypes (Supplemental Table S6.2). Given the small Japanese study
population, no clear relationship could be established between APOE ε4 carriers and
noncarriers and Aβ1-40 reduction in CSF and plasma.
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6.4.3.2

CSF sAPP and t-tau/p-tau181p concentrations

The percent changes from baseline in CSF APP fragment levels at Day 28 and
differences in least square means (SE) from placebo with 95% CI for all treatment groups
are given in Table 6.4 and depicted graphically in Supplemental Figure S6.5. In
Caucasian and Japanese patients, the CSF sAPPβ concentrations decreased after 4 weeks
of treatment with both atabecestat 10 and 50 mg doses compared with the placebo groups
versus baseline levels. The magnitude of decrease from placebo was dose-dependent to
a similar extent in both Caucasian and Japanese patients, being greater for the 50 mg
groups (>-90%) compared to 10 mg groups (>-60%) (Table 6.4).
This is consistent with atabecestat deactivation of β-secretase proteolytic cleavage of
APP and supportive of its mode of action. In contrast, the mean percent change in CSF
sAPPα level showed a dose related increase from baseline not exceeding 2-fold across
all treatment groups when compared with placebo (Table 6.4). As expected, the
magnitude of decrease in CSF total sAPP level versus baseline was small for the 10-mg
group and higher for the 50-mg groups, reflective of the combined effect of atabecestat
on levels of sAPPβ and sAPPα fragments.
Changes from baseline in CSF t-tau/p-tau181p levels at Day 28 are shown in Table 6.4.
Similar to placebo, for atabecestat 10 mg and 50 mg doses there were no relevant changes
in either CSF t-tau or p-tau over a 4-week treatment period in both Caucasian and
Japanese patient groups. In Caucasians with early AD, the CSF BACE level at Day 28
showed no relevant changes (i.e. > 20%) from baseline for atabecestat 10 mg and 50 mg
dose groups respectively as depicted in Supplemental Figure S6.6.
6.4.4

Pharmacokinetic/pharmacodynamic (PK/PD) CSF Aβ1-40 analyses

In a PK/PD model developed in healthy participants, the plasma concentration associated
to 50% inhibition of Aβ1-40 synthesis (i.e., the potency parameter IC50) was estimated at
21 ng/mL, and maximal inhibitory effect was fixed at 100%. Figure 6.4 shows the
simulations obtained from the PK/PD model developed on the MAD population and
driven by atabecestat plasma PK from Study ALZ1005, superimposed on the actual
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observed CSF Day 28 Aβ1-40 percent reductions from baseline in preclinical AD and
MCI due to AD patients for placebo, atabecestat 10 and 50 mg treatment groups in Study
ALZ1005. The new data were well in line with simulations obtained from the healthy
participant PK/PD model, and therefore the potency parameter IC50 did not require reestimation. Baseline CSF Aβ1-40 concentration was not a significant covariate of IC50 (at
p=0.05) which indicated that higher or lower baseline values were not associated with
larger or smaller reductions from baseline. Patient population, i.e., MCI due to AD vs.
preclinical AD, was not a statistically significant covariate of either IC50 or baseline.
The model-predicted steady-state CSF Aβ1-40 reduction is shown in Table 6.5 as median,
5th, and 95th percentiles of the population for selected atabecestat doses. The observed
Day 28 CSF Aβ1-40 % reductions in Caucasian preclinical AD and MCI due to AD
patients for both 10 mg and 50 mg groups fall well within the 5th and 95th population
percentiles (Figure 6.4) thus model simulations confirmed that 10 mg and 50 mg qd
atabecestat can attain 60% to 70% and 90% Aβ1-40 reduction respectively.
In Study ALZ1008, the magnitude of CSF Aβ1-40 reductions from baseline at Day 28
generally increased with increasing concentration of atabecestat in CSF at Day 28
(Supplemental Figure S6.7).
6.4.5

Cognitive effects

Effect of atabecestat on cognition in Caucasians with early AD was explored to identify
unexpected detrimental effect, as cognitive changes were not expected over a period of
4 weeks. No meaningful changes from baseline at Day 28 for all three tests (i.e., Paired
Associated Learning [PAL], Reaction Time [RTI] and Spatial Working Memory
[SWM]) of the CANTAB outcome were found for placebo and atabecestat treatment
groups (Figure 6.5).

The LS mean difference of each of the atabecestat groups

compared with placebo was not significant. Similarly, there was no meaningful change
from baseline in Day 28 RBANS total scale score, MMSE total score, and the CDR-sum
of boxes (CDR-SB) total score for any of the treatments groups (Supplemental Table
S6.3).
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6.4.6

Clinical safety

Safety data from all randomized participants who received at least 1 dose of study drug
was included. Incidence of the treatment-emergent adverse events (TEAEs) by System
Organ Class (SOC) in Caucasians for Study ALZ1005 is shown in Supplemental Table
S6.4. Overall, the incidence of TEAEs was low, with only 15 of 45 (33.3%) patients
having one or more TEAEs during the study in which AEs occurred in 3 of 15 patients
(20.0%) in the atabecestat 10 mg group, in 8 of 16 patients in 50 mg group (50.0%), and
in 4 of 14 patients (28.6%) in the placebo group. The proportion of subjects experiencing
TEAEs was greater in MCI due to AD population compared with the preclinical AD
population (n=11/30 [36.7%] vs. n=4/15 [26.7%]), with the majority of participants from
the atabecestat 50 mg group.
In both atabecestat treatment groups, the most frequently reported TEAEs by system
organ class belonged to injury, poisoning and procedural complications experienced by
5 of 31 patients (16.1%) that occurred in 4 patients due to post-lumbar puncture
syndrome (12.9%) and in 2 patients (6.5%) due to accidental overdose. Psychiatric
disorders and skin and subcutaneous tissue disorders occurred in 3 of 31 patients (9.7%
each) attributed to single incidents of anxiety, depressed mood, insomnia and irritability
in the former, and of dermatitis, eczema, psoriasis and urticaria in the latter. All TEAEs
were mild in severity except for the serious adverse event (SAE) of bladder cancer which
was severe. The majority of TEAEs were considered either doubtfully related or not
related to the study drug administration by the investigator. In the atabecestat 50 mg
group, events which were considered to be probably related to the study drug were:
nausea (n=1), dementia of Alzheimer’s type (n=1), headache (n=1) and possibly related
to the study drug was urticaria (n=1). These cases were not clinically relevant AEs. Only
one participant receiving atabecestat 10 mg experienced a relevant abnormal
neurological finding of mild ataxia observed in the knee-heel test with eyes closed and
finger-nose test with eyes closed performed on Day 28.
The MRI examination at the end of treatment period showed no change in the degree of
age-related white matter disease that was observed at baseline for majority of the
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Caucasian study population. A small decrease from baseline in incidence of microhemosiderin deposits in the brain was observed for participants who received both
atabecestat (i.e. 90.3% had no deposits compared to 80.6% at baseline) and placebo
(92.9% had no deposits versus 71.4% at baseline).
There were no deaths or TEAEs leading to discontinuation in either study. In the
ALZ1005 MCI due to AD population, there was one (n=1/30; 3.3%) reported incidence
of treatment-emergent SAE of bladder cancer in a 68-year old white male patient in the
placebo group. The mean and median changes over time from average predose values in
ECG parameters of clinical relevance showed no treatment or dose-related changes in
early AD population following atabecestat or placebo dosing.
During the ALZ1008 study there was no reported incidence of SAEs in Japanese
preclinical AD patients. Only one TEAE (n=1/18, 5.6%) occurred in a 70-year old male
patient in the atabecestat 50 mg group who had a TEAE of genital herpes, 3 days after
the start of the treatment. The TEAE duration was 8 days, considered moderate in
intensity, unlikely related to study drug by the investigator, and resolved after treatment
with valaciclovir hydrochloride. There were no clinically significant changes in QTc
corrected by Fridericia’s formular (QTcF) and no changes from baseline was >30msec
prolongation that would be of concern.
In both studies, there were no clinically significant trends in changes from baseline in
clinical laboratory analytes, liver function tests, vital sign measurements, neurologic,
and physical examinations.
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6.5 Discussion
Firm scientific evidence indicates that AD starts years before the first clinical symptoms.
In a longitudinal study of participants with normal cognition, those who had elevated
baseline brain amyloid performed worse on a number of cognitive outcome measures as
compared to those with normal brain amyloid level [176]. Findings of another
retrospective review of data from Alzheimer’s Disease Neuroimaging Initiative database
of participants with mild cognitive impairment (MCI) indicated that clinical trials in
early AD should consider lowering threshold inclusion criteria for amyloid positivity
with respect to baseline CSF Aβ1-42 levels [177]. These researchers showed that rates of
neuronal injury, cognitive and functional decline, and temporal lobe atrophy
substantially accelerated at conventional pre-threshold levels for amyloid positivity and
may have contributed to lack of efficacy in late phase clinical trials of anti-amyloid
therapies [178, 179]. However, these findings point to the need for development of
preventative therapies and strategies that may delay clinical symptoms of dementia in
persons with AD. Investigation of biomarkers of early-stage AD pathophysiology and
using PET scans for amyloid burden may allow clinical trials to study asymptomatic
individuals who are at risk and track their disease progression.
Atabecestat is an oral BACE1 inhibitor that was investigated in Phase 2/3 global clinical
development for early stage AD to intercept Alzheimer’s dementia in both sporadic and
genetic forms of AD. It blocks the first and rate-limiting proteolytic cleavage of APP at
the β-secretase site (i.e., BACE1) that resulted in 50 to 80 percent reduction in production
of the highly aggregating and neurotoxic Aβ1-42 species abundant in extracellular
amyloid plaques [162, 180]. Since late 2000s, other orally administered small molecule
BACE1 inhibitors with measurable brain penetration properties entered clinical trials.
Amongst these, verubecestat (MK-8931, Merck, NJ, USA), was in late phase clinical
studies in patients with mild-to-moderate AD (EPOCH study, NCT 01739348) and with
amnestic MCI (APECS study, NCT 01953601) that were expected to read out between
2017 and 2019 and were terminated recently [181]. AZD-3293 (AstraZeneca, UK, and
Eli Lilly IN, USA) was evaluated in Phase 2/3 trials (AMARANTH NCT 02245737,
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DAYBREAK NCT02783573) for MCI due to AD or mild AD dementia for changes
from baseline on primary and secondary outcome measures of cognition and function
and was expected to report its findings by 2021 but the study was recently terminated.
This study in a patient population in the early stage of AD that has not routinely been
included in AD studies is the first proof-of-mechanism study of atabecestat that
evaluated treatment effects on Aβ generation in clinically non-symptomatic Caucasian
and Japanese cohorts diagnosed with either preclinical AD (Caucasian and Japanese,
CDR/CDR-J =0, clinically asymptomatic) or with MCI due to AD (Caucasian, CDR
=0.5). We noted a high screening burden for sites involved in the identification of such
patients with overall eligibility success rate of about 10%. The high screen failures
indicate possible challenges with patient enrolment in the early AD spectrum and
importance of using well defined screening procedures and selection criteria to properly
identify such eligible patients.
The primary endpoint showed that a 4-week treatment period with both atabecestat 10
and 50 mg doses as compared to placebo led to significant reductions in CSF Aβ1-40
(range: 67% to 89%) and plasma levels (range: 82% to 92%) and a substantial reduction
in all Aβ species (Aβ1-37, Aβ1-38, Aβ1-42) in CSF in the study population subtypes. These
results and high CNS penetrance of unbound atabecestat were similar to the previously
reported findings in healthy elderly population and provide support for its proof-ofmechanism of BACE 1 inhibition in the brain in the intended target population,
confirming the models developed for dose finding in ongoing clinical trials.
Furthermore, agreement between PK/PD model predictions of CSF Aβ1-40 reductions vs.
baseline and observed CSF data indicate its potential for predicting therapeutic doses
from such a dose-response curve. Reported dose-related changes in CSF levels for APP
fragments and magnitude and direction of change from baseline were also consistent
with atabecestat mode of action which inhibits cleavage of APP by β-secretase
confirmed in early stage AD patient populations studied here. Increase in CSF sAPPα
from baseline was consistent with its production from subsequent post-translational

143

processing of APP molecules cleaved by non-amyloidogenic α-secretase that is not
deactivated by atabecestat.
This study was designed as a short-term proof-of-mechanism study in a limited number
of patients with early stage AD. Thus, changes from baseline in cognitive and functional
outcome measures of MMSE, CDR, and RBANS battery total scores in Caucasian cohort
were exploratory and not evaluated as formal clinical endpoints. No meaningful changes
in cognitive and functional test scores were found and all were minimally impacted for
placebo and atabecestat treatment groups, indicating the absence of an apparent negative
effect on cognition, which was expected due to the short treatment duration.
There were no new safety concerns in the Caucasian and Japanese early AD cohorts as
compared to healthy older volunteers in atabecestat 10 mg and 50 mg treatment groups.
As compared to placebo group, atabecestat was well tolerated during this short-term
study and there were no AEs leading to discontinuation throughout the study period.
However, a trend towards a higher incidence of AEs was seen in the Caucasian
atabecestat 50 mg dose group, with some single AEs that were considered drug related.
The majority of AEs had resolved by the end of the study.

6.6 Conclusions
Atabecestat 10 mg and 50 mg groups showed reductions from baseline in the CSF and
plasma Aβ1-40 levels and other Aβ fragments (Aβ1-37, Aβ1-38, and Aβ1-42) in CSF as
compared to placebo in all population subtypes.
PK/PD model simulations confirmed that once-daily 10 mg and 50 mg atabecestat can
attain 60% to 70% and 90% Aβ1-40 reduction respectively, which are considered
representative for all tested Aβ fragments or species. These data confirmed the earlier
reported modelling and allows prediction of Aβ fragment reduction for atabecestat doses
between 5 mg to 90 mg, independent of the disease stages tested or the population. The
CSF sAPPβ level showed reduction from baseline in both atabecestat dose groups as
compared to placebo across AD population subtypes, while CSF sAPPα level increased
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in both doses as compared to placebo. There were no relevant changes in either CSF ttau or p-tau181p over a 4-week treatment period. Overall, atabecestat was well tolerated,
the incidence of TEAEs in both studies were not meaningfully different from placebo
and no new safety signal was identified.
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6.7 Tables and figures
Table 6.1. Demographics and baseline characteristics
Japanese

Early AD

Preclinical AD

10 mg

50 mg

JNJ54861911
Total

6

6

6

12

17 (54.8)

4 (66.7)

5 (83.3)

4 (66.7)

9 (75.0)

67.6 (5.99)

69.1 (5.44)

74.3 (5.24)

72.2 (3.06)

69.8 (2.14)

71.0 (2.80)

15 (100.0)

16 (100.0)

31 (100.0)

-

-

-

-

-

-

-

-

6 (100.0)

6 (100.0)

6 (100.0)

12 (100.0)

167.1 (11.25)

166.8 (6.71)

164.4 (10.52)

165.6 (8.83)

158.42 (6.070)

164.00
(9.894)

159.43
(12.163)

161.72
(10.836)

24.5 (3.20)

26.3 (3.26)

25.3 (3.38)

25.8 (3.31)

23.49 (3.217)

22.60 (0.925)

22.39 (0.598)

22.50 (0.751)

No

3 (21.4)

7 (46.7)

7 (46.7)

-

4 (66.7)

3 (50.0)

5 (83.3)

-

Yes

11 (78.6)

8 (53.3)

9 (56.3)

-

2 (33.3)

3 (50.0)

1 (16.7)

-

Baseline
Characteristics
N
Sex, Men, n (%)
Age years,
Mean (SD)
Race,
Caucascian, n (%)
Asian, n (%)
Baseline Height, cm,
Mean (SD)
Baseline BMI, kg/m2,
Mean (SD)
APOE ε4 Carrier
Status, n (%)
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Caucasian

10 mg

50 mg

JNJ54861911
Total

14

15

16

31

7 (50.0)

11 (73.3)

6 (37.5)

70.4 (6.17)

70.6 (4.48)

14 (100.0)

Placebo

JNJ-54861911

Placebo

JNJ-54861911

Baseline
Characteristics
Baseline CSF
Biomarkers, N
Aβ1-40, ng/L, Mean
(SD)*
Aβ1-42, ng/L, Mean
(SD)*
Aβ1-37, ng/L, Mean
(SD)*
Aβ1-38, ng/L Mean
(SD*)
sAPP-α, µg/L, Mean
(SD)
sAPP-β, µg/L, Mean
(SD)
Total sAPP, µg/L,
Mean (SD)

