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Abstract

Background: 3-Secretase enzyme (BACE) inhibition has been proposed as a priority treatment mechanism for
Alzheimer's disease (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 | studies, a sample of amyloid-positive elderly patients comprising 45
Caucasian patients with early AD diagnosed as preclinical AD (n =15, Clinical Dementia Rating [CDR] = 0) or with mild
cognitive impairment due to AD (n =30, CDR=0.5) and 18 Japanese patients diagnosed as preclinical AD (CDR-J =0)
were randomized 1:1:1 to atabecestat 10 or 50 mg or placebo (n = 6-8/treatment) daily for 4 weeks. Safety,
pharmacokinetics (PK), and pharmacodynamics (PD) (i.e, reduction of cerebrospinal fluid [CSF] amyloid beta 1-40
[AB;_40l levels [primary endpoint] and effect on other AD biomarkers) of atabecestat were evaluated.
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adults.

Results: In both populations, atabecestat was well tolerated and characterized by linear PK and high central nervous
system penetrance of unbound drug. Atabecestat significantly reduced CSF AR;_4q levels from baseline at day 28 in
both the 10-mg (67-68%) and 50-mg (87-90%) dose groups compared with placebo. For Caucasians with early AD,
the least squares mean differences (95% Cl) were — 69.37 (— 72.25; — 61.50) and — 92.74 (- 100.08; — 85.39), and for
Japanese with preclinical AD, they were — 6248 (— 7832, —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 60-70% and 90% AR 4o
reductions, respectively. The trend of the reduction was similar across the AB_37, ABy_3g and AB3;_4, fragments in both
atabecestat dose groups, consistent with AB;_40. CSF amyloid precursor protein fragment (sAPPP) levels declined from
baseline, regardless of patient population, whereas CSF sAPPa levels increased compared with placebo. There were no
relevant changes in either CSF total tau or phosphorylated tau 181P over a 4-week treatment period.

Conclusions: JNJ-54861911 at 10 and 50 mg daily doses after 4 weeks resulted in mean CSF AB;_4 reductions of 67%
and up to 90% in both Caucasian and Japanese patients with early stage AD, confirming results in healthy elderly

Trial registration: ALZ1005: ClinicalTrials.gov, NCT01978548. Registered on 7 November 2013.
ALZ1008: ClinicalTrials.gov, NCT02360657. Registered on 10 February 2015.
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Background

B-Secretase enzyme (BACE) inhibition has been proposed
as a key and potent mechanism for disease modification
in Alzheimer’s disease (AD) [1]. 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 thera-
peutic interventions that are expected to delay progression
rather than halt neurodegeneration. Patients who are in
an early stage of AD without cognitive symptoms, termed
preclinical AD, or with mild cognitive impairment (MCI)
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 interven-
tions than those with clinical signs of dementia associated
with more advanced disease [2].

Positive biomarker patterns, such as low cerebrospinal
fluid (CSF) AP;_4, level or increased amyloid burden on
positron emission tomography (PET), are seen as strong
risk factors for developing AD symptoms and can help to
identify patients at risk for Alzheimer dementia. A is
generated from the amyloid precursor protein (APP).
Cleavage by [-site APP-cleaving enzyme (BACEL,
[-secretase) is the first and rate-limiting step in this
process, resulting in AB;_4, and other AP fragments (e.g.,
APy 40, AP1_3s, and AP;_37) that are excreted into CSF.
AP peptide fragments of different lengths, especially AB;_
42, accumulate and form AP plaques between neurons in
the brain and are demonstrated to be neurotoxic [3, 4].

Patients with underlying AD pathology and those in early
stages of AD were shown to have higher baseline BACE1
activity in CSF than healthy control subjects [5-7].
Timmers et al. [8] reported that BACE1 CSF levels showed
strong correlations to all downstream AD markers, includ-
ing APj_ 40, APi_4p, and markers of neurodegeneration

(total tau [t-tau] and phosphorylated tau [p-tau;s;,] pro-
teins), 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 AB 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 & Development in collaboration with Shionogi
for an oral treatment of AD by reducing production of
AP fragments. Because Af; 40 is the most prevalent
form, its reduction in plasma and CSF is the primary de-
terminant of atabecestat activity.

In prior studies in healthy elderly and young participants,
atabecestat (5-150 mg) administered once daily achieved
significant and sustained reduction in plasma and CSF A
(both up to 95% at 90 mg daily for 14 days). As such, these
results supported confirmation of target engagement of ata-
becestat through its central BACEL1 inhibition [9].