Placebo
14

Caucasian

Japanese

Early AD

Preclinical AD

JNJ-54861911
10 mg

50 mg

15

16

JNJ54861911
Total

Placebo
6

JNJ-54861911
10 mg

50 mg

6

6

JNJ54861911
Total

6565.86
8982.57
7462.00
11751.50
8780.17
9899.83
(2393.583)
(3811.543)
(2267.950)
(4858.828)
(3964.651)
(2399.994)
426.86
487.67
538.53
738.00
583.00
682.50
(164.967)
(211.560)
(320.321)
(149.689)
(226.851)
(258.667)
648.43
736.20
709.50
367.25
346.50
450.00
(259.225)
(228.065)
(165.607)
(83.112)
(55.861)
(62.386)
2332.93
2856.00
2649.93
2725.17
1956.00
2435.83
(684.261)
(850.390)
(501.609)
(1092.247)
(735.509)
(522.580)
118.54
130.27
128.81
175.00
119.17
159.50
(50.009)
(42.193)
(24.222)
(87.391)
(85.558)
(76.839)
153.23
156.60
178.56
174.83
124.33
181.00
(62.674)
(52.257)
(53.678)
(88.529)
(82.827)
(84.024)
784.92
924.87
887.06
1143.17
685.17
1040.00
(378.593)
(295.937)
(187.804)
(534.634)
(340.141)
(632.984)
524.62
618.93
616.40
388.83
338.00
367.33
t-tau, ng/L, Mean (SD)
(231.997)
(277.427)
(350.728)
(297.941)
(244.530)
(65.025)
p-tau181, ng/L, Mean
72.58
80.13
82.29
49.50
55.83 (35.397)
53.33 (7.659)
(SD)
(30.303)
(25.368)
(26.960)
(29.623)
413.80
361.56
487.17
504.67
503.17
Aβ1-42, ng/L, Mean
415⋅07
(125.575)
(77.099)
(103.747)
(95.320)
(73.216)
(SD)**
(86.442)
Note: *4-Plex assay data. ** Screening Innotest assay data, and all individual values were below 600 ng/L. Aβ = amyloid-β; AD = Alzheimer’s disease; APOE =
apolipoprotein E gene; BMI = body mass index; CSF = cerebrospinal fluid; p-tau = phosphorylated tau; sAPP = soluble amyloid precursor protein; SD = standard deviation;
t-tau = total tau;
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Table 6.2. Percent changes in CSF and plasma Aβ1-40 levels from baseline at Day 28 across treatment groups in early AD Caucasian and
Japanese preclinical AD patients
Safety Analysis Set
Percent Change from
Baseline at Day 28
CSF Aβ1-40
(ng/L), N
Mean (SD)
Median (Range)
95% CI of MEAN
LS Mean
Diff. of LS Means (SE)
95% CI
Plasma Aβ 1-40 (ng/L)
(4 h post dose), N
Mean (SD)
Median (Range)
95% CI of MEAN
LS Mean
Diff. of LS Means (SE)
95% CI

Placebo

Caucasian
Early AD
JNJ-54861911
10 mg
50 mg

Placebo

Japanese
Preclinical AD
JNJ-54861911
10 mg
50 mg

13

14

15

6

6

6

3.33 (12.389)
-0.30
(-10.3; 32.9)
(-4.16; 10.82)
2.73
-

-67.30 (10.602)
-65.22
(-89.7; -53.6)
(-73.42; -61.18)
-66.65
-69.37 (3.890)
(-72.25; -61.50)

-89.93 (3.535)
-90.66
(-97.8; -85.9)
(-91.89; -87.97)
-90.01
-92.74 (3.630)
(-100.08; -85.39)

-7.36 (12.122)
-9.18
(-21.7; 9.0)
(-20.08; 5.36)
-6.48
-

-68.21 (16.174)
-61.36
(-99.9; -57.7)
(-85.18; -51.23)
-68.96
-62.48 (7.386)
(-78.32; -46.64)

-87.15 (3.898)
-86.91
(-92.2; -81.5)
(-91.24; -83.06)
-87.29
-80.81 (7.145)
(-96.13; -65.49)

14

15

16

6

6

6

-9.36 (27.288)
-2.37
(-87.3; 29.2)
(-25.12; 6.39)
-9.65

-83.78 (6.022)
-84.83
(-95.3; -72.4)
(-87.11; -80.44)
-83.45
-73.80 (6.058)
(-86.04; -61.57)

-92.89 (3.117)
-94.13
(-95.6; -86.3)
(-94.55; -91.23)
-92.95
-83.30 (5.820)
(-95.06; -71.55)

-11.79 (8.047)
-8.98
(-23.0; -3.2)
(-20.24; -3.35)
-11.79
-

-82.73 (3.508)
-82.48
(-88.8; -78.7)
(-86.41; -79.05)
-82.73
-70.94 (3.394)
(-78.22; -63.66)

-91.49 (4.403)
-91.01
(-96.3; -84.3)
(-96.11; -86.87)
-91.49
-79.70 (3.390)
(-86.97; -72.43)

Aβ = amyloid-β; AD = Alzheimer’s disease; CI = confidence interval; CSF = cerebrospinal fluid; LS = least squares; SD = standard deviation; SE = standard error;
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Table 6.3. Percent changes in CSF Aβ fragment levels (Aβ1-37, Aβ1-38, and Aβ1-42) from baseline at Day 28 across treatment groups in early AD
Caucasian and Japanese preclinical AD patients
Safety Analysis Set

Caucasian

Japanese

Early AD
Preclinical AD
JNJ-54861911
JNJ-54861911
Percent Change from
Placebo
Placebo
Baseline at Day 28
10 mg
50 mg
10 mg
50 mg
12
15
14
4
2
3
CSF Aβ1-37 (ng/L) N
Mean (SD)
0.16 (10.753)
-66.87 (6.851)
-95.10 (4.501)
-19.45 (5.529)
-61.60 (3.741)
-89.82 (2.385)
Median (Range)
0.31 (-19.8; 19.4)
-67.36 (-81.1; -52.1)
-96.62 (-99.4; -87.7) -18.82 (-26.2; -14.0) -61.60 (-64.2; -59.0) -89.31 (-92.4; -87.7)
95% CI of MEAN
(-6.68; 6.99)
(-70.67; 63.08)
(-97.70; -92.50)
(-28.25; -10.65)
(-95.22; -27.99)
(-95.75; -83.90)
LS Mean
0.29
-66.94
-95.13
-19.89
-62.45
-88.67
Diff. of LS Means (SE)
-67.23 (3.103)
-95.42 (3.106)
-42.55 (4.011)
-68.78 (4.105)
95% CI
(-73.52; -60.94)
(-101.71; -89.12)
(-52.86; -32.24)
(-79.33; -58.23)
13
15
15
6
6
6
CSF Aβ1-38 (ng/L), N
Mean (SD)
-5.58 (27.514)
-58.82 (7.183)
-87.93 (3.511)
-10.70 (7.618)
-62.37 (18.712)
-83.35 (4.890)
Median (Range)
-2.21 (-91.3; 19.2)
-57.82 (-76.5; -50.9)
-88.88 (-91.4; -82.4)
-8.59 (-21.8; -3.0)
-57.12 (-99.7; -50.4) -82.84 (-88.9; -76.1)
95% CI of MEAN
(-22.20; 11.05)
(-62.80; -54.85)
(-89.87; -85.98)
(-18.69; -2.70)
(-82.01; -42.74)
(-88.48; -78.22)
LS Mean
-7.48
-57.34
-87.76
-10.21
-62.95
-83.26
Diff. of LS Means (SE)
-49.86 (6.095)
-80.28 (5.920)
-52.74 (7.746)
-73.05 (7.229)
95% CI
(-62.19; -37.53)
(-92.25; -68.31)
(-69.35; -36.12)
(-88.56; -57.55)
13
15
15
6
4
6
CSF Aβ1-42 (ng/L), N
Mean (SD)
2.36 (14.942)
-51.86 (11.611)
-82.48 (4.852)
-11.79 (10.105)
-61.22 (7.510)
-81.51 (3.076)
Median (Range)
1.08 (-15.1; 41.7)
-52.08 (-72.8; -31.2)
-82.90 (-90.4; -73.5)
-11.52 (-26.1; 2.0)
-60.78 (-69.4; -53.9) -81.90 (-84.9; -78.1)
95% CI of MEAN
(-6.66; 11.39)
(-58.29; -45.43)
(-85.17; -79.79)
(-22.39; -1.18)
(-73.17; -49.27)
(-84.74; -78.28)
LS Mean
1.40
-51.92
-81.58
-11.64
-61.45
-81.50
Diff. of LS Means (SE)
-53.32 (3.864)
-82.97 (3.905)
-49.81 (5.191)
-69.86 (4.509)
95% CI
(-61.13; -45.50)
(-90.87; -75.07)
(-61.12; -38.50)
(-79.69; -60.04)
Aβ = amyloid-β; AD = Alzheimer’s disease; CI = confidence interval; CSF = cerebrospinal fluid; LS = least squares; SD = standard deviation; SE = standard error;
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Table 6.4. Percent changes in CSF APP fragment levels (sAPPα, sAPPβ, and total sAPP) and CSF total tau/phosphorylated tau protein levels
from baseline at Day 28 across treatment groups in Caucasian early AD and Japanese preclinical AD patients
Safety Analysis Set
Percent Change from
Baseline at Day 28
CSF sAPPα (µg/mL), N
Mean (SD)
Median (Range)
95% CI of MEAN
LS Mean
Diff. of LS Means (SE)
95% CI
CSF sAPPβ (µg/mL), N
Mean (SD)
Median (Range)
95% CI of MEAN
LS Mean
Diff. of LS Means (SE)
95% CI
CSF Total sAPP
(µg/mL), N
Mean (SD)
Median (Range)
95% CI of MEAN
LS Mean
Diff. of LS Means (SE)
95% CI
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Placebo
12
-2.60 (15.336)
-6.14 (-27.1; 23.2)
(-12.3; 7.1)
113.02
12
-2.05 (13.485)
-5.32 (-21.7; 22.7)
(-10.6; 6.5)
142.68
-

Caucasian

Japanese

Early AD

Preclinical AD

JNJ-54861911
10 mg
50 mg
15
15
88.74 (60.035)
114.28 (50.461)
69.32 (28.4; 264.2)
121.38 (11.4; 187.7)
(55.5; 122.0)
(86.3; 142.2)
218.19
249.66
1.93 (1.100)
2.21 (1.101)
(1.59; 2.34)
(1.82; 2.68)
15
15
-64.34 (10.208)
-90.70 (2.785)
-67.25 (-75.4; -39.6) -90.40 (-96.7; -85.3)
(-70.0; -58.7)
(-92.2; -89.2)
51.70
13.51
0.36 (1.113)
0.09 (1.116)
(0.29; 0.45)
(0.08; 0.12)

Placebo
6
11.96 (33.788)
2.03 (-21.1; 66.8)
(-23.50; 47.42)
11.04
6
12.40 (29.163)
3.29 (-17.5; 59.5)
(-18.20; 43.01)
11.98
-

JNJ-54861911
10 mg
50 mg
6
6
61.37 (24.755)
82.49 (42.820)
60.22 (33.7; 104.2)
86.71 (11.6; 136.2)
(35.39; 87.35)
(37.55; 127.42)
62.60
82.17
51.57 (21.480)
71.13 (20.649)
(5.49; 97.64)
(26.84; 115.41)
6
6
-66.90 (5.222)
-91.30 (3.570)
-65.78 (-76.1; -61.1)
-91.21 (-96.5; -86.0)
(-72.38; -61.42)
(-95.05; -87.55)
-65.86
-91.91
-77.84 (10.543)
-103.88 (10.196)
(-100.45; -55.23)
(-125.75; -82.02)

12

15

15

6

6

6

-7.80 (13.442)
-5.86 (-34.4; 19.7)
(-16.3; 0.7)
734.76
-

-13.34 (19.260)
-13.34 (-41.3; 19.6)
(-24.0; -2.7)
701.82
0.96 (1.087)
(0.81; 1.13)

-15.29 (20.330)
-17.39 (-44.7; 21.9)
(-26.6; -4.0)
679.71
0.93 (1.086)
(0.78; 1.09)

0.06 (16.444)
1.73 (-27.0; 22.8)
(-17.19; 17.32)
0.49
-

-1.55 (27.494)
-10.40 (-23.3; 51.2)
(-30.40; 27.31)
-2.16
-2.65 (14.338)
(-33.40; 28.10)

-24.85 (21.689)
-16.94 (-53.7; -2.6)
(-47.61; -2.08)
-24.65
-25.14 (13.383)
(-53.85; 3.56)

Safety Analysis Set

Caucasian

Japanese

Early AD

Preclinical AD

Placebo
JNJ-54861911
JNJ-54861911
Percent Change from
Placebo
Baseline at Day 28
10 mg
50 mg
10 mg
50 mg
CSF Total tau (ng/L), N
13
15
15
6
6
6
Mean (SD)
-1.68 (4.130)
4.18 (7.629)
8.02 (6.557)
-17.00 (13.054)
-4.67 (48.718)
-38.83 (52.648)
Median (Range)
-2.48 (-9.8; 5.6)
6.76 (-11.2; 16.1)
7.64 (-4.5; 23.4)
-20.50 (-28.0; 7.0)
-21.00 (-38.0; 90.0)
-32.50 (-110.0; 25⋅0)
95% CI of MEAN
(-4.18; 0.81)
(-0.04; 8.41)
(4.39; 11.65)
(-30.70; -3.30)
(-55.79; 46.46)
(-94.08; 16.42)
CSF p-tau (ng/L), N
12
15
14
6
6
6
Mean (SD)
-1.55 (4.252)
3.56 (4.797)
7.36 (3.648)
-1.67 (2.422)
-0.67 (5.046)
-2.17 (6.911)
Median (Range)
0.00 (-8.0; 5.4)
3.45 (-4.6; 11.5)
7.42 (1.6; 16.7)
-1.00 (-5.0; 1.0)
-2.00 (-5.0; 9.0)
-0.50 (-11.0; 5.0)
95% CI of MEAN
(-4.26; 1.15)
(0.91; 6.22)
(5.25; 9.47)
(-4.21; 0.88)
(-5.96; 4.63)
(-9.42; 5.09)
AD = Alzheimer’s disease; CI = confidence interval; CSF = cerebrospinal fluid; LS = least squares; sAPP = soluble amyloid precursor protein; SD = standard deviation;
SE = standard error
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Table 6.5. Steady-state CSF Aβ1-40 reduction from baseline at 3 to 6 hours postdose (based
on population PK/PD modelling from study ALZ1005)
JNJ-54861911 Dose
(mg)

Steady-State CSF Aβ 1-40 % Reductions from Baseline
5th Percentile

Median

95th Percentile

5

27%

52%

72%

10

45%

67%

81%

20

63%

80%

90%

25

69%

84%

92%

30

72%

85%

93%

50

80%

91%

96%

Aβ = amyloid-β; CSF = cerebrospinal fluid
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A

B

Figure 6.1. Individual atabecestat (JNJ-54861911) PK parameters at steady–state for AUC0-24h (A) and Cmax (B) versus dose groups based on
population PK model in Caucasian patients with early AD (ALZ1005) and in healthy elderly from multiple ascending dose study (ALZ1002). PK
parameters were dose-normalized to 5 mg for all treatment and participant groups. (AD: Alzheimer’s disease; AUC = area under the curve; Cmax =
maximum concentration; PK = pharmacokinetic)
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Figure 6.2. Ratio of CSF and unbound plasma atabecestat (JNJ-54861911) concentration in
Caucasian preclinical and MCI due to AD patients (ALZ1005) by dose groups. (CSF =
cerebrospinal fluid; MCI = mild cognitive impairment)
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A. Caucasian Early AD and Japanese preclinical AD % change from baseline in Day 28 CSF
Aβ 1-40

B. Caucasian Early AD and Japanese preclinical AD % change from baseline in Day 28 Plasma
Aβ 1-40

Figure 6.3. Percent change from baseline in CSF and plasma Aβ1-40 at Day 28 (4 hours post
dose) across treatment groups for Caucasian Early AD (A) and Japanese preclinical AD
patients (B). (Aβ = amyloid-β; AD = Alzheimer’s disease; CSF = cerebrospinal fluid)
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Figure 6.4. Observed Day 28 CSF Aβ1-40 percent reduction from baseline in Caucasian preclinical AD and MCI due to AD patients (ALZ1005)
versus model-based simulations from PK/PD modelling. The observed data of CSF Aβ1-40 % of baseline, stratified by patient population (preclinical
AD vs MCI due to AD) from Study ALZ1005 are overlaid on the model-predicted median and 90% prediction interval (5th and 95th percentiles, grey
shaded area) from 500 simulations per dose level. (Aβ = amyloid-β; AD = Alzheimer’s disease; CSF = cerebrospinal fluid; MCI = mild cognitive
impairment; PD = pharmacodynamic; PK = pharmacokinetic)
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A. Paired Associated Learning (PAL) 6 Pattern Errors Adjusted

B. Reaction Time (RTI) Median Five-Choice Reaction Time

C: Spacial Working Memory (SWM) Between Errors 4-8 Boxes

Figure 6.5. Day 28 Mean change in computerized cognitive test battery Elect from baseline
across atabecestat (JNJ-54861911) treatment groups in Caucasian early AD patients
(ALZ1005 safety population). (AD = Alzheimer’s disease; PAL = paired associate learned; RTI
= reaction time; SWM = special working memory)
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6.8 Supplemental data
6.8.1
6.8.1.1

Methods
Baseline 4-step screening process

After signing informed consent participants were screened over a period of up to 56 days
to assess their eligibility according to defined inclusion and exclusion criteria. The
baseline screening consisted of a 4-step process from Day-56 to Day -10 (see
Supplemental Figure S6.1). During Step I general health was assessed (vital signs,
ECG and laboratory clinical tests). In step II, participant’s baseline cognitive status was
graded using the CDR scale that assessed 3 domains of cognition (memory, orientation
and judgment/problem solving) and 3 domains of function in structured interviews of
the participant and a companion conducted by a trained rater and scored using standard
methodology. Participants with a CDR of 0 were defined clinically asymptomatic in
relation to cognitive deficits/dementia and those with a CDR of 0.5 were consistent with
pAD, had some limited cognitive impairment but were functionally normal. Participants
with a CDR global rating score >0.5 were excluded. In addition, during step II, all
participants performed a computerized neuropsychological test battery (CANTAB
Elect). This was not intended as inclusion/exclusion criteria and was done to assess its
validity compared with other cognitive clinical measures. This was because in ALZ1005
study initially only participants with pAD were included and their cognitive ability was
assessed using CANTAB Elect. After a subsequent protocol amendment, participants
who were preclinical AD were also included and their eligibility for inclusion was
assessed using the CDR scale. In Step III, a cerebral MRI scan was used to exclude
participants with brain disease other than potential very early signs of AD (e.g. mild
hippocampal atrophy) or typical age-related changes (e.g., mild white matter
hypersensitivity on MRI). The degree of white matter changes were rated on a 4-point
scale and the score ranged from 0 (no lesion), 1 (focal lesions), 2 (beginning of confluent
lesions), and 3 (diffuse involvement). In the last part after eligibility was conformed in
Steps I-III, amyloid deposition was assessed by either evaluating baseline CSF Aβ1-42
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level, characterized by a pattern consisting of low Aβ1-42 level or by an amyloid PET
scan or both. During Step IV, a MMSE, and RBANS was performed to serve as a
baseline predose cognitive impairment test, but not intended as study inclusion/exclusion
criteria. In addition, all participants performed a second CANTAB Elect to assess testretest reliability.
6.8.1.2