The studies reported here provide the first
proof-of-mechanism (POM) data of atabecestat in pa-
tients who have evidence of elevated levels of brain amyl-
oid and are in the early stages of the AD continuum but
do not yet experience clinical symptoms of dementia re-
lated to AD. The primary objective of this study was to
demonstrate pharmacodynamic (PD) activity as POM of
atabecestat in the intended target population of patients
with preclinical AD and patients with MCI due to AD. A
50-mg dose was selected on the basis of steady-state (day
14) CSF AP;_40 reduction from baseline observed in
healthy participants (80-90%) [9], whereas a lower dose of
10 mg was chosen on the basis of exposure-response
modeling and simulation (CSF Ap;_4 reduction of
50-60%). In this study, effects of repeat dosing of
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atabecestat on lowering AB;_49 levels in CSF and plasma
were evaluated as primary evidence of its target engage-
ment (i.e., BACE1 inhibition) in the brain. Atabecestat
safety, tolerability, steady-state pharmacokinetics (PK),
and extent of central nervous system (CNS) penetrance
were also determined as primary endpoints.

Secondary and exploratory endpoints evaluated treat-
ment effects on the change in CSF levels of downstream
biomarkers such as AP fragments (AP;_3;, AP;_zs and
APBi1_40), APP fragments (sAPPa, sAPPp, and total sAPP),
t-tau/p-tau;g1p, and BACEL. The relationship between
atabecestat exposure and effects on CSF AP;_y in early
AD populations was also determined.

Methods

Study population and selection criteria

The study population consisted of participants recruited
and screened from two separate clinical trials. The
ALZ1008 Study (NCT02360657) was conducted in Japan
with Japanese participants, and the ALZ1005 Study
(NCTO01978548) was conducted in sites across Europe
(Belgium, the Netherlands, Sweden, and Spain) with
Caucasian participants. Potentially eligible populations
with abnormal CSF AP;_4 level (concentration below
cutoff value of 600 ng/L) even when CSF tau and
p-tau;g;, protein levels were normal (see discussion of
bioanalytical assay procedures below) included those di-
agnosed as clinically asymptomatic (preclinical AD) who
were cognitively and functionally normal (Clinical De-
mentia Rating [CDR] of 0), and those diagnosed with
MCI due to AD who had some limited cognitive impair-
ment but were still functionally normal and therefore
had no dementia (CDR = 0.5).

Participants were screened in accordance with a base-
line four-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 magnetic res-
onance imaging (MRI) scan and evidence of amyloid de-
position by means of a positive amyloid PET scan or low
CSF AP;_4p level (see Additional file 1: Figure S1 and
Additional file 2).

Participants who had a global CDR score higher than
0.5, diagnosed with dementia due to AD, degenerative de-
mentia such as frontal lobe dementia, cortical basal de-
mentia, 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 tumors, gen-
etic disorder associated with dementia, severe depression,
chromosome 21 trisomy, HIV dementia, and vitamin B,
or folic acid deficiency were also excluded. Participants
with a history of malignancy within 5 years before
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screening, epilepsy 10 years before screening, positive tests
for hepatitis B surface antigen or hepatitis C antibody, his-
tory of drug or alcohol abuse, known allergies or hypersen-
sitivity, or a clinically significant acute illness within 7 days
prior to study drug administration were excluded.

In the ALZ1005 Study, patients diagnosed as preclinical
AD, aged 60 to 85 years, or as MCI due to AD, aged 50 to
90 years, were enrolled and randomized to treatment.
Japanese participants diagnosed as preclinical AD
(CDR-Japanese version = 0), aged 65 to 85 years, who were
amyloid-positive were enrolled and randomized in the
ALZ1008 Study. Participants were considered otherwise
healthy for their age with a body mass index (BMI=
weight/height?) between 18 and 35 kg/m>.

Overview of trial design

Both trials were multicenter, double-blind, placebo-controlled,
randomized, multiple-dose POM studies in patients with
early-stage AD. The ALZ1005 Study was conducted from
December 2013 to April 2015, and the ALZ1008 Study
was conducted from February to September 2015. Each
study consisted of an 8-week eligibility screening period
with a four-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 four-step
screening period entered the treatment phase on day 1.
During screening, a CSF sample was collected for bio-
marker diagnosis (eligibility assessment), which served
as baseline for CSF PK and PD biomarker profiling.