CSF and plasma collection and processing

Two CSF samples (up to 12 mL) were collected by single lumbar puncture at predose
during screening and following the last study drug administration on Day 28, three to six
hours post last dose. Venous blood sample (3 to 6 mL) was collected on Day 1, predose
Day 2, and then weekly and at the follow-up visit (7-14 days after last dose or early
withdrawal). On Day 28 serial plasma samples were collected predose until 24-hour
postdose. CSF and plasma samples were collected in polypropylene tubes and aliquoted
by immediate transfer of 500 µL samples to multiple storage tubes (Micronic 1.4 ml noncoded tubes U-bottom in Comorack-96, Cat No. MP22502 with caps from FluidX, Split
TPE Capcluster Blue. Cat. No. 65-53028) and stored at -70°C immediately after
collection. All samples analyzed in this study had at most 2 freeze-thaw cycles.
6.8.1.3

APOE ε4 genotyping

From all participants at predose on Day 1, a blood sample for pharmacogenomic analysis
(10 mL) was collected in tubes containing potassium/sodium EDTA. DNA was isolated
using Puregene chemistry and automated extraction using an Autopure LS. For all
participants, APOE ε4 carrier status was analyzed in a multiplex reaction using
polymerase chain reaction/ligation detection reaction [136].
6.8.1.4

Analysis of atabecestat (JNJ-54861911)

Atabecestat concentrations in plasma, urine and CSF were determined with a scientific
validated method [16], consisting of a protein precipitation with basic methanol (0.1%
diethylamine), followed by liquid chromatography coupled (reversed phase using a 5 x
2.1 mm ID XBridge Phenyl column (Waters, Milford, MA, USA), and a mobile phase
of 0.1% ammonium formate pH4/methanol from 65/35 to 40/60 (v/v) running a 2-minute
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gradient at 0.5 mL/min) with a tandem mass spectrometer (LC-MS/MS, Sciex,
Framingham, MA, USA), interfaced with a Turbo IonsprayTM in positive ionization
mode. A stable isotope labeled internal standard was used for the quantification. All
results were within predefined acceptance criteria. The lower limit of quantification
(LLOQ) was 1 ng/mL.
The unbound fraction of atabecestat in plasma was determined by spiking the pre-dosed
plasma samples from the multiple dose study with 14C-labeled atabecestat followed by
ultrafiltration and radioactivity detection.
6.8.1.5

Analysis of CSF BACE1 concentration

Briefly, NUNC ninety-six-well plates (Life Technologies) were coated with 50 μL/well
of capture antibody (5G7 [24]) dissolved in coating buffer (10 mM Tris-HCl, 10 mM
NaCl, 10 mM NaN3, pH 8.5) with a final concentration of 2 μg/ml. After overnight
incubation at 4°C, the plates were washed with PBS+0.05% Tween 20 and blocked with
100 μl/well of casein buffer (1 g casein in 1 L PBS, pH7.4) for 4h at room temperature.
The coating was always done the day before the actual experiment. Samples or standards
were diluted in casein buffer and mixed with the detection antibody (10B8-HRPO [163],
10mg/ml) diluted 1:2000 in casein buffer. The mixtures were added to the ELISA plates
and incubated overnight at 4°C. Plates were washed and developed with 0.2 mg/ml of
3,5,3’,5’-tetramethyl-benzidine (TMB, Sigma) dissolved in 100 mM sodium acetate
(NaAc, pH 4.9) supplemented with 0.03% H2O2. The reactions were allowed to proceed
for maximum 15 minutes on a plate shaker at room temperature. The reactions were
stopped by adding 2N H2SO4, 50 μl/well and the plates were read on a Perkin Elmer
Envision 2103 multilabel reader at 450 nm. The anti-BACE1 monoclonal antibodies
(mAbs) 5G7 and 10B8 were generated as described before [163]. These mAbs are highly
specific for BACE1 and do not cross react with BACE2 or other structurally related
aspartyl proteases [61, 163].
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6.8.1.6

Analysis of sAPP CSF concentration

In brief, the assay uses P2-1 (against amino acid 104-118 of human APP695) as
capturing antibody, and SULFO-TAGTM labeled anti-sAPP JRD/sAPP/23, raised against
the peptide sequence of amino acids 557-576 of human APP695, as detection antibody.
Briefly, 96-well SECTOR® standard plates were pre-wetted with PBS for 3 minutes and
tapped dry, where after plates were coated with 1.25 µg/mL capture antibody overnight
at 4°C. After a wash, plates were blocked and washed again. Next, 25 µL of standards
or samples was applied, and the plate was incubated for 1h at room temperature on a
shaker. After the next washing step, 25 µL of the detection antibody (20 µg/mL) was
added per well for an additional incubation step of 1h. After the next wash step, read
buffer was added to all wells, followed by 10 min of incubation. The plate was read with
the Sector Imager 6000 (MSD).
6.8.1.7

Clinical evaluations

6.8.1.7.1

Clinical dementia rating scale (CDR)

The CDR assessed three domains of cognition (memory, orientation, judgment/problem
solving) and three domains of function (community affairs, home/hobbies, personal
care) using structured interviews of both the patient and a companion/informant by a
trained rater and scored using a standard methodology. CDR global score for the six
domains range from 0 to 3 with 0 indicating no dementia and 3 indicating severe
dementia. It can be summed to obtain CDR Sum of Boxes (CDR-SB) with scores ranging
from 0 to 18. CDR and CDR-Japanese version global score has been used in AD trials
as a global measure of disease progression.
6.8.1.7.2

Repeatable battery for the assessment of neuropsychological status
(RBANS)

RBANS battery includes 12 subsets that measure 5 indices; the Digit Span and Coding
subtests measure Attention, the Picture Naming and Semantic Fluency subtests measure
Language,

the

Figure

Copy

and

Line

Orientation

subtests

measure

Visuospatial/Construction, List Learning and Store Memory subtests measure
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Immediate Memory, and List Recall, List Recognition, Store Memory and Figure Recall
measure Delayed Memory. RBANS has been used in multinational AD clinical trials
[182-184].
6.8.1.7.3

Computerized cognitive test battery for screening (CANTAB Elect)

The CANTAB test battery consists of paired associated learning (PAL), reaction time
(RTI) and spatial working memory (SWM). Performance in this test battery is associated
with pathologic Aβ and tau levels and enables identification of individuals with memory
impairment who are likely to develop AD and those with questionable dementia [185].
Scores have a sensitivity of 0.83 and a specificity of 0.82 when differentiating
individuals with MCI from healthy older adults [186]. The PAL test assesses visuospatial
episodic memory and the outcome measure is the adjusted number of errors committed
at the 6-pattern stage. The test-retest reliability for PAL is 0.75 in MCI and 0.85 in AD.
The RTI test assesses psychomotor processing speed. The outcome measure is median
duration of reaction time for executing correct trials. The test-retest reliability is 0.68 in
MCI and 0.72 in AD. The SWM test assesses working memory and executive function.
The outcome measure is the number errors made during performing of the task. The testretest reliability is 0.55 in MCI and 0.68 in AD.
6.8.1.7.4

Mini-Mental State Examination (MMSE)

MMSE rates subjects on orientation, registration, attention, calculation, recall and
language. The maximum score is 30, and lower the score the greater the impairment.
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6.8.2

Tables and figures

Supplemental Table S6.1. Atabecestat (JNJ-54861911) plasma and CSF pharmacokinetic
parameters
Plasma/CSF
Pharmacokinetic
Parameters

Caucasian (ALZ1005)

Japanese (ALZ1008)

Early AD

Preclinical AD

10 mg qd

50 mg qd

10 mg qd

50 mg qd

15

16

6

6

tmaxb, h

1.7 (0.6)

1.8 (0.5)

2.0 (1.0-3.0)

1.5 (1.0-2.0)

Cmax, ng/mL

110 (20)

550 (94)

107 (28.3)

516 (267)

1231 (369)

6198 (1707)

1106 (315)

4729 (2547)

9.85 (3.51)

12.6 (4.96)

Plasma PK parameters, Day
28 [Mean (SD)]a
N

AUCτ, ng.h/mL
CL/F, L/h

8.32 (30%c)

Ratio Cmax, Day28/Day1, %

NCd

NCd

140.39 (46.44)

162.06 (65.05)

Ratio AUCτ, Day28/Day1, %

NCd

NCd

165.01 (64.85)

176.78 (83.31)

55 (10)

55 (19)

53.6 (14.1)

51.6 (26.7)

616 (185)

620 (171)

555 (158)

473 (255)

14

14

6

6

C28d, ng/mL

3.08 (1.04)

15.08 (7.07)

3.29 (0.423)

19.1 (5.67)

DN C28d, ng/mL

1.54 (0.52)

1.51 (0.71)

-

-

78.92 (44.32)

89.17 (64.64)

65.00 (16.20)

83.11 (19.30)

DN Cmax, ng/mL
DN AUCτ, ng.h/mL
CSF PK parameters, Day 28
[Mean (SD)]
N

Ratio C28d/free plasmae, %

Estimated via population PK modelling in Study ALZ1005 due to sparse PK sampling; bMedian (Range);
Percentage coefficient of variation based on a log-normal distribution for the inter-subject variability; dNot
calculated due to sparsity of PK sampling on Day 1; eCalculated using the simulated plasma concentration at the
same CSF sampling timepoint (ALZ1005) or the observed plasma concentration at the nearest plasma sampling
timepoint to that of CSF sampling (ALZ1008), assuming a plasma free fraction of 6%. C28d Median (Range), C28d,
CSF=CSF concentration of JNJ-54861911 at Day 28; C28d=CSF concentration of JNJ-54861911 at Day 28; AUCτ
= area under the plasma concentration-time curve during a dosing interval (τ);CL/F = oral clearance; Cmax =
maximum concentration; CSF = cerebrospinal fluid; DN = dose normalization to 5 mg; tmax = time to maximum
concentration; qd = once daily; SD = standard deviation; PK = pharmacokinetic
a
c
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Supplemental Table S6.2. Percent reductions from baseline in CSF Aβ levels by APOE ε4
subgroups for early AD Caucasian population
Pharmacogenomic Analysis Set
Percent Change from Baseline at Day 28

Placebo

Caucasian
Early AD
JNJ-54861911
10 mg
50 mg

CSF Aβ1-37 (ng/L)
All Subjects, N
12
15
14
Mean (SD)
0.16 (10.753)
-66.87 (6.851)
-95.10 (4.501)
3
7
7
Subgroup APOE ε4 =No, N
Mean (SD)
5.23 (8.660)
-70.90 (5.511)
-93.16 (4.495)
9
8
7
Subgroup APOE ε4 =Yes, N
Mean (SD)
-1.53 (11.286)
-63.35 (6.115)
-97.03 (3.870)
CSF Aβ1-40 (ng/L)
All Subjects, N
13
14
15
Mean (SD)
3.33 (12.389)
-67.30 (10.602)
-89.93 (3.535)
3
7
7
Subgroup APOE ε4 =No, N
Mean (SD)
0.58 (5.497)
-67.58 (7.215)
-89.62 (4.477)
10
7
8
Subgroup APOE ε4 =Yes, N
Mean (SD)
4.15 (13.951)
-67.01 (13.832)
-90.20 (2.762)
CSF Aβ1-42 (ng/L)
All Subjects, N
13
15
15
Mean (SD)
5.87 (23.710)
-34.28 (10.486)
-67.14 (8.068)
3
7
7
Subgroup APOE ε4 =No, N
Mean (SD)
7.57 (9.414)
-39.91 (10.866)
-69.48 (8.760)
10
8
8
Subgroup APOE ε4 =Yes, N
Mean (SD)
5.37 (26.993)
-29.36 (7.701)
-65.10 (7.360)
Aβ = amyloid-β; AD = Alzheimer’s disease; APOE = apolipoprotein E gene; CI = confidence interval; CSF
= cerebrospinal fluid; LS = least squares; SD = standard deviation; SE = standard error;
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Supplemental Table S6.3. Summary of change from baseline in cognitive outcome
measurements for early AD Caucasian population
Safety Analysis Populations
Change from Baseline at Day 28

Placebo

Caucasian
Early AD
JNJ-54861911
10 mg
50 mg

CANTAB Elect
PAL Total Errors 6 Shapes
14
15
14
Adjusted, N
Mean (SD)
2.64 (5.329)
0.00 (3.928)
0.86 (7.472)
LS Mean
2.01
0.87
0.57
Diff. of LS Means(SE)
-1.14 (2.086)
-1.44 (2.037)
95% CI
(-5.36; 3.08)
(-5.56; 2.68)
RTI Simple Reaction Time Mean, N
14
15
15
Mean (SD)
-26.79 (55.677)
11.07 (62.859)
8.28 (67.750)
LS Mean
-27.58
14.30
5.60
Diff. of LS Means(SE)
41.89 (23.130)
33.19 (23.367)
95% CI
(-4.90; 88.67)
(-14.08; 80.45)
SWM Between Errors 4-8 Boxes, N
14
15
14
Mean (SD)
1.57 (6.642)
1.47 (5.592)
0.79 (8.631)
LS Mean
1.41
1.48
0.93
Diff. of LS Means(SE)
0.06 (2.631)
-0.48 (2.693)
95% CI
(-5.26; 5.38)
(-5.93; 4.97)
RBANS Total Scale, N
14
15
16
Mean (SD)
4.29 (5.469)
0.33 (4.995)
1.88 (10.392)
LS Mean
4.46
0.07
1.97
Diff. of LS Means(SE)
-4.39 (2.762)
-2.48 (2.705)
95% CI
(-9.96; 1.19)
(-7.95; 2.98)
CDR-SB Total Score, N
14
13
14
Mean (SD)
0.04 (0.458)
-0.04 (0.660)
0.54 (1.082)
LS Mean
0.03
-0.04
0.54
Diff. of LS Means(SE)
-0.07 (0.305)
0.51 (0.300)
95% CI
(-0.69; 0.55)
(-0.10; 1.12)
MMSE Total Score, N
14
15
16
Mean (SD)
0.21 (1.888)
-0.40 (2.971)
-0.75 (3.317)
LS Mean
0.57
-0.76
-0.73
Diff. of LS Means(SE)
-1.33 (0.906)
-1.29 (0.880)
95% CI
(-3.15; 0.50)
(-3.07; 0.48)
AD = Alzheimer’s disease; CANTAB = Computerized Cognitive Test Battery Elect; CDR-SB = Clinical
Dementia Rating Scale –Sum of Boxes; CI = confidence interval; LS = least squares; MMSE = Mini-Mental
State Examination; PAL = paired associate learning; RBANS = Repeatable Battery for the Assessment of
Neuropsychological Status; RTI = reaction time; SD = standard deviation; SE = standard error; SWM =
spatial working memory
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Supplemental Table S6.4. Incidence of treatment-emergent adverse events by body system, preferred term and atabecestat (JNJ-54861911)
treatment group for Caucasian ALZ1005 population (safety analysis set)

Placebo
Safety Analysis Set, N
Subjects with any TEAE, n (%)
Body System/Preferred Term
Gastrointestinal disorders
Nausea
General disorders and administration site conditions
Fatigue
Infections and infestations
Conjunctivitis
Nasopharyngitis
Vulvovaginal candidiasis
Injury, poisoning and procedural complications
Accidental overdose
Post lumbar puncture syndrome
Musculoskeletal and connective tissue disorders
Neck pain
Neoplasms benign, malignant and unspecified (incl cysta and polyps)
Bladder cancer
Nervous system disorders
Dementia Alzheimer’s type
Dizziness
Headache
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4
1 (25.0)
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1 (25.0)
0
0
0

Caucasian
Preclinical AD
JNJ-54861911
Placebo
10 mg
50 mg
Total
5
6
11
10
1 (20.0%) 2 (33.3) 3 (27.3) 3 (30.0)
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
1 (16.7)
1 (16.7)
0
0
0
0
1 (16.7)
0
1 (16.7)
0
0
0
0
0
0
0
0

1 (9.1)
1 (9.1)

1 (9.1)
1 (9.1)

0

0
0
0
0
1 (10.0)
1 (10.0)
1 (10.0)
0
0
0
0
0
1 (10.0)
1 (10.0)
1 (10.0)
0
1 (10.0)
0

MCI due to AD
JNJ-54861911
10 mg
50 mg
Total
10
10
20
2 (20.0) 6 (60.0) 8 (40.0)
0
0
0
0
0
0
0
0
2 (20.0)
1 (10.0)
2 (20.0)
0
0
0
0
0
0
0
0

1 (10.0)
1 (10⋅0)
0
0
1 (10.0)
0
0
1 (10.0)
2 (20.0)
1 (10.0)
1 (10.0)
1 (10.0)
1 (10.0)
0
0
2 (20.0)
1 (10.0)
0
1 (10.0)

1 (5.0)
1 (5.0)
0
0
1 (5.0)
0
0
1 (5.0)
4 (20.0)
2 (10.0)
3 (15.0)
1 (5.0)
1 (5.0)
0
0
2 (10.0)
1 (5.0)
0
1 (5.0)

Caucasian
Preclinical AD
MCI due to AD
JNJ-54861911
JNJ-54861911
Placebo
Placebo
10 mg
50 mg
Total
10 mg
50 mg
Total
Somnolence
1 (25.0)
0
0
0
0
0
0
0
Syncope
0
0
0
1 (10.0)
0
0
0
Psychiatric disorders
0
0
1 (16.7)
1 (9.1)
0
0
2 (20.0) 2 (10.0)
Anxiety
0
0
0
0
0
1 (10.0)
1 (5.0)
Depressed mood
0
0
0
0
0
1 (10.0)
1 (5.0)
Insomnia
0
0
1 (16.7)
1 (9.1)
0
0
0
0
Irritability
0
0
0
0
0
1 (10.0)
1 (5.0)
Renal and urinary disorders
0
0
0
0
0
1 (10.0)
1 (5.0)
Renal colic
0
0
0
0
0
1 (10.0)
1 (5.0)
Reproductive system and breast disorders
0
0
0
0
0
1 (10.0)
1 (5.0)
Vulvovaginal pruritus
0
0
0
0
0
1 (10.0)
1 (5.0)
Skin and subcutaneous tissue disorders
0
0
1 (16.7)
1 (9.1)
0
0
2 (20.0) 2 (10.0)
Dermatitis allergic
0
0
0
0
0
1 (10.0)
1 (5.0)
Eczema vesicular
0
0
0
0
0
1 (10.0)
1 (5.0)
Psoriasis
0
0
1 (16.7)
1 (9.1)
0
0
0
0
Urticaria
0
0
1 (16.7)
1 (9.1)
0
0
0
0
Vascular disorders
0
1 (20.0)
0
1 (9.1)
0
0
0
0
Hypertension
0
1 (20.0)
0
1 (9.1)
0
0
0
0
Note: Incidence is based on the number of subjects experiencing at least one event, not the number of events. Adverse events are coded using Medical Dictionary for
Regulatory Activities (MedDRA) 17.0. AD=Alzheimer's disease; AE=adverse events; MCI = mild cognitive impairment; TEAE = treatment emergent adverse event
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Vital Signs
ECG

CDR ≤0.5

Clinical Labs,
etc.

CDR-J = 0

No evidence of
brain disease
other than AD

Positive AD CSF
biomarker pattern
OR Positive
Amyloid PET
Scan

Supplemental Figure S6.1. Four step screening process targeting biomarker positive
patients either preclinical AD (CDR=0) or MCI due to AD (CDR=0.5). AD = Alzheimer’s
disease; CDR = clinical dementia rating; CDR-J = CDR Japanese version; CSF = cerebrospinal
fluid; ECG = electrocardiogram; MRI = magnetic resonance imaging; PET = positron emission
tomography.

Supplemental Figure S6.2.Schematic of atabecestat (JNJ-54861911) population PK model
and PK/PD model of CSF Aβ1-40. The plasma PK of JNJ-54861911 was described by a 2compartment model with linear absorption and clearance from the central (plasma) compartment,
with distribution to a hypothetical peripheral compartment. Plasma PK is assumed to drive CSF
Aβ1-40 reduction as a result of BACE inhibition. kin: zero-order Aβ1-40 synthesis rate. kout = firstorder Aβ1-40 elimination rate constant. IC50 = plasma JNJ-54861911 concentration associated to
50% inhibition of Aβ1-40 synthesis. (Aβ = amyloid-β; CSF = cerebrospinal fluid; PD =
pharmacodynamic; PK = pharmacokinetic)
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Screened for Eligibility
Caucasian (ALZ1005, N=432)
Japanese (ALZ1008, N=233)

Biomarker Screening
Caucasian (N=112)
Japanese (N=126)

Total Screen Failures:
Caucasian (ALZ1005)
• Not meeting inclusion criteria
(n=384)
Japanese (ALZ1008)
• Not meeting inclusion criteria
(n=213)

Eligible for Enrollment
Caucasian (N=48)
Japanese (N=20)

Randomized
Caucasian (N=45)
MCI due to AD (n=30)
Preclinical AD (n=15)
Japanese Preclinical AD
(N=18)

Not Randomized
Caucasian (n=3)
Japanese (n=2)

JNJ-54861911
50 mg qd
Caucasian MCI due to AD (n=10);
Preclinical AD (n=6)

JNJ-54861911
10 mg qd
Caucasian MCI due to AD (n=10);
Preclinical AD (n=5)

Placebo
Caucasian MCI due to AD (n=10);
Preclinical AD (n=4)

Completed (100%)
Caucasian MCI due to AD (n=10);
Preclinical AD (n=6)
Japanese Preclinical AD (n=6)

Completed (100%)
Caucasian MCI due to AD (n=10);
Preclinical AD (n=5)
Japanese Preclinical AD (n=6)

Completed (100%)
Caucasian MCI due to AD (n=10);
Preclinical AD (n=4)
Japanese Preclinical AD (n=6)

Supplemental Figure S6.3 Consolidated Standards of Reporting Trials (CONSORT)
diagram. AD = Alzheimer’s disease; MCI = mild cognitive impairment; qd = once daily
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A Caucasians with early AD

B Japanese preclinical AD

Supplemental Figure S6.4. Percent changes from baseline in CSF Aβ fragments (Aβ1-37,
Aβ1-38, Aβ1-40, Aβ1-42) levels at Day 28 for Caucasian (A) and Japanese (B) patients across
atabecestat (JNJ-54861911) dose groups. (Aβ = amyloid-β AD = Alzheimer’s disease; CSF
= cerebrospinal fluid)
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A Caucasians with early AD

B Japanese preclinical AD

Supplemental Figure S6.5. Percent changes from baseline in CSF total APP level, and
sAPPα, and sAPPβ fragments at Day 28 for Caucasian (A) and Japanese (B) patients across
atabecestat (JNJ-54861911) dose groups. (AD = Alzheimer’s disease; CSF = cerebrospinal
fluid; sAPP = soluble amyloid precursor protein)
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Supplemental Figure S6.6. Percent changes from baseline in CSF BACE protein level at
Day 28 for Caucasian patients with early AD across atabecestat (JNJ-54861911) dose
groups

Supplemental Figure S6.7. Scatterplot of CSF Aβ1-40 reduction versus CSF concentration of
atabecestat (JNJ-54861911) after administration of 10 and 50 mg doses in Japanese
preclinical AD (Day 28, Study ALZ1008). Note: one subject in the JNJ-54861911 10 mg group
had CSF Aβ1-40 at Day 28 that was below the LLOQ, hence a value corresponding to 2x LLOQ
(9.14 pg/mL) was used to calculate the resulting 99.9% reduction from the subject’s baseline
value (12,922 pg/mL). (Aβ = amyloid-β; AD = Alzheimer’s disease; BACE = β-site amyloid
precursor protein cleaving enzyme; CSF = cerebrospinal fluid; LLOQ = lower limit of assay
quantification)
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7 Relevance of tau and amyloid pathology
interaction for cognitive impairment in early
Alzheimer’s disease
Timmers M, Tesseur I, Bogert J, Zetterberg H, Blennow K, Börjesson-Hanson A,
Baquero M, Boada M, Randolph C, Tritsmans L, Van Nueten L, Engelborghs S &
Streffer J

To be submitted
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7.1 Abstract
Background: The amyloid cascade hypothesis considers Aβ the key initiator of AD
inducing a cascade of downstream events including the induction of tauopathy, where
tau is believed to drive the neurodegeneration and cognitive decline in AD. A potential
interplay between both hallmark features would possibly shift the amyloid cascade
hypothesis towards an interaction model at the beginning of the AD continuum.
Methods: By cross sectional analysis we examined the interplay of Aβ and tau
pathology, measured by CSF biomarkers (Aβ1-42, t-tau and p-tau181P), on cognitive
performance,

measured

by

the

repeatable

battery

for

the

assessment

of

neuropsychological status (RBANS). We analyzed this in the early AD continuum
(n=246), including cognitively normal (n=69; CDR=0), and participants with mild
cognitive impairment (with normal CSF Aβ levels; n=38, CDR=0.5), preclinical AD
(n=33; CDR=0) and prodromal AD (pAD; n=106; CDR 0.5).
Results: In the overall group, cognitive impairment (RBANS Total Scale score) had a
moderate negative correlation to t-tau (n=246; r=−0.434; p<0.001) and p-tau181P
(r=−0.389; p<0.001). Reclassifying participants by Aβ status revealed this correlation to
t-tau was applicable only in the Aβ+ participants (n=139; r=−0.451, p<0.001) but not in
the Aβ− participants (n=107; r=0.137, p=0.16), with identical findings for p-tau. The
individual RBANS index scores in the Aβ+ participants showed similar observations
with the strongest negative correlation to t-tau for the attention index (n=139; r=−0.438,
p<0.001) and delayed memory index (n=139; r=−0.431, p<0.001). Identical findings
were observed for p-tau181P (n=139; Attention Index: r= −0.410, p<0.001; Delayed
memory index: r= −0.406, p<0.001).
Conclusions: Across the early stages of AD, cognitive/memory performance correlates
well with tau pathology as measured by CSF tau levels. However, the correlation
observed is Aβ pathology-dependent, indicating the importance of the interplay between
both hallmark features of the disease.
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7.2 Background
The hallmark pathological changes of AD, Aβ plaques and tau NFTs, are known to start
accumulating years before the onset of clinical symptoms [3, 5, 35, 38], with a putative
sequence of Aβ events preceding tau. With the molecular definition of the disease [93],
the progressing clinical disorder of AD is considered a continuum with a seamless
sequence of events from healthy elderly individuals with positive biomarker signature
and impairments gradually increasing over time to progress from milder stages of
cognitive deficits to functional impairment and dementia [37, 82, 84]. This was enabled
by advances in CSF and imaging biomarkers such as Aβ and tau to move from a
clinically defined late stage disease to a biological definition starting early, including a
set of new criteria for AD to define the earliest stages in the AD continuum, i.e.,
cognitively normal individuals with an abnormal AD biomarker pattern, being
preclinical AD [3, 6, 106, 187, 188].
The amyloid cascade hypothesis brings forward the deposition of Aβ as a result of
increased production and/or decreased clearance of Aβ from the central nervous system,
as the initial pathological trigger in the disease continuum, interacting with the
microtubule binding protein tau forming NFT leading to widespread neuronal
degeneration and dysfunction, cognitive decline and dementia [13, 14]. Genetic evidence
from rare familial forms of AD as well as mutations in APP and presenilins 1 (PSEN1)
and 2 (PSEN2) genes support the accumulation of Aβ as the causative factor for AD [1820].
While genetic evidence points towards Aβ as the initiator of pathology, the eventual
clinical syndrome appears to be more closely related to the progression of the tau
pathology. The rate of cognitive impairment in AD and neuronal loss however strongly
correlate spatially and temporally with the total tau burden and NFT formation [29-32].
While Aβ pathology spreads inwards starting from the cortex, progression of tauopathy
in AD topographically disconnects and goes in the opposite direction [75, 76]. In animal
models, both Aβ and tau have shown self-propagation capabilities [189, 190], but
whether this occurs in humans is not known. Extracellular p-tau seeds are known to
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induce tauopathy in neurons, supporting the hypothesis that tauopathy can spread in a
prion-like fashion between neurons, a cascade that could potentially be initiated or
accelerated by Aβ pathology [78]. Despite the prominent correlation of NFTs with
cognitive impairment in AD, mutations in tau, however, are not causative for AD, but
may result in dementia, without an AD clinical or neuropathological phenotype [191].
In support of the amyloid cascade hypothesis, increasing preclinical evidence supports a
possible interplay between Aβ and tau, whereby Aβ may exert its toxicity through tau
by influencing or inducing the hyperphosphorylation, misfolding and secretion of tau
[26-28, 81] and tau may further enhance Aβ toxicity via a feedback loop [192, 193]. In
addition, preclinical data demonstrates that tau is required for learning and memory
deficits in the presence of Aβ [194]. Aβ is being proposed as the trigger to AD, which
may induce the cascade of downstream events including tauopathy, and tau as the bullet,
driving the neurodegeneration and cognitive deficits [27]. This potential interplay would
shift the amyloid cascade hypothesis towards an interaction model at the start of the AD
continuum, hypothesizing that the relation of tau pathology to cognitive performance is
dependent on Aβ pathology.
We investigated the interaction of Aβ and tau pathology, measured by means of CSF
biomarkers (Aβ1-42, t-tau and p-tau181P), on cognitive performance as a clinical marker in
normal participants and those in the earliest stages of the AD continuum defined as
preclinical AD and prodromal AD (pAD).

7.3 Methods
7.3.1

Study population

Participants screened from two separate clinical trials in early AD (study 1:
NCT01978548 [195]; study 2: NCT02260674) were included in this study. Both studies
were conducted in sites across Europe in Caucasian participants between December 2013
and June 2016. The study protocols and amendments were approved by an independent
ethics committee or institutional review board, as appropriate, for each site. All studies

178

were conducted in compliance with the Declaration of Helsinki, consistent with Good
Clinical Practices and applicable regulatory requirements. Written informed consent was
obtained from all participants before enrolment.
7.3.1.1

Study Participants

A total of 256 participants (Study 1: n=112; Study 2: n=144), aged 50 to 90 years
inclusive, who completed a standardized 4-step screening process for either studies to
assess their eligibility according to predefined inclusion and exclusion criteria, were
included in this study. The screening process consisted of stepwise assessments over
maximum 56 days of general health (Step I), cognitive status (Clinical Dementia Rating
Scale [CDR]; Step II), cerebral MRI scan (Step III) and evidence of Aβ deposition by
low CSF Aβ1-42 level (concentration below cut-off value of 600 ng/L; Step IV) (see
Section 7.8 Supplemental data and Supplemental Figure S7.2)[196]. During either Step
II (study 1) or Step IV (study 2), a MMSE and RBANS was performed to serve as a
cognitive impairment test. The RBANS was performed twice by participants to assess
test-retest reliability. In general, participants were excluded in case their CDR score was
>0.5. However, 2 participants included, were classified clinically as pAD, as
investigators did not feel they were qualifying clinically as dementia given participants
had no functional deficits, despite a CDR score of 1. Participants who were clinically
diagnosed with dementia were excluded.
From the 256 participants who completed the standardized 4-step screening process, a
total of 10 participants were further excluded from final analysis, due to incorrect,
incomplete or missing RBANS data recorded (n=7), missing p-tau181P data (n=1) or no
CDR data (n=2) available, bringing the total of evaluable participants to 246.
7.3.2
7.3.2.1

Assessments
Mini-Mental State Examination (MMSE)

The MMSE [197] was used as a tool to screen dementia and follow-up longitudinally on
cognitive changes over time. The MMSE rates participants on orientation, registration,
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attention, calculation, recall, and language. The maximum score is 30, and the lower the
score, the greater the impairment.
7.3.2.2

Clinical Dementia Rating Scale (CDR)

The CDR, a semi-structured interview of patients and informants, was used to measure
disease progression [198]. The CDR demonstrates good reliability [199] and has been
validated against neuropathological findings [200]. The CDR assesses participant’s level
of functional impairment in three domains of cognition (memory, orientation,
judgment/problem solving) and three domains of function (community affairs,
home/hobbies, personal care). Each domain is rated on a 5-point scale of functioning as
follows: 0, no impairment; 0.5, questionable impairment; 1, mild impairment; 2,
moderate impairment; and 3, severe impairment; the exception is personal care which is
scored on a 4-point scale without a 0.5 rating available). An algorithm is used for
integrating the information obtained into an overall score, i.e. “CDR Global” score
ranging from 0 to 3 with 0 having no dementia and 3 having severe dementia.
7.3.2.3

Repeatable Battery for the Assessment of Neuropsychological Status
(RBANS)

The RBANS [182] was performed twice by participants during screening (FORM A and
FORM B) to explore test-retest reliability. For the purpose of this study, the first
completion of the RBANS (either FORM A or B) was included in the analysis. The
RBANS battery includes 12 subtests that measure 5 indices; the Digit Span and Coding
subtests measure Attention, the Picture Naming and Semantic Fluency subtests measure
Language,

the

Figure

Copy

and

Line

Orientation

subtests

measure

Visuospatial/Construction, List Learning and Store Memory subtests measure
Immediate Memory, and List Recall, List Recognition, Store Memory and Figure Recall
measure Delayed Memory.
The RBANS has demonstrated adequate reliability and validity [181] with good
diagnostic accuracy of AD dementia [201] and MCI probably due to AD [184], and is
predictive of functional capacity in patients with AD [202].
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7.3.3

CSF collection and analysis of CSF Aβ1-42, p-tau181p and t-tau levels

All participants had a baseline CSF sample (12 mL) collected during screening by single
LP between the L3 and L4 or L4 and L5 intervertebral space. CSF samples were
collected in polypropylene tubes to avoid adsorbance of proteins to test tube walls. CSF
samples were mixed to avoid possible gradient effects, aliquoted, frozen and stored at 80°C immediately after collection. All samples analyzed in this study had at most 1
freeze-thaw cycle.
CSF samples were analyzed at one central lab (Sahlgrenska University Hospital,
Sweden) for Aβ1-42, p-tau181P and t-tau concentrations using INNOTEST® βAMYLOID1-42, INNOTEST® Phospho-TAU181, and INNOTEST® hTAU Ag
(Fujirebio, Ghent, Belgium)[109, 196], following stringent protocols for quality control
of analyses. Diagnostic threshold CSF concentrations for AD versus normal control for
Aβ1–42 (CSF Aβ1-42 levels below cut-off value of 600 ng/L) were applied to the current
sample set to assess the likelihood of having cerebral Aβ plaque deposition (A+) [109,
196]. In addition, cerebral tau pathology (T+) was assessed based on elevated CSF t-tau
(>350 ng/L) and/or p-tau181p levels (>70 ng/L) respectively as set by the analysis lab at
the start of Studies 1 and 2 [196].
7.3.4

Statistical analyses

Statistical analyses were performed using SAS Software version 9.4 (SAS Institute). For
categorical data, differences across groups were analyzed using Fisher’s Exact test. For
numerical data when there were no clear departures from a normal distribution (age,
height, weight, and BMI), balance across groups was evaluated with an F test and
pairwise group comparisons were analyzed by Student’s t-test (equal variances) or
Satterthwaite test (unequal variances). Nonparametric statistics [203] were used for
skewed or truncated data (Aβ1-42, t-tau, p-tau181P, RBANS, and MMSE). Balance across
groups was evaluated with a Kruskal-Wallis test. For pairwise comparisons, HodgesLehmann estimates for median differences between groups were calculated. Confidence
intervals (CIs) and nominal p-values for the pairwise differences between groups were
based on the Wilcoxon Rank Sum test. The choice of parametric versus nonparametric
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methods was driven by normality versus non-normality of data distributions. Spearman
correlation coefficients were calculated to evaluate the strength of association between
RBANS indexes and tau (t-tau and p-tau181P).
7.3.5

Availability of data and materials

The data sharing policy of Janssen Research and Development, LLC is available at
yoda.yale.edu. Requests for access to the study data can be submitted through that site.