A predose baseline blood sample was collected for PK,
biomarker profiling, and clinical safety laboratory assess-
ments. Measurement of vital signs and a 12-lead electrocar-
diogram (ECG) were also performed. Within each
preclinical AD or MCI due to AD study population, en-
rolled participants were randomized at a ratio of 1:1:1 to
one of two dose levels of atabecestat (10 and 50 mg) or pla-
cebo (1 =6-8/treatment) and self-administered single oral
daily doses 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 a
weekly basis (days 8, 15, 22, and 28). A follow-up MRI scan
was collected between days 24 and 27. In addition, on day
28, another CSF sample was collected following last dosing
for PK and biomarker profiling.

Pharmacokinetic analysis and modeling

CSF and plasma collection and processing, as well as
apolipoprotein E (APOE) €4 genotyping, are described in
Additional file 2. Population PK modeling from sparse
PK samples collected in the ALZ1005 Study was per-
formed to derive individual steady-state maximum
plasma concentration [C,., and area under the
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concentration-time profile during the dosing interval at
steady state [AUC from 0 to 24 hours postdosing]. This
model was also used to derive PK/PD simulations of
CSF Af;_40 reduction (described in “Pharmacokinetic/
pharmacodynamic relationship” section below). The ra-
tio between the observed CSF concentration at day 28
visit and the corresponding simulated plasma concentra-
tion at the same time point (since day 28 dose) was eval-
uated in order to assess the extent of penetration of
atabecestat into the CNS, assuming a plasma atabecestat
free fraction of 6% [9].

In the ALZ1008 Study, noncompartmental PK analysis
of individual atabecestat plasma concentration-time data
was performed using Phoenix® WinNonlin (version 6.2.1;
Certara, Princeton, NJ, USA) to estimate PK parameters
on days 1 and 28 (steady state): C.,, time to reach
maximum concentration, and systemic exposure (AUC,)
from area under the concentration-time profile during
the dosing interval were calculated by trapezoidal sum-
mation. Total apparent clearance for day 28 was calcu-
lated as dose/AUC.. In addition, derived PK parameters
were determined to further explore PK of atabecestat,
including apparent total body clearance after extravascu-
lar administration (CL/F) and accumulation ratios for
AUC, and C,,,,. The extent of penetration of atabecestat
into the CNS was also determined as described above
for the ALZ1005 Study.

Pharmacodynamic biomarker profiling

Atabecestat is expected to affect different forms of Ap and
precursors through its mechanism of inhibiting activity of
BACE (p-secretase) enzyme. The activity of atabecestat
was determined by CSF/plasma concentration profiles of
AP fragments (AP;_37, AP1_3s AP1_ao and AP;_gp), with
AP;_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 (sAPPa, sAPPP, and total sAPP) and CSF levels
of BACEL, t-tau, and p-tau were performed.

Pharmacokinetic/pharmacodynamic relationship

A semimechanistic indirect response PK/PD model was
initially developed on the basis of healthy elderly data
(ALZ1002 Study) [9]. In this model, atabecestat PK was
assumed to drive inhibition of APB;_40 synthesis, which
can be mechanistically interpreted as the PD effect of
BACE inhibition [10], as illustrated in Figure S2 (see also
Additional file 1). This model was used to simulate the
expected CSF AP;_40 reduction in the ALZ1005 Study
(at 3 to 6 hours postdose at steady state, using the PK
observed in this study), and the predictions were then
compared with the observed individual AB;_40 reduc-
tions. All analyses were conducted with the NONMEM
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version 7.2.0 Users Guide (1989-2011) (ICON Develop-
ment Solutions, Ellicott City, MD, USA) [11].

In the ALZ1008 Study, the effects of plasma and CSF
atabecestat exposure on CSF Af;_4 reduction at 3 to
6 hours postdose at steady state were explored visually.
Results of PK and CSF Af;_4 reduction from Japanese
preclinical AD participants in the ALZ1008 Study were
compared with Caucasians with early AD and with eld-
erly healthy volunteers from a previously published re-
port of an atabecestat multiple-dose study [9].

Cognitive evaluations

For the ALZ1005 Study, the effect of atabecestat on par-
ticipants’ cognitive performance was explored by CDR,
Repeatable Battery for the Assessment of Neuropsycho-
logical Status (RBANS), Mini Mental State Examination
(MMSE), and computerized neuropsychological test bat-
tery (CANTAB) Elect assessments at screening and on
day 28 (see Additional file 2). When multiple assess-
ments were performed at the same visit by independent
raters, the sequential order of testing was RBANS first
followed by CDR, MMSE, and CANTAB Elect, and if
raters for RBANS and CDR were the same, then CDR
was performed prior to RBANS.