7.4 Results
7.4.1

Demographic, biomarker and cognitive characteristics

Two paradigms were used to classify participants as depicted in Figure 7.1.
1. Biomarker CSF Aβ1-42 and cognitive status (CDR).
Participants were identified as “preclinical AD” (CDR=0 and Aβ pathology [A+] n= 33),
prodromal AD (pAD; CDR ≥ 0.5 but no dementia; CDR=0.5 [n=104] and 1.0 [n=2],
together with Aβ pathology [A+], n=106), “mild cognitive impairment” (MCI; CDR=0.5
and normal Aβ levels [A−](≥600 ng/L) , n=38) or “Control” (CDR=0 and normal Aβ
levels [A−], n=69).
2. Biomarker status alone independent of clinical stage. i.e., by Aβ (A-/A+) and tau (T/T+) status.
Participants were considered T+ if t-tau and/or p-tau181P were above the pre-defined cutoff. All participants positive for p-tau181P were positive for t-tau given the strong
correlation between both markers independent of Aβ status (A− : r= 0.95, p<0.001; A+
: r=0.95, p<0.001; Supplemental Figure S7.1). Overall, n=70 were A−/T−, n=37 were
A−/T+, n=23 were A+/T−, and n=116 were A+/T+.
For both classifications, the demographic, cognitive (RBANS, CDR, MMSE) and
biomarker characteristics (Aβ1-42, p-tau181p, t-tau) are summarized in Table 7.1 and
Table 7.2. The distribution of the overall population enrolled based on their Aβ and tau
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biomarker profiles is shown in Figure 7.2 (Figure 7.2A: Aβ and p-tau181P; Figure 7.2B:
Aβ and t-tau). Gender distribution was equal across groups independent of classification
used (cognitive and biomarker [control, MCI, preclinical AD, pAD] or biomarker only
[A−/T−, A−/T+, A+/T−, A+/T+]). Participants classified as pAD and A+/T+ had a lower
weight and BMI and participants classified as A−/T− were younger.
7.4.1.1

Prodromal AD, preclinical AD, control and MCI (with normal CSF Aβ
levels) groups

No differences in CSF Aβ1-42 levels were observed amongst Aβ+ groups (pAD vs
preclinical AD) or amongst Aβ− groups (MCI vs control). Tau levels (t-tau; p-tau181P;
median [range]) were significantly increased in both pAD (644.5 ng/L [161;1780], vs
control and MCI p<0.001; 86.5 ng/L [29;197], vs control and MCI p<0.001) and
preclinical AD (404 ng/L [118;1050], vs control p<0.05, vs MCI p<0.01; 59 ng/L
[23;128], vs control p<0.05, vs MCI p<0.01) compared with the control (324 ng/L
[152;742]; 50 ng/L [25;116]) and MCI groups (300 ng/L [100;661]; 46 ng/L [20;103]).
No differences in CSF tau (t-tau or p-tau181P) levels were observed between the control
and MCI (with normal CSF Aβ levels) group (Table 7.1). The pAD group showed
significantly increased tau levels compared with the preclinical AD group (p<0.001 for
both t-tau and p-tau181P)(Table 7.1).
Overall, pAD participants presented with a lower global MMSE score (median [range]:
26 [14;30], p<0.001), a lower RBANS Total Scale score (median [range]: 74 [47;124],
p<0.001; Table 7.1, Figure 7.3A) and significant impairment on all RBANS index
scores (Supplemental Table S7.1; p<0.001) compared with the control and preclinical
AD groups, and for most of the RBANS index scores compared with the MCI group.
The pAD participants showed highest impairment (lowest score) on the Delayed
Memory Index followed by the Attention Index, Immediate Memory Index, Language
Index and Visuospatial Index.
The preclinical AD group showed a normal cognitive profile on the RBANS Total Scale
and Index scores (Table 7.1, Figure 7.3A, Supplemental Table S7.1), while the MCI
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group had a significantly (p<0.001) lower RBANS Total Scale score (Table 7.1; Figure
7.3A) and index scores (Supplemental Table S7.1) compared with the preclinical AD
and control group. The MCI group showed the highest impairment on the Attention
Index, followed by Delayed Memory, Immediate Memory, Language, and Visuospatial
Index.
7.4.1.2

Aβ-/Tau-, Aβ-/Tau+, Aβ+/Tau-, Aβ+/Tau+ groups

High tau values (p-tau181P and t-tau) were observed only in the A+ participants.
Significantly (p<0.001) higher t-tau and p-tau181P levels (median [range]) were observed
in the A+/T+ group (637 ng/L [354; 1780]; 85 ng/L [49; 197]) compared with the A−/T+
group (458 ng/L [353; 742]; 69 ng/L [46; 116]; Table 7.2). Aβ levels (median [range])
did not differ between the A+/T+ (381 ng/L [159;587]) and A+/T− (421 ng/L [259;590])
group. Slightly higher levels of Aβ (median [range]) were observed in the A-/T+ (903
ng/L [607;1580]) vs the A-/T- (790 ng/L [600;1180]) group (p<0.001). Participants
characterized as A−/T+ are considered participants with Suspected Non-Alzheimer
Pathophysiology (SNAP) (Figure 7.2A and Figure 7.2B).
The A+/T+ participants presented with a significantly lower MMSE (26 [14;30],
p<0.001) (Table 7.2), RBANS Total Scale score (76 [47;135], p<0.001; Table 7.2 and
Figure 7.3B) and RBANS Index scores (except visuospatial index) compared with all
the other groups (p<0.001; Supplemental Table S7.2). The highest impairment (lowest
score) was observed on Delayed Memory index, followed by Attention, Immediate
Memory, Language Index, and Visuospatial Index (no significant difference with the
A+/T− group; Supplemental Table S7.2) The A+/T−, A−/T+ or A−/T− group did not
differ from each other based on the RBANS Total Scale score or RBANS Index scores.
7.4.2

Correlation between tau pathology (t-tau and p-tau181P) and cognitive
impairment (RBANS)

In the overall group, the RBANS Total Scale score showed a moderate negative
correlation to t-tau (n=246; r=−0.434; p<0.001; Figure 7.4A and Table 7.3) and p-tau181P
(n=246; r=−0.389; p<0.001 [Table 7.3]). However, when classified by Aβ pathology,
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the RBANS Total Scale score showed a moderate negative correlation to t-tau in the
Aβ+ participants (n=139; r=−0.451, p<0.001) and not in the Aβ- participants (n=107;
r=0.137, p=0.16) (Figure 7.4B). The individual RBANS index scores (Table 7.3)
showed similar observations with only significant negative correlations with t-tau levels
in the Aβ+ group and not in the Aβ− group with the strongest negative correlation
observed in the Aβ+ group for the attention index (r=−0.438, p<0.001) and delayed
memory index (r=−0.431, p<0.001), followed by the immediate memory index
(r=−0.327, p<0.001), language (r=−0.261, p<0.01) and visuospatial index (r=−0.254,
p<0.01). Similar findings were observed for p-tau181P (Table 7.3).

7.5 Discussion
We examined the role of tau pathology and its possible interplay with Aβ pathology,
measured by means of CSF biomarkers (Aβ1-42, t-tau and p-tau181P), on cognitive
performance (RBANS) as a clinical marker in participants in the early AD continuum
ranging from normal participants (A-, CDR 0) to preclinical AD (A+, CDR 0) and
prodromal AD (A+, CDR 0.5). The original screening paradigm allowed the
classification of participants based on their clinical function and evidence of Aβ
pathology (based on CSF Aβ1-42 levels) along the early stages of the AD continuum. In
addition, across the early AD continuum CSF Aβ levels were shown to plateau while tau
levels steadily increased in the early stages of the AD continuum and as such with
increased

cognitive

impairment.

In

the current

study,

the

correlation

of

cognitive/memory impairment, as measured by the RBANS, with CSF tau was
dependent on Aβ pathology, indicating the importance of the interplay between both
hallmark features of the disease.
Earlier publications have suggested that tau correlates with and is predictive of clinical
function and cognitive impairment [204]. In the current study, clinical function as
measured by CDR, aligned with cognitive performance as measured by the RBANS
[205]. The pAD group presented an RBANS Total Scale score and RBANS Index scores
in line with AD pathology [182], while the preclinical AD group presented a normal
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cognitive profile based on the RBANS, confirming the usability of the RBANS as a
cognitive screening tool in AD [201].
CSF tau levels (t-tau and p-tau181P) increased across stages in the early AD continuum
(preclinical and pAD) with the pAD group showing the highest tau levels, while no
further decline was observed in CSF Aβ levels across early AD stages, suggesting that
CSF Aβ levels may plateau early while CSF tau levels further increase and may drive
cognitive decline [206, 207]. High CSF levels of t-tau and p-tau181P have been associated
with a distinct cognitive profile with more severe impairment of memory and mental
speed, and executive functions, not explained by disease severity [208]. In contrast, the
amount of Aβ accumulation or its removal by immunotherapy has been shown not to
correlate with cognitive performance [178, 209]. In addition, substantial Aβ deposition
may as well occur without affecting cognitive performance overall [210]. Based on the
above, Aβ pathology is suggested to be an early marker of incident disease.
The observation of elevated CSF tau levels already in the preclinical AD stage is in line
with previous studies [106, 211-213], similar as to further elevated CSF tau levels along
to early AD continuum [206, 212, 214]. However, this finding is not observed in some
studies [215]. The CSF tau elevations may indicate that the preclinical and pAD groups
are already in a state of neuronal injury/degeneration. CSF Aβ levels did not significantly
differ between A+ populations, despite the fact that pAD participants presumably have
more accumulated brain Aβ pathology compared to preclinical AD participants. CSF Aβ
and Aβ PET measures do not change precisely in parallel as they measure different
aspects of the AD amyloid pathology [216]. CSF Aβ significantly decreases early in
preclinical AD and then remains rather stable, whereas the Aβ PET signal would
continuously increase in the non-demented AD stages, lowering again in the
symptomatic stage of the disease [217]. In contrast to the pAD group, the MCI (with
normal CSF Aβ levels, CDR 0.5) group presented with a less severe and slightly distinct
cognitive profile from the pAD group. The overall MCI (without Aβ pathology) group
presented normal CSF tau levels indicating that the cognitive impairment may have
another etiology than AD.
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When classifying participants solely based on their CSF biomarker profile (CSF Aβ and
tau levels), it became apparent that CSF Aβ or tau pathology alone did not result in
significant cognitive changes compared with the participants having no pathology at all
[218], indicating that elevated CSF tau levels are required for learning and memory
deficits in the presence of Aβ pathology in AD [194, 219]. While T+ participants were
observed in both A+ and A- groups, high CSF tau levels were only observed in
participants with Aβ pathology, suggesting that Aβ pathology may further drive or
advance tau pathology resulting in synergistic rather than additive effects [218]. Recent
in vivo labelling data suggest that neurons may respond to Aβ pathology by increasing
their secretion of both total and phosphorylated tau [220]. Such neurons may be at
increased risk of developing tangles and eventually degenerate, but this may be
downstream of the tau dysmetabolism that the biomarkers reflect.
In the current analysis, cognitive/memory performance correlated with tau pathology as
measured by CSF tau levels (t-tau and p-tau181P) in the early stages of the AD continuum
[221]. However, the correlation observed is Aβ dependent and only present in the Aβ
positive group. This correlation with CSF tau levels (t-tau and p-tau181P) was also
observed for all relevant RBANS subdomains, Delayed Memory, Attention and
Immediate Memory on the background of Aβ. A recent meta-analysis of preclinical data
in transgenic mice further supports a primary role for tau in cognitive decline in
preclinical AD, while Aβ may rather play an indirect role in the development of NFT
[222]. In contrast, other groups have observed the opposite, showing a correlation of
cognitive impairment with Aβ on the backbone of tau in preclinical AD and MCI [219,
223].
The data presented in our study are suggestive of an interaction of Aβ and tau pathology
in relation to cognitive impairment/decline (RBANS) in AD. Both are required to induce
the impairment while tau pathology is driving the level of impairment. Supportive hereof
is that widespread cortical tau pathology (Braak stage ≥3) has commonly been observed
in patients with Aβ plaques, although not in the patients without plaques, supporting the
hypothesis that Aβ aggregation is required for the appearance of high cortical tau
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pathology [224-226]. In addition, significant interactions between CSF Aβ and CSF ptau levels have been shown to affect brain structure (MRI) only in preclinical AD
patients positive for both CSF Aβ and tau. This interaction is suggestive of a 2-phase
phenomenon of pathological cortical thickening associated with low Aβ, followed by
atrophy and cognitive decline associated with abnormal (high) CSF p-tau levels [227].
Recent nonclinical studies have highlighted several possible pathways by which Aβ
could directly and indirectly influence the levels of tau, induce hyperphosphorylation of
tau and the formation of neurofibrillary tangles [81, 192]. In in vitro and in vivo
(transgenic mice) models, inhibition of Aβ production by beta and gamma secretases
elicits Aβ aggregation and subsequent tau pathology (incl. CSF tau) suggesting tau to be
downstream effect of Aβ pathology [228, 229], hence preventing Aβ aggregation may
directly affect tau pathology. On the other hand, both Aβ and tau have shown selfpropagation capabilities in animal models [189]. Extracellular p-tau seeds can induce
tauopathy in neurons, supporting the hypothesis that tauopathy can spread in a prion-like
fashion between neurons, a cascade that could be potentially initiated or accelerated by
Aβ pathology [78, 230]. In such a case, optimal treatment to prevent cognitive
decline/impairment should ideally start prior to tau reaching pathological (high) levels
in CSF or before reaching levels associated with cognitive decline, hence in preclinical
AD stage 1 or 2 [3], highlighting the importance for the inclusion of biomarkers in the
diagnosis of preclinical AD. Current ongoing studies in preclinical AD targeting Aβ
(e.g., BACE inhibitor studies) will provide further insight into this possible interaction
between Aβ and tau and the ability to prevent cognitive decline and increases in tau
pathology by Aβ inhibition.
As all participants were screened in light of an AD clinical trial, the population included
may not be representative for the overall continuum as some subjects may have presented
with subjective memory complaints. However, data presented clearly demonstrated that
based on the screening paradigm applied, different population groups could be identified
from normal controls to preclinical AD and prodromal AD and even MCI (with normal
CSF Aβ levels). Secondly, this study only reports cross-sectional data, and longitudinal
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data further supporting the hypothesis that tau pathology correlates to cognitive decline
on the backbone of Aβ (CSF) is needed. Furthermore, although similar correlations
between CSF tau and cognitive impairment have been reported before, opposite results
have been reported as well, still describing an interaction between Aβ and tau in the
opposite direction. These differences may be explained by the application of different
cognitive measures. Where most studies opted for the classical clinical and cognitive
measures such as MMSE, CDR and ADAS-cog, we applied next to the CDR and MMSE,
for the RBANS as a sensitive and specific measure for cognitive function, currently
applied in several multicentre trials in AD, which may clarify some of the differences
observed.

7.6 Conclusion
Across the early stages of the AD continuum cognitive/memory performance correlated
well with tau pathology/dysmetabolism as measured by CSF tau levels. However, the
correlation observed is Aβ-dependent and only present in the Aβ-positive group
indicating the importance of the interplay between both neuropathological hallmarks of
AD.

189

7.7 Tables and figures
Table 7.1. Demographics and biomarker summary by CDR and Aβ (A+ or A−) Status

Demographics
Sex, n (%)
Women, n (%)
Age, years
Mean (SD)
Age Group, n (%)
< 65
≥65 - < 75
≥ 75
Race, n (%)
White
Black or African American
Other
Weight, kg
Mean (SD)
Height, cm
Mean (SD)
BMI, kg/m2
Mean (SD)
MMSE Total Score
Mean (SD)
Median (Range)
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Control
(CDR=0; A−)
N=69

Preclinical AD
(CDR=0; A+)
N=33

MCI
(CDR≥0.5; A−)
N=38

Prodromal AD
(CDR≥0.5; A+)
N=106

Total
N=246

37 (53.6)

14 (42.4)

19 (50)

57 (53.8)

127 (51.6)

67.9 (5.62)

69.8 (5.54)

67.0 (6.77)

69.3 (7.08)

68.6 (6.49)

18 (26.1)
44 (63.8)
7 (10.1)

7 (21.2)
17 (51.5)
9 (27.3)

12 (31.6)
22 (57.9)
4 (10.5)

26 (24.5)
52 (49.1)
28 (26.4)

63 (25.6)
135 (54.9)
48 (19.5)

68 (98.6)
1 (1.4)
0

33 (100)
0
0

38 (100)
0
0

103 (97.2)
0
3 (2.8)

242 (98.4)
1 (0.4)
3 (1.2)

74.1 (14.28)

72.9 (11.86)

75.3 (16.69)

68.7 (12.26)a

71.8 (13.88)*

168.5 (9.87)

168.5 (9.43)

166.1 (11.24)

166.2 (10.16)

167.1 (10.08)

26.0 (3.74)

25.6 (3.25)

27.2 (4.83)

24.8 (3.32)b

25.6 (3.84)**

28.3 (1.49)
29 (24; 30)

28.3 (1.80)
29 (21; 30)

27.3 (2.76)
28 (19; 30)

25.3 (3.24)
26 (14; 30)c

26.8 (2.95)
28 (14; 30)***

APOE ε4 Carrier, n (%)
Yes
Missing/Unknown
CDR Global Score, n (%)
0
≥0.5
RBANS Total Score
Mean (SD)
Median (Range)
Biomarkers
Aβ 1-42 (Innotest), ng/L
Mean (SD)
Median (Range)
<600 ng/L, n (%)
t-tau, ng/L
Mean (SD)
Median (Range)
>350 ng/L, n (%)
p-tau181P, ng/L
Mean (SD)
Median (Range)
>70 ng/L, n (%)

Control
(CDR=0; A−)
N=69

Preclinical AD
(CDR=0; A+)
N=33

MCI
(CDR≥0.5; A−)
N=38

Prodromal AD
(CDR≥0.5; A+)
N=106

Total
N=246

0
69 (100)

17 (51.5)
5 (15.2)

0
38 (100)

58 (54.7)
10 (9.4)

75 (30.5)
122 (49.6)

69 (100)
0

33 (100)
0

0
38 (100)

0
106 (100)

102 (41.5)
144 (58.5)

102.0 (12.70)
102 (67; 136)

97.5 (17.37)
101 (57; 135)

84.4 (15.19)
87 (51; 114)d

73.5 (16.13)
74 (47; 124)c

86.4 (19.69)
87 (47; 136)***

860.9 (182.55)
860 (600; 1580)
0

416.5 (103.89)
395 (244; 590)e
33 (100)

840.4 (152.33)
815 (616; 1320)
0

390.8 (94.61)
384.5 (159; 586)e
106 (100)

595.6 (263.79)
526.5 (159; 1580)***
139 (56.5)

345.2 (135.65)
324 (152; 742)
26 (37.7)

427.9 (192.57)
404 (118; 1050)f
20 (60.6)

321.2 (137.53)
300 (100; 661)
11 (28.9)

730.9 (333.26)
644.5 (161; 1780)g
96 (90.6)

518.8 (309.06)
448 (100; 1780)***
153 (62.2)

53.4 (18.73)
50 (25; 116)
13 (18.8)

62.2 (21.89)
59 (23; 128)f
12 (36.4)

48.9 (8.43)
46 (20; 103)
4 (10.5)

90.0 (33.51)
86.5 (29; 197)g
76 (71.7)

69.7 (31.94)
64 (20; 197)***
105 (42.7)

Aβ = amyloid-β; AD = Alzheimer’s disease; APOE = gene encoding for apolipoprotein E; BMI = body mass index; CDR = clinical dementia rating; MCI = mild cognitive impairment; MMSE
= Mini-Mental State Examination; p-tau: phosphorylated tau; RBANS = Repeatable Battery for the Assessment of Neuropsychological Status; SD = standard deviation; t-tau = total tau. ***,
**, * indicates nominal p-value <0.001, <0.01, or <0.05, respectively, across groups. a nominal p-value <0.01 vs Control; <0.05 vs MCI. b nominal p-value <0.05 vs Control; <0.01 vs MCI. c
nominal p-value <0.001 vs Control, vs Preclinical AD and vs MCI. d nominal p-value <0.001 vs Control, vs Preclinical AD and vs Prodromal AD. e nominal p-value <0.001 vs Control and vs
MCI. f nominal p-value <0.05 vs Control; <0.01 vs MCI and <0.001 vs Prodromal AD. g nominal p-value < 0.001 vs Control, vs Preclinical AD and vs MCI.
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Table 7.2. Demographics and biomarker summary by Aβ (A+ or A−)/tau (T+ or T−) status
Aβ/tau Status

Demographics
Sex, n (%)
Women, n (%)
Age, years
Mean (SD)
Age Group, n (%)
< 65
≥65 − < 75
≥ 75
Race, n (%)
White
Black or African American
Other
Weight, kg
Mean (SD)
Height, cm
Mean (SD)
BMI, kg/m2
Mean (SD)
MMSE Total Score
Mean (SD)
Median (Range)
APOE ε4 Carrier, n (%)
Yes
No
Missing/Unknown
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Total
N=246

A−/T−
N=70

A−/T+
N=37

A+/T−
N=23

A+/T+
N=116

38 (54.3)

18 (48.6)

8 (34.8)

63 (54.3)

127 (51.6)

66.5 (5.90)a

69.6 (5.85)

68.6 (5.12)

69.6 (7.01)

68.6 (6.49)*

23 (32.9)
42 (60)
5 (7.1)

7 (18.9)
24 (64.9)
6 (16.2)

7 (30.4)
13 (56.5)
3 (13.0)

26 (22.4)
56 (48.3)
34 (29.3)

63 (25.6)
135 (54.9)
48 (19.5)

69 (98.6)
1 (1.4)
0

37 (100)
0
0

22 (95.7)
0
1 (4.3)

114 (98.3)
0
2 (1.7)

242 (98.4)
1 (0.4)
3 (1.2)

75.0 (16.45)

73.5 (12.37)

74.7 (10.34)

68.7 (12.40)b

71.8 (13.88)**

166.7 (10.56)

169.4 (9.99)

171.2 (9.91)

165.8 (9.82)

167.1 (10.08)

26.8 (4.28)

25.7 (3.92)

25.4 (2.28)

24.9 (3.48)c

25.6 (3.84)*

28.0 (1.93)
28 (19; 30)

27.8 (2.37)
28 (21; 30)

28.0 (2.18)
28 (21; 30)

25.6 (3.27)
26 (14; 30)d

26.8 (2.95)
28 (14; 30)***

0
0
70 (100)

0
0
37 (100)

11 (47.8)
10 (43.5)
2 (8.7)

64 (55.2)
39 (33.6)
13 (11.2)

75 (30.5)
49 (19.9)
122 (49.6)

Aβ/tau Status
A−/T−
N=70

A−/T+
N=37

A+/T−
N=23

A+/T+
N=116

Total
N=246

CDR Global Score, n (%)
0
43 (61.4)
26 (70.3)
13 (56.5)
20 (17.2)
102 (41.5)
≥0.5
27 (38.6)
11 (29.7)
10 (43.5)
96 (82.8)d
144 (58.5)***
RBANS Total Score
Mean (SD)
94.8 (14.61)
97.5 (18.41)
93.6 (18.78)
76.4 (18.17)
86.4 (19.69)
Median (Range)
94.5 (55; 125)
99 (51; 136)
100 (59; 124)
76 (47; 135)d
87 (47; 136)***
Biomarkers
Aβ 1-42 (Innotest), ng/L
Mean (SD)
806.2 (137.15)
943.3 (195.94)
432.3 (110.96)
389.9 (93.07)
595.6 (263.79)
Median (Range)
790 (600; 1180)e
903 (607; 1580)f
421 (259; 590)
381 (159; 587)
526.5 (159; 1580)***
<600 ng/L, n (%)
0
0
23 (100)
116 (100)
139 (56.5)
t-tau, ng/L
Mean (SD)
257.1 (62.11)
487.3 (107.44)
257.5 (69.10)
738.6 (303.76)
518.8 (309.06)
Median (Range)
264 (100; 350)
458 (353; 742)f
262 (118; 349)
637 (354; 1780)g
448 (100; 1780)***
>350 ng/L, n (%)
0
37 (100)
0
116 (100)
153 (62.2)
p-tau181P, ng/L
Mean (SD)
41.5 (9.68)
71.5 (15.53)
41.8 (9.29)
91.7 (29.93)
69.7 (31.94)
Median (Range)
42.5 (20; 62)
69 (46; 116) f
41 (23; 56)
85 (49; 197)g
64 (20; 197)***
>70 ng/L, n (%)
0
17 (45.9)
0
88 (75.9)
105 (42.7)
Aβ = β-amyloid; APOE = gene encoding for apolipiprotein E; BMI = body mass index; CDR = clinical dementia rating; MMSE = Mini-Mental State Examination; p-tau
= phosphorylated tau; RBANS = Repeatable Battery for the Assessment of Neuropsychological Status; SD = standard deviation; t-tau = total tau
***, **, * indicates nominal p-value <0.001, <0.01, or <0.05, respectively, across groups.
a nominal p-value <0.05 vs A-/T+; <0.01 vs A+/T+.
b nominal p-value <0.05 vs A-/T+ and vs A+/T-; <0.01 vs A-/T-.
c nominal p-value <0.01 vs A-/T-.
d nominal p-value <0.001 vs A-/T-, vs A-/T+ and vs A+/T-.
e nominal p-value <0.001 vs A-/T+, vs A+/T- and vs A+/T+.
f nominal p-value <0.001 vs A-/T-, vs A+/T- and vs A+/T+.
g nominal p-value <0.001 vs A-/T-, A-/T+ and vs A+/T-.
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Table 7.3. Correlation of RBANS indexes vs t-tau and p-tau181P
All
N=246
t-tau
p-tau181P
−0.434***
−0.389***
−0.433***
−0.391***
−0.433***
−0.377***

AβN=107
t-tau
p-tau181P
0.137
0.173
0.139
0.176
0.236*
0.310**

Aβ+
N=139
t-tau
p-tau181P
−0.451*** −0.421***
−0.449*** −0.422***
−0.431*** −0.406***

RBANS Total Score
RBANS Sum of Index
RBANS Delayed
Memory
RBANS Immediate
−0.368***
−0.329***
0.086
0.109
−0.327*** −0.307***
Memory
RBANS Attention Index −0.339***
−0.315***
0.119
0.120
−0.438*** −0.410***
RBANS Language Index −0.321***
−0.311***
−0.052
−0.049
−0.261**
−0.275**
RBANS Visuospatial
−0.186**
−0.165**
0.063
0.069
−0.254**
−0.223**
Index
Aβ = amyloid-β; RBANS = Repeatable Battery for the Assessment of Neuropsychological Status; p-tau :
phosphorylated tau; t-tau = total tau
***, **, * indicates nominal p-value <0.001, <0.01, or <0.05, respectively.
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Figure 7.1. Participant classification flow diagram. Participants are considered Aβ positive if CSF Aβ1-42 < 600 ng/L and Tau positive if CSF t-tau >350
ng/L or CSF p-tau181P > 70 ng/L. (*) 2 participants had a CDR of 1 given that the initial primary cognitive inclusion was based on the CANTAB Elect test
battery. Aβ = amyloid-β; CDR = clinical dementia rating; RBANS = Repeatable Battery for the Assessment of Neuropsychological Status; ptau =
phosphorylated tau; t-tau = total tau
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A

B

Figure 7.2. Population distribution (n=246) by Aβ and t-tau (A) or p-tau181P (B) biomarker profile. Participants are considered Aβ+ (A+) if CSF
Aβ1-42 < 600 ng/L, t-tau+ if CSF t-tau >350 ng/L and p-tau181P+ if CSF p-tau181P > 70 ng/L. (A) A−, t-tau− (n=70); A−, t-tau+ (n=37); A+, T-tau− (n=23);
A+;t-tau+ (n=116); (B) A−, P-tau− (n=90); A−, p-tau181P+ (n=17); A+, p-tau181P− (n=51); A+; p-tau181P+ (n=88). Aβ = amyloid-β; CSF = cerebrospinal
fluid; p-tau = phosphorylated tau; t-tau = total tau
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A

B

Figure 7.3. RBANS total scale score by CDR/Aβ Status (A) and Aβ (A+ or A−)/Tau (T+ or T−) status (B). Participants are considered Aβ+ (A+) if
CSF Aβ1-42 < 600 ng/L and tau+ (T+) if CSF t-tau >350 ng/L or CSF p-tau181P > 70 ng/L. (A) Control (CDR 0; Aβ−; n=69), preclinical AD (CDR 0; Aβ+;
n=33), MCI (CDR ≥0.5; Aβ−; n=38), prodromal AD (CDR ≥0.5; Aβ+; n=106); (B) A−/T− (n=70), A−/T+ (n=37), A+/T− (n=23), A+/T+ (n=116). Aβ =
amyloid-β; CDR = clinical dementia rating; CSF = cerebrospinal fluid; MCI = mild cognitive impairment; p-tau = phosphorylated tau; RBANS =
Repeatable Battery for the Assessment of Neuropsychological Status; t-tau = total tau
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A

B

Figure 7.4. Correlation RBANS total scale score and t-tau for the overall population (A) and by Aβ status; A Spearman correlation coefficient
was calculated to evaluate the possible correlation between RBANS Total Scale Score and t-tau for the overall population (A) and by Aβ (amyloid)
status (B). (A) R²=0.188, rho = −0.434; p<0.001. n = 246; B. Amyloid −: R²=0.019, rho = 0.137, p>0.05, n=107; Amyloid +: R²=0.203, rho = −0.451,
p<0.001, n=139). Aβ = amyloid-β; RBANS = Repeatable Battery for the Assessment of Neuropsychological Status; t-tau = total tau.
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7.8 Supplemental data
7.8.1
7.8.1.1

Methods
Baseline 4-step screening process

After signing informed consent participants were screened over a period of up to 56 days
to assess their eligibility according to defined inclusion and exclusion criteria. The
baseline screening for both ALZ1005 and ALZ2002 consisted of a 4-step process from
Day-56 to Day -10 (Supplemental Figure S7.2). During Step I general health was
assessed (vital signs, ECG and laboratory clinical tests). In step II, participant’s baseline
cognitive status was graded using the CDR scale that assessed 3 domains of cognition
(memory, orientation and judgment/problem solving) and 3 domains of function in
structured interviews of the participant and a companion conducted by a trained rater
and scored using standard methodology. Participants with a CDR of 0 were defined
clinically asymptomatic in relation to cognitive deficits/dementia and those with a CDR
of 0.5 were consistent with pAD, had some limited cognitive impairment but were
functionally normal. Participants with a CDR global rating score >0.5 were excluded.
In addition, in study ALZ1005, during step II, all participants performed a computerized
neuropsychological test battery (CANTAB Elect) not intended as inclusion/exclusion
criteria and was done to assess its validity compared with other cognitive clinical
measures. This was because in ALZ1005 study initially only participants with pAD were
included and their cognitive ability was assessed using CANTAB Elect. After a
subsequent protocol amendment, participants who were preclinical AD were also
included and their eligibility for inclusion was assessed using the CDR scale. In Step III,
a cerebral MRI scan was used to exclude participants with brain disease other than
potential very early signs of AD (e.g., mild hippocampal atrophy) or typical age-related
changes (e.g., mild white matter hypersensitivity on MRI). The degree of white matter
changes was rated on a 4-point scale and the score ranged from 0 (no lesion), 1 (focal
lesions), 2 (beginning of confluent lesions), and 3 (diffuse involvement). In the last part
after eligibility was conformed in Steps I-III, amyloid deposition was assessed by either
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evaluating baseline CSF Aβ1-42 level, characterized by a pattern consisting of low Aβ1-42
level or by an amyloid PET scan or both. During Step IV, a MMSE and RBANS were
performed to serve as a baseline predose cognitive impairment test, but were not
intended as study inclusion/exclusion criteria. In addition, in the ALZ1005 study, all
participants performed a second CANTAB Elect to assess test-retest reliability.
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7.8.2

Supplemental Tables and Figures

Supplemental Table S7.1. RBANS summary by CDR and Aβ (A+ or A−) status

RBANS Total Scale Score
Mean (SD)
Median (Range)
Difference (95% CI)
vs Control
vs Preclinical AD
vs MCI
RBANS Sum of Index
Mean (SD)
Median (Range)
Difference (95% CI)
vs Control
vs Preclinical AD
vs MCI
RBANS Delayed Memory
Mean (SD)
Median (Range)
Difference (95% CI)
vs Control
vs Preclinical AD
vs MCI
RBANS Immediate Memory
Mean (SD)
Median (Range)
Difference (95% CI)
vs Control
vs Preclinical AD
vs MCI
RBANS Attention Index
Mean (SD)
Median (Range)
Difference (95% CI)
vs Control
vs Preclinical AD
vs MCI
RBANS Language Index
Mean (SD)
Median (Range)
Difference (95% CI)
vs Control
vs Preclinical AD
vs MCI
RBANS Visuospatial Index
Mean (SD)
Median (Range)
Difference (95% CI)
vs Control
vs Preclinical AD
vs MCI

Control
(CDR=0; A−)
N=69
102.0 (12.70)
102 (67; 136)

508.2 (44.08)
511 (372; 610)

104.5 (12.31)
106 (78; 123)

104.1 (12.94)
106 (69; 129)

95.3 (15.24)
94 (68; 125)

96.5 (9.54)
96 (75; 124)

107.9 (15.81)
109 (66; 131)

CDR/Aβ Status
Preclinical AD
MCI
(CDR=0; A+)
(CDR≥0.5; A−)
N=33
N=38

Prodromal AD
(CDR≥0.5; A+)
N=106

97.5 (17.37)
101 (57; 135)

84.4 (15.19)
87 (51; 114)

73.5 (16.13)
74 (47; 124)

−3 (−9; 3)

−16 (−22; −11)***
−14 (−21; −7)***

−29 (−34; −24)***
−26 (−32; −19)***
−12 (−18; −6)***

498.5 (65.22)
507 (332; 607)

440.7 (61.95)
455.5 (294; 550)

395.7 (67.08)
396.5 (256; 581)

−10 (−32; 11)

−61 (−84; −42)***
−52 (−77; −23)***

−115 (−134; −96)***
−100 (−127; −73)***
−49 (−74; −24)***

96.4 (19.93)
102 (40; 123)

88.2 (17.44)
91.5 (56; 124)

67.0 (20.73)
60 (40; 112)

−5 (−12; 0)

−16 (−21; −9)***
−9 (−18; −1)*

−41 (−47; −35)***
−34 (−43; −24)***
−23 (−32; −15)***

98.0 (22.16)
103 (40; 140)

88.9 (17.76)
92 (44; 117)

77.6 (19.02)
78 (40; 126)

−3 (−11; 3)

−14 (−20; −8)***
−10 (−19; 0)*

−28 (−32; −21)***
−23 (−30; −15)***
−12 (−20; −5)**

94.9 (18.02)
94 (53; 135)

79.3 (19.38)
82 (40; 115)