Safety assessments

Safety and tolerability were assessed during the study by
recording adverse events (AEs), clinically significant ab-
normalities, clinical laboratory tests, ECG, and vital signs
and by performing physical, neurological, and MRI ex-
aminations. All enrolled participants were included in
the safety analysis population.

Bioanalytical procedures

Analysis of atabecestat

Plasma and CSF atabecestat samples were analyzed
using a scientifically validated [12], specific, and sensitive
LC-MS/MS method (see Additional file 2). The lower
limit of quantification (LLOQ) was 1 ng/ml.

Analysis of plasma and CSF AB concentrations (four-plex assay)
A qualified prototype multiplex immunoassay based on
Meso Scale Discovery (MSD) (Gaithersburg, MD, USA)
electrochemiluminescence (ECL) detection technology
was used for simultaneous detection of four A species
(AB1-37» AP1_38, AP1_40, and AP;_4) as described earlier
[13, 14]. AP concentrations were determined using a
standard curve with a four-parameter logistic model
with the 1/9* weighting function. All samples from each
participant were analyzed in duplicate on the same assay
plate. Only mean values with replicate well coefficient of
variation (CV) < 20% were accepted.
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Analysis of CSF BACE1 and sAPP concentrations

BACET1 levels in CSF were analyzed using a previously
described BACE1 sandwich enzyme-linked immunosorb-
ent assay [15] (see Additional file 2). The sAPP«, sAPP,
and sAPP totals were quantified in CSF using MSD ECL
detection technology as described previously (see Add-
itional file 2) [8, 16]. BACE1 and sAPP levels were deter-
mined using a standard curve with four-parameter
logistic model with 1/y* weighting function. All samples
from each participant were analyzed in duplicate on the
same assay plate. Only mean values with replicate well
CV <20% were accepted.

Analysis of baseline CSF AB;_4; (Innotest), p-tau;g;p, and t-tau
levels

Baseline AB;_4, p-tauigip and t-tau concentrations were
measured using Innotest” Phospho-TAUg;p Innotest®
hTAU Ag, and Innotest® f-AMYLOID;_4, (Innogenetics/
Fujirebio, Ghent, Belgium) and the Luminex analytical
platform (Luminex Corp., Austin, TX, USA) [17]. CSF
samples from both the 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 vs. normal controls for AB;_4, were applied to the
current sample set to judge the likelihood of having
cerebral amyloid plaque deposition [17].

Statistical analysis
Sample sizes for the studies were not based on formal
statistical testing. Based on previous clinical data, the SD
for percent reduction in CSF AP;_4 ranged from 7% to
29%. Hence, assuming an SD of 16%, the precision of
the 95% CI for between-treatment difference in percent
reduction of CSF AP;_4 was estimated to be 21% and
10% for minimum group sizes of 6 and 16 subjects for
the ALZ1008 and ALZ1005 studies, respectively.
Treatment effect on plasma/CSF AP as compared with
placebo was estimated by 95% CI for percent changes
from baseline in each of the A fragments (A1 37, AP1_3s,
AP;1_40, and AP;_4) in CSF and plasma. For primary and
secondary biomarkers, day 28% changes from baseline, the
least squares (LS) means (converted to original units), and
treatment differences relative to placebo (with correspond-
ing 95% CI) were analyzed on the basis of an analysis of
covariance model that included treatment group and base-
line score as a covariate. Day 28 changes from baseline in
CSF tau/p-tau were summarized using descriptive statis-
tics. Data were summarized and plotted by dose group,
and exposure-response relationship was explored. The re-
lationships between central and peripheral effects on AB;_
40 of atabecestat were summarized graphically by bar plots.
Variability of predose baseline parameters vs. day 28 indi-
vidual CSF ratios of AP;_4o to AP;_40 across treatment
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groups was explored graphically. Analyses were performed
on individual populations of preclinical AD and MCI due
to AD as well as the combined population of early AD.

Results

Demographics, baseline characteristics, and disposition
Participant disposition and study completion for the
ALZ1005 and ALZ1008 trials are shown in Figure S3
(see Additional file 1). 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 than of those
with CDR=0 (72% vs. 32%). In the Japanese trial
(ALZ1008) overall, 233 participants were screened, of
whom 18 participants with preclinical AD were equally
randomized to the same atabecestat treatment groups
(n = 6/treatment; 50 mg, 10 mg, or placebo). In both tri-
als, all randomized participants completed the studies.