75.3 (18.04)
75 (46; 142)

0 (−6; 7)

−15 (−23; −7)***
−15 (−24; −6)**

−21 (−26; −15)***
−21 (−27; −12)***
−6 (−12; 3)

95.3 (12.78)
96 (57; 124)

90.5 (10.18)
92 (64; 105)

82.7 (15.26)
85 (51; 116)

0 (−5; 4)

−5 (−9; 0)*
−4 (−9; 0)

−12 (−16; −8)***
−11 (−17; 7)***
−7 (−11; −3)**

104.9 (12.06)
105 (78; 131)

93.7 (18.99)
94 (56; 131)

93.0 (20.67)
96 (50; 131)

−3 (−9; 3)

−13 (−22; −7)***
−12 (−18; −3)**

−15 (−21; −9)***
−12 (−19; −4)**
0 (−9; 7)

Aβ = amyloid-β; CI = confidence interval; CDR: clinical dementia rating; RBANS = Repeatable Battery for the Assessment of
Neuropsychological Status; SD = standard deviation. Participants are considered Aβ+ (A+) if CSF Aβ1-42 < 600 ng/L. Median
differences and 95% CIs for the pairwise comparisons were calculated using the Hodges-Lehmann estimation method. ***, **, *
indicate nominal p-value <0.001, <0.01, or <0.05, respectively, based on the Wilcoxon Rank Sum test (2-sided).
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Supplemental Table S7.2. RBANS summary by Aβ and tau status

RBANS Total Scale Score
Mean (SD)
Median (Range)
Difference (95% CI)
vs A−/T−
vs A−/T+
vs A+/T−
RBANS Sum of Index
Mean (SD)
Median (Range)
Difference (95% CI)
vs A−/T−
vs A−/T+
vs A+/T−
RBANS Delayed Memory
Mean (SD)
Median (Range)
Difference (95% CI)
vs A−/T−
vs A−/T+
vs A+/T−
RBANS Immediate Memory
Mean (SD)
Median (Range)
Difference (95% CI)
vs A−/T−
vs A−/T+
vs A+/T−
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Aβ/tau Status
A+/T−
N=23

A−/T−
N=70

A−/T+
N=37

94.8 (14.61)
94.5 (55; 125)

97.5 (18.41)
99 (51; 136)

93.6 (18.78)
100 (59; 124)

76.4 (18.17)
76 (47; 135)

3 (−3; 10)

0 (−9; 8)
−3 (−13; 7)

−20 (−25; −14)***
−23 (−30; −16)***
−19 (−27; −9)***

489.6 (68.98)
497 (294; 610)

475.8 (71.83)
501 (338; 581)

406.5 (73.69)
404 (256; 607)

11 (−11; 35)

0 (−33; 31)
−9 (−49; 25)

−78 (−100; −57)***
−89 (−118; −61)***
−73(−108; −39)***

100.5 (17.89)
104 (56; 124)

91.3 (20.41)
97 (44; 122)

70.6 (23.25)
60 (40; 123)

4 (−2; 10)

−4 (−14; 4)
−9 (−18; 0)

−30 (−38; −22)***
−34 (−43; −23)***
−24 (−35; −11)***

99.6 (17.36)
100 (44; 126)

92.8 (22.41)
97 (49; 129)

80.4 (20.88)
81 (40; 140)

3 (−4; 9)

−3 (−12; 4)
−5 (−16; 3)

−19 (−25; −12)***
−21 (−28; −13)***
−15 (−24; −3)*

481.4 (55.57)
484 (320; 585)

97.8 (15.40)
100 (60; 123)

98.2 (16.05)
98.5 (44; 129)

A+/T+
N=116

A−/T−
N=70

A−/T+
N=37

Aβ/tau Status
A+/T−
N=23

A+/T+
N=116

RBANS Attention Index
Mean (SD)
88.6 (18.08)
91.6 (19.11)
94.2 (20.73)
77.2 (18.45)
Median (Range)
91 (40; 125)
94 (46; 122)
94 (53; 142)
79 (46; 135)
Difference (95% CI)
vs A−/T−
3 (−4; 12)
6 (−3; 15)
−12 (−18; −6)***
vs A−/T+
0 (−9; 12)
−15 (−24; −9)***
vs A+/T−
−18 (−27; −9)***
RBANS Language Index
Mean (SD)
94.5 (9.38)
94.2 (11.58)
93.8 (14.71)
84.1 (15.35)
Median (Range)
96 (74; 120)
92 (64; 124)
96 (57; 116)
86.5 (51; 124)
Difference (95% CI)
vs A−/T−
0 (−4; 4)
0 (−5; 6)
−9 (−12; −5)***
vs A−/T+
1 (−5; 7)
−9 (−13; −4)***
vs A+/T−
−9 (−16; −4)**
RBANS Visuospatial Index
Mean (SD)
102.4 (18.27)
103.7 (18.38)
103.7 (14.96)
94.3 (20.10)
Median (Range)
105 (62; 131)
105 (56; 131)
102 (72; 131)
96 (50; 131)
Difference (95% CI)
vs A−/T−
0 (−5; 9)
0 (−7; 9)
−8 (−14; 0)*
vs A−/T+
0 (−9; 9)
−9 (−17; 0)*
vs A+/T−9 (−18; 0)
Aβ = β-amyloid; CI = confidence interval; RBANS = Repeatable Battery for the Assessment of Neuropsychological Status; SD = standard deviation. Participants are
considered Aβ+ (A+) if CSF Aβ1-42 < 600 ng/L and tau+ (T+) if CSF t-tau >350 ng/L or CSF p-tau181P > 70 ng/L. Median differences and 95% CIs for the pairwise
comparisons were calculated using the Hodges-Lehmann estimation method. ***, **, * indicate nominal p-value <0.001, <0.01, or <0.05, respectively, based on the
Wilcoxon Rank Sum test (2-sided).
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Supplemental Figure S7.1. Correlation t-tau and p-tau181P by Aβ status. A Spearman
correlation coefficient was calculated to evaluate the possible correlation between t-tau and ptau181P in amyloid + and amyloid – participants. Amyloid +: rho =0.95; p<0.001. n = 139;
Amyloid −: rho = 0.95, p<0.001, n=107. Aβ = amyloid-β; p-tau = phosphorylated tau; t-tau =
total tau

Vital Signs
ECG
Clinical Labs, etc.

CDR ≤0.5

No evidence of
brain disease
other than AD

Positive AD CSF
biomarker
pattern OR
Positive Amyloid
PET Scan

Supplemental Figure S7.2. Four step screening process targeting biomarker positive
patients either preclinical AD (CDR=0) or prodromal AD (CDR=0.5). AD = Alzheimer’s
disease; CDR = clinical dementia rating; CSF = cerebrospinal fluid; ECG = electrocardiogram;
MRI = magnetic resonance imaging; PET = positron emission tomography.
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8 General discussion
In Alzheimer’s Disease (AD), amyloid deposits in the brain (“plaques”) and
neurofibrillary

“tangles”,

with

hyperphosphorylated

tau

protein,

form

the

anatomopathological hallmarks of the disease. They are understood to lead to synaptic
and neuronal degeneration, with the corresponding CSF constituents, Aβ (Aβ1-42 and
shorter fragments) and tau (p-tau181P and t-tau) closely reflecting the central pathogenic
processes [119, 231, 232]. Both CSF markers (Aβ and tau) have proven their utility in
evaluating disease risk or prognosis, guiding clinical diagnosis and monitoring
therapeutic interventions [119, 120]. In the development of new AD therapies, the
current key drug targets albeit not surprising are primarily Aβ and tau or targets affecting
production or clearance of these proteins.
While in nonclinical (animal) studies direct measurement of these proteins in the brain
is possible, this is not a routine option in clinical studies. In contrast, given CSF shares
the same environment, it is considered the most relevant proxy to understand immediate
changes upon therapy as it could give a clear view on the desired/undesired biomarker
changes in CSF as well as the central PK profile of the treatment under investigation
[233].
The utility of frequent CSF sampling by using a spinal catheter to evaluate and predict
potential treatment effects of new amyloid based therapeutic interventions on CSF
markers may be limited given its use revealed pronounced increases in CSF Aβ [122,
234]. These observed increases may limit its use in detecting any drug effects or getting
a proper understanding of the PK/PD characteristics of potential new drugs targeting Aβ.
As a result, this may lead to potential incorrect dose response assumptions and dose
selection for future studies, posing significant risks to patients and the development
program.
This thesis describes the optimization and standardization of the methodology of
frequent CSF sampling using a spinal catheter and its application during Phase 1
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development of the BACE inhibitor, atabecestat (JNJ-54861911). The use of frequent
CSF sample collections either by means of a spinal catheter or by means of multiple
single LPs enabled the use of AD-related CSF biomarkers during phase 1 and proof-ofmechanism studies to evaluate and predict the treatment effect of atabecestat on Aβ
thereby significantly speeding up the drug development process. In addition, CSF
samples collected during the clinical development program allowed us to explore CSF
markers related to BACE1 inhibition and neuronal degeneration along the early AD
continuum, thereby addressing the relevance of the potential interplay between amyloid
and tau in the early stages of the AD continuum potentially shifting the amyloid cascade
hypothesis to an interaction model thereby affecting future treatment strategies.

8.1 Frequent CSF sampling using spinal catheters: optimization
of the methodology before clinical implementation
Spinal catheterization for frequent CSF sample collection is not new and was first
described by Bruce and Oldfield [118]. The methodology itself is used routinely to study
disease pathophysiology and to monitor drug treatments in clinical studies [67, 68, 70,
122, 126, 235] as it allows proper central PK and PD profiling as well as PK/PD
modelling of new drugs in early clinical development (Phase 1). Data obtained using this
methodology can provide key insights and guidance for future dose selection of proofof-concept studies (Phase 2) in the selected target population and potentially speeding
up the “go/no go” decision in early clinical development and as such the drug
development process.
Spinal catheterization and frequent CSF sampling have been applied in AD drug
development studies targeting Aβ (Phase 1 healthy volunteer studies) but have been
hampered by significant increases in CSF Aβ levels (different Aβ species) relative to
baseline [68, 121-126] thereby jeopardizing the earlier described advantages.
Before starting the clinical development of the BACE inhibitor, atabecestat (JNJ54861911), it was crucial to optimize the CSF methodology for continuous CSF
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sampling using a spinal catheter and to identify a sampling protocol that leads to minimal
increases in CSF Aβ levels upon repeated CSF sampling over 36 hours so potential drug
effects of atabecestat could be reliably measured.
Our findings in a phase 0 study showed that CSF Aβ levels were substantially affected
by CSF sampling frequency when using a spinal catheter. An optimized sampling
protocol with lower CSF sampling frequency and volume resulted in more stable Aβ
profiles substantiating the potential of CSF Aβ as a pharmacodynamic biomarker using
frequent CSF sampling to assess evidence of target engagement and pharmacological
activity of Aβ-targeting compounds.
The design of the phase 0 study was such that multiple sampling schemes were applied
to assess the effects of frequency, catheter insertion procedures and inflammation on
CSF Aβ levels. An optimal high frequency sampling protocol was chosen, known to
increase levels of CSF Aβ (positive control), that would allow for optimal central PK/PD
profiling of products. Consistent with other studies [124, 234], increases in CSF Aβ
levels were noted although less pronounced most likely attributed to the higher age range
of subjects enrolled. Older subjects have less hour-to-hour fluctuations compared to
young healthy subjects [121] while their variation in CSF markers is comparable to those
of AD patients [125]. This highlights the importance of investigating potential treatments
and their central effects in the age range of the target population itself.
To rule out any causative effect of the catheter insertion procedure a delayed sampling
protocol during the initial phase of collection (so no collection of CSF for 6 hours after
catheter insertion and baseline sample collection followed by a high sampling protocol)
was applied and revealed stable CSF Aβ levels. CSF Aβ levels only increased when a
high frequency sampling protocol followed the delayed sampling protocol clearly
indicating that the frequency of sampling may be causative. Any potential influence of
an acute inflammatory reaction related to the catheter insertion procedure on Aβ levels
was ruled out as pretreatment with ibuprofen did not alter the observed increases.
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As a result of the above, an additional cohort was added to confirm that the frequency of
sample collection was causative for the observed increases in CSF Aβ by applying an
optimized low frequency sampling protocol. Sample collection was reduced to every 4
hours which still would allow sufficient sampling points to profile Aβ in the
development of new products targeting Aβ. At the same time the volume of CSF to be
collected was reduced from 6 to 4 mL for pragmatic reasons. These changes to the
sampling protocol resulted in surprisingly stable levels of CSF Aβ over 36 hours.
The outcome of this study supports the hypothesis that the intense sampling frequency
applied probably impacted CSF Aβ levels, a finding shared by others [124, 234]. Further
studies to delineate the exact mechanisms causing the observed increase in Aβ are
needed, however were not in scope of this thesis.
In future clinical studies with Aβ targeting experimental drugs, this standardized and
optimized low frequency CSF sampling protocol would lead to a better estimation of
drug effects on Aβ levels (i.e., PD effects) in relation to the peripheral and central (CSF)
PK profile thereby potentially 1) lowering the required sample size, 2) providing the
ability to move forward a biomarker based “go/no go” decision early on in development
based on target engagement or downstream observed effects and 3) allowing the use of
PK/PD data and PK/PD models to guide dose selection and clinical trial design for
subsequent clinical studies.
The reduced number of CSF samples collected in the low frequency sampling protocol
may however not be sufficient for initial cohorts in a study to properly characterize the
PK characteristics, suggesting the use of both a higher frequency (PK reasons) and lower
frequency sampling protocol (PD reasons) in future clinical studies dependent on the
objectives of the study. Prior to applying frequent CSF sampling in any clinical
development program, it is of critical importance to understand the impact of the applied
technique on your biomarker read out. Overall the optimization of the CSF sampling
protocol using spinal catheters including the standardization of all sample collection
materials and sample processing steps (data on file not included in thesis) increased
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significantly our chances of technical success and thereby our ability to make well
informed decisions on collected data during Phase 1 development of atabecestat.
Although outside the scope of this thesis the optimized CSF sampling protocol has been
successfully applied by Janssen since its inception across a variety of early development
neuroscience programs for both PK and PD/biomarker reasons (unpublished data
[54175446EDI1005 NCT02933762; 61393215EDI1001 NCT02812251] and [236]).

8.2 CSF biomarker-based development of a BACE inhibitor:
from healthy subjects to early AD
The use of CSF biomarkers in the development of AD treatments targeting amyloid is
crucial for reasons earlier described. The ability to measure CSF Aβ and control any
procedural effects on it, is of importance to properly evaluate the PD characteristics next
to PK characteristics of new AD treatments targeting Aβ. In the early AD continuum,
CSF biomarkers will be key to provide evidence that new potential AD treatments affect
the underlying pathophysiology in a cost-effective manner. In addition, combined with
a potential clinical benefit i.e., preventing or halting further cognitive impairment, these
CSF biomarker data would potentially allow to classify these treatments as diseasemodifying.
A link between BACE1 inhibition and lowering of Aβ levels in the brain, as well as
prevention or even reversal of amyloid deposition has been shown [147-149]. These
findings, together with results from genetic studies [24], underscored the potential of
BACE1 inhibitor treatment in AD, and currently several compounds are in various stages
of clinical development [66]. Atabecestat (JNJ-54861911), is a BACE1 inhibitor from
Janssen Research and Development.
Frequent CSF sampling both by means of a spinal catheter (in healthy subjects) and
frequent lumbar punctures (in early AD subjects) were applied to facilitate and speed up
the drug development process of Janssen’s BACE inhibitor atabecestat.
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The safety and tolerability, PK and PD of atabecestat was evaluated in two Phase 1
studies in older healthy participants after single and multiple doses. In both studies the
PD profile of atabecestat was characterized peripherally using blood samples and
centrally using frequent CSF sampling by spinal catheter. The high frequency and low
frequency CSF sampling protocols applied in both SAD and MAD studies behaved as
predicted by the phase 0 study described earlier [144] and allowed proper PK and PD
profiling of atabecestat.
Atabecestat showed strong dose dependent peripheral and central Aβ lowering effects
(Figure 4.1 and Figure 4.2). This combined with the reported dose-related changes in
CSF levels for APP fragments, their magnitude and direction of change from baseline
are consistent with the mode of action of atabecestat which inhibits cleavage of APP by
β-secretase.
The delayed decrease of CSF Aβ1-40 levels upon single dosing, starting only 6 hours after
dosing, in comparison to the rather immediate PD effect in plasma seemed surprising at
first, however nicely aligns with the central production and clearance rate of newly
formed Aβ in the brain and the time required to appear or get cleared from the CNS [151,
237]. Central Aβ production and clearance rates in humans assessed using stable isotope
labelling kinetics (SILK) revealed that it takes about 5 to 15 hours at least for newly
formed istope labelled Aβ to start appearing in CSF while CSF Aβ clears in the same
fashion at a rate of 8% hourly (Figure 8.1) [151, 237]. These dynamics may clarify why
if production is inhibited by a BACE inhibitor it may take up to 5 to 6 hours before
clearance effects of remaining Aβ start to appear in CSF in addition to that these central
changes are being measured more distant in CSF and not directly at the site of action. In
addition, it is plausible that plasma and CSF Aβ1-40 reductions are driven by peripheral
and central activity, respectively.
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Figure 8.1. SILK profiles of Aβ isoforms to demonstrate the relative quantitation of
production and clearance of Aβ isoforms in healthy human’s CSF over 36 h. The isotopic
enrichment time courses of Aβ38 (blue squares), Aβ40 (green triangles), and Aβ42 (red triangles)
in relation to total Aβ (black circles) show no detectable incorporation of label during the first 4
hours. This was followed by an increase in percentage labelled Aβ (production phase) at 5 to 15
hours, which plateaued near steady-state levels of labelled leucine before decreasing (clearance
phase) over the last 12 h of the study (time points between 21 and 32 hours). Figure from
Mawuenga et al.[151] (Aβ = amyloid-β; CSF = cerebrospinal fluid; SILK = stable isotope
labelling kinetics)

The plasma and CSF PD effects observed outlasted the corresponding PK profile of
atabecestat (Figure 4.1), a finding reported with other BACE1 inhibitors as well [67,
71,

238].

This

prolonged

activity

might

be

attributed

to

intracellular

compartmentalization of the compound [71], although this has not been confirmed and
warrants further investigation. An additional contributing factor of the prolonged PD
activity, is the time required to restart the production of Aβ following its inhibition and
its reappearance in CSF (see Figure 8.1)[151].
As the single dose PK profile of atabecestat (t1/2 ~14 hrs) was not that supportive of once
daily dosing, having the biomarker data (plasma and CSF Aβ levels) at hand from the
first subject dosed in the single ascending dose study, quickly led to the decision that
this drug is suitable for once daily dosing based on its sustained dose dependent and
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stable PD effects (maximum CSF Aβ1-40 reduction still present at 24 hours post dose). A
decision that could not have been taken without applying the CSF sampling methodology
using spinal catheterization.
The availability of peripheral and central (CSF) Aβ data on a cohort level basis allowed
to make informed dose escalation decisions that were driven by the safety, PK and PD
of atabecestat, and enabled to quickly establish and fine-tune a PK/PD model based on
continuous incoming data from the SAD and MAD study in healthy participants [239].
The structure of the model is such that plasma exposure is linked to CSF exposure, CSF
exposure is linked to reduction of CSF Aβ1-40 and additionally, plasma exposure is linked
to reduction of plasma Aβ1-40. Therefore, the model allows to link dose level and regimen
to reduction of CSF Aβ1-40. Baseline Aβ1-40 was not a significant covariate of Aβ1-40
reduction. Based on this PK/PD model dose levels were selected for a proof-ofmechanism study in in early AD (i.e. pAD [or MCI due to AD] and preclinical AD]) that
would reduce CSF Aβ levels by 60% to 90%.
The dose levels selected for the proof-of-mechanism study in early AD of atabecestat
resulted in spot on sustained reductions as predicted by the PK/PD model based on
healthy participant data (Figure 6.3 and Figure 6.4). Agreement between the PK/PD
model predictions of CSF Aβ1-40 reductions vs. baseline and observed CSF data indicate
its potential for predicting therapeutic doses from such a dose-response curve. The
concordance of PD effects between healthy and early AD following multiple dosing, is
most likely related to the fact that the production process of Aβ with BACE being the
rate limiting step is not affected in early AD but rather the clearance of pathologic Aβ
[240]. This proof-of-mechanism study in early AD confirmed a drug effect on the
intended target enzyme (BACE1) at the intended target location (brain) by showing an
effect on cell biology in the predicted manner and direction, based on a biomarker read
outs (the concentration of Aβ, sAPPβ, sAPPα and sAPPtotal) in CSF. Only caveat so far
is that it is currently unknown how much Aβ reduction is required to achieve a clinical
effect. Given the short duration of this proof-of-mechanism study no changes on
cognition or function were observed as hypothesized.
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Sustained inhibition of BACE1 by atabecestat did not alter the dynamics of CSF BACE1
in healthy participants and participants with early AD, which is important as BACE
inhibitors would be given as chronic treatment and potential changes in dynamics (up or
downregulation of BACE1) may alter treatment paradigms over time. In some individual
cases an observed tendency to increased levels of BACE1 was observed that could not
be linked to changes in other AD related biomarkers or APOE status and may warrant
further investigations. However, based on current findings measuring BACE1 in long
term studies would not add value as a treatment effect marker.
To date, it is unknown how much reduction in CSF Aβ levels is required to prevent or
halt amyloid plaque formation, cognitive decline and progression of the disease. The
observed reductions in CSF Aβ levels in the early stages of the AD continuum, being
preclinical AD and pAD, provide support for its proof-of-mechanism of BACE 1
inhibition in the brain in the intended target population at clinically relevant dose ranges.
Unfortunately, atabecestat’s long term safety follow study in early AD (NCT02406027)
and Phase 2/3 clinical study in preclinical AD (EARLY trial; NCT02569398) were
terminated early and development stopped due to an unfavourable benefit/risk ratio as a
consequence of observed elevations of liver enzymes which will not be further discussed in
this thesis.
Since late 2000s, several orally administered BACE1 inhibitors entered clinical trials,
such as but not limited to verubecestat (MK-8931, Merck, NJ, USA) and AZD-3293
(AstraZeneca, UK, and Eli Lilly IN, USA). An overview of current status of BACE
inhibitors in development is shown in Table 8.1 below.
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Table 8.1. Current status of BACE inhibitors in clinical trials
Drug
E2609
(elenbecestat)

Company
Eisai /
Biogen

Phase

CNP520

Novartis /
Amgen

2/3

ARAD (APOE
ε4+ only)

LY-3202626

Eli Lilly

2

Early
symptomatic
AD

LY-3323795

Eli Lilly

1

Healthy

3

Population
Prodromal-tomild AD

Next Milestone
Two Phase 3 studies to end in
late 2020.
End of APOE ε4++ Phase 3
(5/2024). End of APOE ε4+
(7/2024).
Completion of Phase 2b
(6/2019).
BACE1-selective inhibitor.
Phase 1 trial completed mid2017. Results unknown.

eAD = early AD; ARAD = asymptomatic at risk for Alzheimer dementia (preclinical AD); APOE ε4 =
apolipoprotein E4. Data as of February 2018. Sources include Thomson Cortellis, Adis R&D Insight,
Citeline TrialTrove & Pharmaprojects, clinicaltrials.gov, company websites, and primary intelligence.

Both the development of verubecestat (Merck; evaluated for mild to moderate AD
[EPOCH study, NCT 01739348] and pAD [APECS study, NCT 01953601]) and AZD3293 (AstraZeneca, UK, and Eli Lilly IN, USA; evaluated for MCI due to AD or mild
AD [AMARANTH NCT 02245737, DAYBREAK NCT02783573]) were stopped in
2018. Verubecestat’s EPOCH study was stopped early 2017 after interim analysis
showed it did not reduce cognitive and functional decline was terminated early 2018 as
no

positive

benefit/risk

ratio

could

be

established

(https://alzheimersnewstoday.com/2018/02/16/merck-stops-phase-3-studyverubecestat-in-early-alzheimers-patients/)[181]. The decision to stop the development
of AZD-3293 was based the conclusion that the AMARANTH trial (prodromal-to-mild
AD) and the DAYBREAK trial (mild AD) were not likely to meet their primary
cognitive

endpoints

and

was

not

driven

by

safety

https://www.astrazeneca.com/content/astraz/media-centre/press-releases/2018/updateon-phase-iii-clinical-trials-of-lanabecestat-for-alzheimers-disease-12062018.html).
The recent Phase III failures of amyloid directed treatments (e.g., Verubecestat,
Bapineuzemab,

AZD-3293)

suggest

that

BACE1

inhibition

and

other immunotherapies that reduce brain Aβ are insufficient to improve cognition or halt
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cognitive decline once clinical symptoms start to occur in the AD continuum (pAD and
beyond). The hallmark pathological changes of AD, Aβ plaques and NFT tangles, are
known to begin years before the onset of clinical symptoms [3, 5, 35, 36, 38]. By the
time individuals are symptomatic, there are already large pools of both soluble and
insoluble forms of Aβ, as well as widespread neuritic injury and irreversible neuronal
loss which are likely to make it more difficult to slow degeneration and preserve
function. Therefore, amyloid directed treatments are likely to be more effective if started
at a disease stage before widespread neurodegeneration has occurred [14]. The
preclinical stage of AD may precede pAD by several years [36], and represents an
important stage for potential early intervention of the disease. A potential early
intervention could slow the pathophysiological process and delay the appearance of
clinical symptoms. As outlined in Chapter 1, recent advances in the field made it possible
to define these earlier stages using biomarker approaches [3, 5, 6, 37, 82-84]. Such
individuals in the preclinical stage of the disease are at a particularly high risk for
cognitive decline and progression over the AD continuum to Alzheimer’s dementia [37,
106, 110-112, 114]. Hence this preclinical stage may be a more suitable population to
study these amyloid directed treatments in so called prevention studies, a strategy
Janssen applied for its EARLY study of atabecestat (NCT02569398). Although
unknown, time will tell if this strategy is the right one and if suppression of amyloid
plaque formation only is sufficient to prevent the clinical manifestation of AD or if the
prevention of tangle formation (addressing tau) or a possible combination therapy
leading to simultaneous clearance/reduction of tau and Aβ is required given both
proteins may interact and tau may act in a prior like fashion potentially initiated or
accelerated by Aβ pathology [78, 230].
The use of frequent CSF sampling using a spinal catheter and the use of CSF Aβ in the
early development program of atabecestat enabled us to run the SAD and MAD study
semi parallel whereby data from the SAD would feed into the MAD study with regards
to dose selection based on safety, PK and expected PD effects. The use of a standardized
and controlled frequent CSF sampling protocol using spinal catheters allowed us to get
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an in-depth understanding of the pharmacologic activity of atabecestat in the brain and
to dissect the time course of PD changes versus the PK profile. The immediate
development of a PK/PD model as a result of continuous incoming data from the SAD
and MAD study allowed early go/no go decisions and proper dose selection for the
proof-of-mechanism and subsequent studies based on actual downstream central target
engagement effects of atabecestat. This approach significantly expedited the clinical
development process from conventional drug development approaches and emphasizes
the importance to explore central drug exposure and central biomarker effects of drugs
targeting the CNS in small, intensive phase I and phase IIa trials to build confidence in
which molecules to progress (go/no go decision) at which dose (based on central PK/PD
response and modelling) to phase IIb and phase III development. Time between first
subject dosed in the FIH study (SAD; healthy participants) of atabecestat to first subject
dosed in the proof-of-mechanism study was less than 10 months where conventional
approaches

on

average

would

take

18-21

months

(see

http://www.fdareview.org/03_drug_development.php and [241]).

8.3 Amyloid directed treatments for the prevention of AD:
when is the right time to treat?
Given recent failures of amyloid directed treatments for AD openly raised the question
if amyloid is the target to go for as treatment for AD and as such if BACE inhibitors
would eventually succeed on their own.
Given this current debate regarding the potential of BACE1 as a therapeutic target or
biomarker for the disease, we evaluated the correlation between BACE1 levels and
downstream protein markers of APP metabolism and neuronal degeneration in CSF
(Chapter 5) suggestive of what potential downstream effects BACE1 inhibition could
induce. In elderly healthy participants, BACE1 CSF levels showed strong to moderate
correlations to all downstream AD markers including Aβ1-42 and markers of
neurodegeneration (t-tau and p-tau181P). For the first time, we have shown a (moderate)
correlation between BACE1 levels in CSF and Aβ1-42 in Aβ- participants which we later
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confirmed based on data from the study 54861911ALZ1005 (1-month study) and
54861911ALZ2002 study (6-month study; unpublished data not included). The
correlation between CSF BACE1 and Aβ1-42, disappears in Aβ+ participants
(unpublished data from 54861911ALZ1005 and ALZ2002 not included in this thesis).
This is most likely due to the formation of amyloid plaques lowering the levels of Aβ142

in CSF. This is supported by the fact that in Aβ+ participants for all other markers

tested (Aβ1-40, Aβ1-38, Aβ1-37, t-tau and p-tau181p, sAPPα, sAPPβ and sAPPtotal) similar
correlations with BACE1 were observed as for Aβ- participants (data not included).
As described above, the dynamics of BACE1 upon prolonged treatment with atabecestat
were not altered in general, as such BACE1 is currently not considered a treatment
marker. The usefulness of BACE1 as a diagnostic marker in the early AD continuum
either alone or in combination with other markers is currently being explored. However,
current results regarding the potential of CSF BACE1 as a diagnostic marker are

contradicting showing both increases and decreases in CSF levels in pAD and AD
compared to healthy subjects [54-60].
As shown by others [59-63], CSF BACE1 correlates well with t-tau and p-tau181P. At
first sight this may be hard to explain specifically in healthy participants given that tau
and p-tau181P have been associated with increased neuronal damage [168-170] and have
been considered a general marker for neurodegenerative processes [62, 168-170]. Given
BACE1 is the rate limiting step in the production of Aβ indirectly this data may hint
towards a possible interaction between Aβ and tau.
In support of the amyloid cascade hypothesis increasing nonclinical evidence supports a
possible interplay between Aβ and tau, whereby Aβ may exert its toxicity through tau
by influencing or inducing the hyperphosphorylation, misfolding and secretion of tau
[26-28, 81] and tau may further enhance Aβ toxicity via a feedback loop [192, 193]. In
addition, recent in vivo labeling data suggest that neurons may respond to Aβ pathology
by increasing their secretion of both total and phosphorylated tau [220].
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While strong genetic evidence points towards Aβ as the cause of AD as outlined in
Chapter 1, the clinical syndrome of AD appears to be more closely related to the
progression of tau pathology [29-32]. In addition, nonclinical data (animal data)
demonstrates the requirement of tau to induce learning and memory deficits in the
presence of Aβ [194]. Based on the above, Aβ is being proposed as the trigger to AD,
inducing a cascade of downstream events, influencing tau and inducing tauopathy, and
tau as the bullet, driving the neurodegeneration and cognitive decline [27]. This potential
interplay would shift the amyloid cascade hypothesis towards an interaction model at the
start of the AD continuum, hypothesizing that the relation of tau to cognitive
performance is dependent on Aβ pathology.
Our finding of an Aβ dependent correlation between cognitive/memory performance and
tau (as measured by CSF tau), across the early stages of AD (from healthy to preclinical
and pAD), is very much in line with an interaction between Aβ and tau, with Aβ being
the initiating step and tau driving the level of cognitive impairment. Supportive hereof
is that widespread cortical tau pathology (Braak stage≥3) has commonly been observed
in patients with Aβ plaques, although not in patients without Aβ plaques. This data
supports the hypothesis that Aβ aggregation is required for the appearance of high
cortical tau pathology [224-226]. In line herewith, we observed very high CSF levels of
tau only in Aβ+ participants.
Both β and γ secretases, inhibiting Aβ production, have shown to elicit Aβ aggregation
and subsequent tau pathology (incl. CSF tau) in in vitro and in vivo (transgenic mice)
models, suggesting tau to be a downstream effect of Aβ pathology [228, 229]. In this
case preventing Aβ plaque formation in the preclinical AD stages by shutting down Aβ
formation using a BACE1 inhibitor, may prevent or affect downstream effects on tau
and prevent or halt tau induced cognitive decline to occur. In such a case, treatments to
prevent cognitive decline/impairment should ideally start prior to tau reaching high
levels in CSF or before reaching levels associated with cognitive decline, hence in
preclinical AD stage 1 or 2 [3, 36]. Further research to identify the level of tau either
alone or in combination with other markers required to trigger the induction of cognitive
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decline in AD will be warranted to properly define those stages in the early AD
continuum that would benefit optimally from Aβ directed treatments for the prevention
of AD.
Currently several prospective observational studies are ongoing evaluating the baseline
characteristics and biomarker, cognitive and functional changes in older participants
classified by risk levels for developing AD such as the CHARIOT research register in
United Kingdom for the prevention of Alzheimer’s dementia [242], Wisconsin registry
for AD prevention (Wisconsin Alzheimer’s Institute) [243] and recently started Early
Prevention in Alzheimer Disease (EPAD) program [244] may provide a valuable
database for future interventional studies or offer a platform for running AD prevention
studies.
The above described, highlights the importance of including biomarkers in the diagnosis
of AD to allow more advanced staging of the AD continuum. A recent proposal by Jack
et al. (2016)[83] further advances current research criteria for disease staging by making
use of the A/T/N criteria (amyloid deposition [A], neurofibrillary tangles [T] and
neuronal injury [N]) in staging AD related to its underlying pathophysiology using
multiple CSF and imaging markers. Recently, the NIA-AA published their 2018 NIAAA research framework based on these A/T/N criteria, shifting the definition of AD
from a syndromal to a biological construct in living people and no longer takes into
account the clinical syndrome labels in a research setting [93]. They thereby align more
or less with the most recent IWG-2 criteria [5, 6] although subtle differences remain.
Both Aβ and tau have shown self-propagation capabilities in nonclinical models [190]
and time will tell if this holds truth for humans as well. If so, treatment with a BACE1
inhibitor alone or other amyloid targeting treatments may not be sufficient once tau
levels have become abnormal causing cognitive decline. This may clarify for instance
the recent late stage failures of amyloid directed treatments, given they targeted too far
advanced AD populations (pAD to mild-to-moderate AD) characterized by both amyloid
and tau pathology. In such advanced stages of the disease, where cognitive decline would
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be driven by tau on the backbone of Aβ, amyloid directed treatments alone would no
longer suffice. Hence, either therapies targeting tau or possible combination therapies
targeting both Aβ and tau may be required to halt further progression of the disease in
these stages.
Given the above, the amyloid cascade hypothesis still stands and amyloid directed
treatments still hold promise in the prevention of Alzheimer’s dementia. However, one
should bear in mind that the actual phase of the disease where treatment is applied will
be crucial to the success of potential therapies and may drive different treatment
paradigms. With current BACE inhibitors in phase 2/3 development, targeting different
stages of the AD continuum including preclinical AD, the answer to whether amyloid is
the right target of choice in the treatment of AD will hopefully soon be answered.

8.4 Overall conclusion
The findings discussed in this thesis elucidate how important CSF markers are in a better
understanding of the disease, its progression and the impact of treatment. CSF markers
can be very well suited to measure these changes and elucidate interactions. However, it
is and will further be of crucial importance that the methodology is standardized and
fully understood and the origin of changes is not due to poor methodology or technical
issues. With an increased understanding of neurodegenerative diseases, an improved
methodology for assessing its progression and the impact of treatment using CSF
markers, and the development of new treatments, we have tools in hand to target these
devastating diseases.
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