Demographic characteristics, APOE €4 status, and
baseline CSF concentrations of BACEL and all amyloid
downstream markers and markers of neurodegeneration
are summarized in Table 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/m? respectively, for those in the atabecestat
group and 70.4 (6.17) years and 24.5 (3.20) kg/mz, re-
spectively, for those in the placebo group. Overall, a total
of 34 participants were = 65 years old. 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 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 AP;_ 49, APi_42, APP fragments,
p-tau;gip, and t-tau at baseline were comparable in each
treatment group across the early AD populations. APOE
€4 status was comparable among atabecestat 10 mg
treatment groups within each study (ALZ1005 and
ALZ1008), but the number of APOE €4 carriers and
noncarriers was somewhat different in the placebo and
50-mg dose groups (Table 1).
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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 lin-
ear absorption and elimination and distribution to a hypo-
thetical peripheral compartment (ie., two-compartment
model). The linear PK of atabecestat in the ALZ1005 Study
was consistent with the previous findings in healthy elderly
volunteers [9]. Summary statistics of individual steady-state
Crax and AUCy_»4 1, by dose group are presented in Table
S1 (see Additional file 1). Dose-normalized steady-state
Cmax and AUC(_,, 1, were comparable to the values
from the ALZ1002 Study, except for slightly higher
Cax in Caucasians with early AD (ALZ1005) (Fig. 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 groups on days 1 and 28 for
Caucasian and Japanese participants and between preclin-
ical AD and MCI due to AD groups (data not shown). In
Japanese preclinical AD, mean accumulation ratios (day
28/day 1) for AUCy_,4 1, were 165% and 177% for the ata-
becestat 10-mg and 50-mg groups, respectively. In Japa-
nese participants, 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 semilogarith-
mic 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.

In Caucasian patients with preclinical AD and MCI
due to AD, oral clearance (CL/F) was estimated as
8.32 L/h (intersubject CV =30%, log-normal distribu-
tion) consistent with model-based estimate from the
ALZ1002 Study (10.5 L/h, CV=19%). In Japanese
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patients with preclinical AD, the mean (SD) CL/F was
higher (12.6 [4.96] L/h) for the atabecestat 50-mg group
than for the 10-mg group (9.85 [3.51] L/h).

In the Caucasian early AD population (i.e., patients with
preclinical AD and MCI due to AD), the mean (SD) CSF
atabecestat concentrations at the 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 LLOQ).
In Japanese patients with preclinical AD, the correspond-
ing CSF concentrations in the two dose groups were 3.29
(0.423) ng/ml and 19.1 (5.67) ng/ml, respectively (see Add-
itional file 1: Table S1). In general, individual CSF concen-
trations at day 28 increased with increasing free plasma
concentrations of atabecestat (sampled at nearest time
point to CSF sampling on day 28).

In Caucasian patients with early AD, the mean ratio be-
tween CSF and free plasma atabecestat concentration was
84% with no significant differences between the 10-mg
and 50-mg dose groups (Fig. 2). In Japanese, the mean ra-
tio of CSF to free plasma concentrations at day 28 were
65% and 83% for the 10- and 50-mg groups, respectively
(see Additional file 1: Table S1). This suggested high CNS
penetrance of unbound drug at its central site of action in
both Caucasian and Japanese patients with early AD.

Pharmacodynamics of Atabecestat biomarkers

CSF and plasma AB fragments

The primary PD endpoint was the reduction of the bio-
marker level of AB;_40, due to inhibition of BACE1 en-
zymatic synthesis by atabecestat. Figure 3 shows the
individual CSF A;_4 reductions, calculated as percent
change between baseline and day 28 in each patient for
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the atabecestat treatment groups. The percent changes
from baseline at day 28 in CSF and plasma AP;_4 and
differences in LS means (SE) from placebo with 95% CI
for all treatment groups are shown in Table 2. As com-
pared with placebo, both atabecestat 10-mg and 50-mg
dose groups showed large and significant reductions
from baseline in CSF AP;_4¢ levels. Mean percent reduc-
tions 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 AP; 4o levels for
atabecestat 10 mg and 50 mg as compared with placebo
(Caucasian early AD, 83.8-92.9% vs. 9.4%; Japanese pre-
clinical AD, 82.7-91.5% vs. 11.8%). The magnitude of
decline as compared with placebo group was always lar-
ger in the 50-mg group than 10 mg for all participants
across early AD population subtypes (Table 2). There
were no meaningful differences in the magnitude of CSF
and plasma AP;_4 reductions from placebo between
Caucasian and Japanese populations.

Table 3 shows secondary endpoints for the percent re-
ductions at day 28 from baseline for AB;_3;, AP;_3s and
APi_4o fragments in CSF and their mean differences
from the placebo group for all treatment groups. Both
atabecestat dose groups showed greater reductions in
the AP fragment levels as compared with the placebo
group. The magnitude of the reduction was similar
across the AP;_3;, APi_3s and AP;_4» fragments and
consistent with the observed reductions for APB;_4o (see
Additional file 1: Figure S4). Similarly, the magnitude of
the reductions in the CSF AP fragment levels as

compared with placebo was larger in the 50-mg dose
group than in the 10-mg dose group, regardless of AP
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
AP species between APOE €4 carriers and noncarriers
across all treatment groups and AD population subtypes
(see Additional file 1: Table S2). Given the small Japanese
study population, no clear relationship could be estab-
lished between APOE €4 carriers and noncarriers and
APB;_40 reduction in CSF and plasma.

CSF sAPP and t-tau/p-tau,g;, concentrations

The percent changes from baseline in CSF APP fragment
levels at day 28 and differences in LS means (SE) from
placebo with 95% CI for all treatment groups are given
in Table 4 and depicted graphically in Figure S5 (see
Additional file 1). In Caucasian and Japanese patients, the
CSF sAPPP concentrations decreased after 4 weeks of
treatment with both atabecestat 10-mg and 50-mg doses
compared with the placebo groups vs. baseline levels. The
magnitude of decrease from placebo was dose-dependent
to a similar extent in both Caucasian and Japanese pa-
tients, being greater for the 50-mg groups (>-90%) com-
pared with 10 mg groups (>-60%) (Table 4).

This is consistent with atabecestat deactivation of
[B-secretase proteolytic cleavage of APP and supportive of
its mode of action. In contrast, the mean percent change
in CSF sAPP« level showed a dose-related increase from
baseline not exceeding twofold across all treatment groups
when compared with placebo (Table 4). As expected, the
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preclinical AD percent change from baseline in day 28 CSF AB;_40. b Caucasian early AD and Japanese preclinical AD percent change from baseline in
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magnitude of decrease in CSF total sAPP level vs. baseline
was small for the 10-mg group and higher for the 50-mg
group, reflective of combined effect of atabecestat on
levels of sAPPP and sAPP« fragments.

Changes from baseline in CSF t-tau/p-tauyg,, levels at
day 28 are shown in Table 4. Similar to placebo, for atabe-
cestat 10-mg and 50-mg doses, there were no relevant
changes in either CSF t-tau or p-tau over a 4-week treat-
ment 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, re-
spectively, as depicted in Figure S6 (see Additional file 1).

Pharmacokinetic/pharmacodynamic CSF AB,_4o analyses

In a PK/PD model developed in healthy participants, the
plasma concentration associated with 50% inhibition of
AB1_40 synthesis (i.e., the potency parameter half-maximal
inhibitory concentration [ICs]) was estimated at 21 ng/ml,
and maximal inhibitory effect was fixed at 100%. Figure 4

shows the simulations obtained from the PK/PD model de-
veloped on the multiple ascending dose population and
driven by atabecestat plasma PK from the ALZ1005 Study,
superimposed on the actual observed CSF day 28 AP;_4
percent reductions from baseline in patients with preclin-
ical AD and MCI due to AD for the placebo and atabece-
stat 10 mg and 50 mg treatment groups in the ALZ1005
Study. The new data were well in line with simulations ob-
tained from the healthy participant PK/PD model, and
therefore the potency parameter ICs, did not require reesti-
mation. Baseline CSFAf;_4 concentration was not a sig-
nificant covariate of ICs, (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 ICsy or
baseline.

The model-predicted steady-state CSF AP;_40 reduc-
tion is shown in Table 5 as median with 5th and 95th
percentiles of the population for selected atabecestat
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Fig. 4 Observed day 28 cerebrospinal fluid (CSF) amyloid-f 1-40 (AB;_40) percentage reduction from baseline in Caucasian patients with preclinical
Alzheimer's disease (AD) and mild cognitive impairment (MCl) due to AD (ALZ1005) vs. model-based simulations from pharmacokinetic/pharmacodynamic
modeling. The observed data of CSF AB;_4 percentage vs. baseline, stratified by patient population (preclinical AD vs. MCl due to AD) from
Study ALZ1005, are overlaid on the model-predicted median and 90% prediction interval (5th and 95th percentiles, gray-shaded area) from

500 simulations per dose level

doses. The observed day 28 CSF Af;_40 percent reduc-
tions in Caucasian patients with preclinical AD and MCI
due to AD for both 10-mg and 50-mg groups fall well
within the 5th and 95th population percentiles (Fig. 4);
thus, model simulations confirmed that once-daily 10 mg
and 50 mg atabecestat can attain 60—70% and 90% AfB;_40
reductions, respectively. In the ALZ1008 Study, the mag-
nitude of CSF A;_4o reductions from baseline at day 28
generally increased with increasing concentration of ata-
becestat in CSF at day 28 (see Additional file 1: Figure S7).

Cognitive effects

Effect of atabecestat on cognition in Caucasians with
early AD was explored to identify unexpected detrimen-
tal effects because 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 Associ-
ated Learning, Reaction Time, and Spatial Working
Memory) of the CANTAB outcome were found for the
placebo and atabecestat treatment groups (Fig. 5). The
LS mean difference of each of the atabecestat groups

Table 5 Steady-state cerebrospinal fluid amyloid-f3 1-40 reduction
from baseline at 3 to 6 hours postdose, based on population
pharmacokinetic/pharmacodynamic modeling from Study ALZ1005

INJ- Steady-state CSF AR;_40 percent reductions from baseline
342852](?;;) 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%

AB Amyloid-beta, CSF Cerebrospinal fluid

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 total score for any of the treatments
groups (see Additional file 1: Table S3).

Clinical safety

Safety data from all randomized participants who received
at least one dose of study drug was included. Incidence of
the treatment-emergent adverse events (TEAEs) by sys-
tem organ class (SOC) in Caucasians for the ALZ1005
Study is shown in Table S4 (see Additional file 1). 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 pla-
cebo group. The proportion of subjects experiencing
TEAEs was greater in the MCI due to AD population
compared with the preclinical AD population (r7=11/30
[36.7%] vs. n=4/15 [26.7%]), with the majority of partici-
pants from the atabecestat 50-mg group.

In both atabecestat treatment groups, the most fre-
quently reported TEAEs by SOC belonged to injury, poi-
soning, 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 pa-
tients (6.5%) due to accidental overdose. Psychiatric dis-
orders 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
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of TEAEs were considered either doubtfully related or
not related to the study drug administration by the in-
vestigator. In the atabecestat 50-mg group, events that
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 per-
formed on day 28.
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The MRI examination at the end of the treatment
period showed no change in the degree of age-related
white matter disease that was observed at baseline for a
majority of the Caucasian study population. A small de-
crease from baseline in the incidence of microhemosi-
derin deposits in the brain was observed for participants
who received both atabecestat (i.e., 90.3% had no de-
posits compared with 80.6% at baseline) and placebo
(92.9% had no deposits vs. 71.4% at baseline).

There were no deaths or TEAEs leading to discontinu-
ation in either study. In the ALZ1005 MCI due to AD
population, there was one (1 =1/30; 3.3%) reported inci-
dence 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 pre-
dose values in ECG parameters of clinical relevance
showed no treatment- or dose-related changes in the early
AD population following atabecestat or placebo dosing.

During the ALZ1008 Study, there was no reported inci-
dence of SAE in Japanese patients with preclinical AD.
Only one TEAE (1 =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 treat-
ment. The TEAE duration was 8 days, considered moder-
ate in intensity, and unlikely related to study drug by the
investigator, and it resolved after treatment with valaciclo-
vir hydrochloride. There were no clinically significant
changes in QTcF and no changes from baseline > 30-ms
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
and neurologic and physical examinations.

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 than those
with normal brain amyloid level [18]. Findings of an-
other retrospective review of data from the Alzheimer’s
Disease Neuroimaging Initiative database of participants
with MCI indicated that clinical trials in early AD should
consider lowering threshold inclusion criteria for amyl-
oid positivity with respect to baseline CSF AB;_4, levels
[19]. These researchers showed that rates of neuronal in-
jury, cognitive and functional decline, and temporal lobe
atrophy substantially accelerated at conventional pre-
threshold levels for amyloid positivity and may have con-
tributed to lack of efficacy in late-phase clinical trials of
antiamyloid therapies [20, 21]. However, these findings
point to the need for development of preventative ther-
apies and strategies that may delay clinical symptoms of
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dementia in persons with AD. Investigation of bio-
markers of early-stage AD pathophysiology and using
PET scans for amyloid burden may allow clinical trial re-
searchers to study asymptomatic individuals who are at
risk and track their disease progression.

Atabecestat is an oral BACE1 inhibitor that was inves-
tigated in phase II/III 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
[B-secretase site (i.e., BACE1) that resulted in 50-80% re-
duction in production of the highly aggregating and
neurotoxic Af;_4» species abundant in extracellular
amyloid plaques [9, 22]. Since the late 2000s, other orally
administered small-molecule BACE1 inhibitors with
measurable brain penetration properties entered clinical
trials. Among these, verubecestat (MK-8931; Merck,
Whitehouse Station, NJ, USA) was in late-phase clinical
studies in patients with mild to moderate AD (EPOCH
study, NCT01739348) and with amnestic MCI (APECS
study, NCT01953601) that were expected to read out
between 2017 and 2019 and were terminated recently
[23]. AZD-3293 (AstraZeneca, Cambridge, UK; and Eli
Lilly and Co., Indianapolis, IN, USA) was evaluated in
phase II/III trials (AMARANTH NCT02245737, DAY-
BREAK NCT02783573) for MCI due to AD or mild AD
dementia for changes from baseline on primary and sec-
ondary 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 POM study of atabecestat that evaluated
treatment effects on AP generation in 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 in-
volved in the identification of such patients, with an
overall eligibility success rate of about 10%. The high
screen failures indicate possible challenges with patient
enrollment in the early AD spectrum and the import-
ance of using well-defined screening procedures and se-
lection criteria to properly identify such eligible patients.

The primary endpoint showed that a 4-week treatment
period with both atabecestat 10-mg and 50-mg doses as
compared with placebo led to significant reductions in
CSF AP;_40 (range, 67—-89%) and plasma levels (range,
82-92%) and a substantial reduction in all AP species
(AP1-37, AP1_38 AP1_42) in CSF in the study population
subtypes. These results and high CNS penetrance of un-
bound atabecestat were similar to the previously re-
ported findings in healthy elderly population and
provide support for its POM of BACEL] inhibition in the
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brain in the intended target population, confirming the
models developed for dose finding in ongoing clinical tri-
als. Furthermore, agreement between PK/PD model pre-
dictions of CSF AP;_ 49 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 frag-
ments and magnitude and direction of change from base-
line were also consistent with the atabecestat mode of
action, which inhibits cleavage of APP by B-secretase con-
firmed in the early-stage AD patient populations studied
here. Increase in CSF sAPPa from baseline was consistent
with its production from subsequent post-translational
processing of APP molecules cleaved by nonamyloido-
genic a-secretase that is not deactivated by atabecestat.

This study was designed as a short-term POM 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 a Caucasian cohort were exploratory and
not evaluated as formal clinical endpoints. No meaning-
ful 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 ex-
pected due to the short treatment duration.

There were no new safety concerns in the Caucasian
and Japanese early AD cohorts as compared with healthy
older volunteers in the atabecestat 10-mg and 50-mg
treatment groups. As compared with the 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 toward
higher incidence of AEs was seen in the Caucasian atabe-
cestat 50-mg dose group, with some single AEs that were
considered drug-related. The majority of AEs had resolved
by end of the study.

Conclusions

The atabecestat 10-mg and 50-mg groups showed reduc-
tions from baseline in the CSF and plasma Af;_4 levels
and other AP fragments (AP 37, AP1_3s and AP;_4o) in
CSF as compared with placebo in all population sub-
types. PK/PD model simulations confirmed that
once-daily 10 mg and 50 mg atabecestat can attain 60—
70% and 90% Ap;_40 reductions, respectively, which are
considered representative for all tested AP fragments or
species. These data confirmed the earlier reported mod-
eling and allow prediction of AP} fragment reduction for
atabecestat doses between 5 mg and 90 mg, independent
of the disease stages tested or the population. The CSF
sAPP level showed reduction from baseline in both ata-
becestat dose groups as compared with placebo across
AD population subtypes, whereas CSF sAPPa level
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increased in both doses as compared with placebo.
There were no relevant changes in either CSF t-tau or
p-tau;gi, over a 4-week treatment period. Overall, atabe-
cestat was well tolerated, the incidence of TEAEs in both
studies was not meaningfully different from placebo, and
no new safety signal was identified.
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