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Structured Abstract

Obijective: The amyloid cascade hypothesis of Alzheimer disease (AD) has been increasingly
challenged. Here we aim to refocus the amyloid cascade hypothesis on its original premise that
the accumulation of amyloid p-peptide (AB) is the primary and earliest event in AD pathogenesis
as based on current evidence, initiating several pathological events and ultimately leading to AD
dementia.

Background: An ongoing debate about the validity of the amyloid cascade hypothesis for AD
has been triggered by clinical trials with investigational disease-modifying drugs targeting Ap that
have not demonstrated consistent clinically meaningful benefits.

Updated Hypothesis: It is an open question if monotherapy targeting A pathology could be
markedly beneficial at a stage when the brain has been irreversibly damaged by a cascade of
pathological changes. Interventions in cognitively unimpaired individuals at risk for dementia,
during amyloid-only and pre-amyloid stages, are more appropriate for proving or refuting the
amyloid hypothesis. Our updated hypothesis states that anti-Ap investigational therapies are
likely to be most efficacious when initiated in the preclinical (asymptomatic) stages of AD
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and specifically when the disease is driven primarily by amyloid pathology. Given the young
age at symptom onset and the deterministic nature of the mutations, autosomal dominant AD
(ADAD) mutation carriers represent the ideal population to evaluate the efficacy of putative
disease-modifying AP therapies.

Major Challenges for the Hypothesis: Key challenges of the amyloid hypothesis include

the recognition that disrupted AP homeostasis alone is insufficient to produce the AD
pathophysiologic process, poor correlation of AR with cognitive impairment and inconclusive data
regarding clinical efficacy of therapies targeting Ap. Challenges of conducting ADAD research
include the rarity of the disease and uncertainty of the generalizability of ADAD findings for the
far more common “sporadic” late onset AD.

Linkage to Other Major Theories: The amyloid cascade hypothesis, modified here to
pertain to the preclinical stage of AD, still needs to be integrated with the development and
effects of tauopathy and other co-pathologies, including neuroinflammation, vascular insults,
synucleinopathy, and many others.

Keywords

Alzheimer disease; autosomal dominant Alzheimer disease; amyloid hypothesis; preclinical;
prevention; therapy

Objective

Autosomal dominant Alzheimer disease (ADAD) is an ideal model to examine the amyloid
cascade hypothesis by implementing interventions with putative disease-modifying drugs
prior to the symptomatic onset of AD. We intend to 1) reconsider the role of amyloid-p

(Ap) treatments in preclinical AD, when amyloid pathology dominates, with the goal of
preserving brain function and slowing cognitive decline before other relevant co-pathologies
enter the stage, thus serving as a direct test of the amyloid cascade hypothesis; and 2) use the
results of prevention trials in ADAD to inform similar trials to prevent the far more common
“sporadic” late onset AD (LOAD).

Background

Historical evolution

The amyloid cascade hypothesis of Alzheimer disease (AD), first published in 1991,12
incorporated observations about the ubiquitous presence of amyloid plaques in the brains of
persons who experienced AD dementia during life with the discovery of mutations within
the amyloid precursor protein (APP) gene3 that cause autosomal dominant AD (ADAD).
These APP mutations and subsequent ADAD-causing mutations in the presenilin-1
(PSEN1)* and presenilin-2 (PSEN2)P genes were shown to alter the processing of the

APP protein such that the cleavage products resulted in relatively greater amounts of
amyloidogenic fragments of the amyloid-beta (AB) peptide. Hence, studies of ADAD
provided a genetic framework to support the amyloid cascade hypothesis.6 Further support
came from the demonstration that gpolipoprotein E e4 (APOE4), the major genetic risk
factor for sporadic late-onset AD (LOAD), was less effective than the APOE2 and APOE3
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alleles in clearing AB from the central nervous system.” Additionally, almost all adults with
Down syndrome, who have increased lifelong accumulation of AB due to overexpression
of the APP gene owing to trisomy 21, almost all have neuropathological AD by age 40
years.8 Finally, the discovery that the A673T coding variant in the APP gene reduces the
generation of amyloidogenic AB peptides and robustly protects against LOAD? strongly
supports the key tenet of the amyloid cascade hypothesis: AP aggregation and deposition
as amyloid plaques in the brain parenchyma are the initiating events that culminate in AD
dementia. In addition to these arguments, a recent report of a PSE/NI mutation carrier, found
to be also homozygote carrier for the APOES3 Christchurch mutation, who did not develop
clinical dementia in line with a minimal tau PET signal despite having substantial amyloid
pathology, highlights the importance of studying genetic variants that may protect the brain
from AB downstream neurodegenerative effects 10,

However, the amyloid cascade hypothesis has been increasingly challenged, both in the
scientific literaturel® and in the press.12 The arguments against the hypothesis are well-
supported and can be summarized as follows: 1) disrupted Ap homeostasis is a necessary
but insufficient factor for the development of AD; 2) many of the pathological processes in
AD that are thought to occur “downstream” of the parenchymal deposition of A correlate
better with symptomatic AD than does AP load, and some are proposed to themselves
initiate the AD cascadel3; and 3) to date, no investigational drug for AD, the majority of
which have targeted AB, has clearly demonstrated efficacy in a phase 3 trial. The long track
record of failed clinical trials in particular has prompted consideration of alternatives to the
amyloid cascade hypothesis. However, more recently several development programs have
been able to deliver either mixed results in phase 11 trials such as Aducanumab (EMERGE
and ENGAGE) or indications of efficacy in early stage trials such as Donanemab and
Lecanemab 1415,

In this Theoretical Article, we contend that the amyloid cascade hypothesis remains
compatible with the either mixed or disappointing results from late stage clinical trials with
anti-Ap therapies. In doing so, we slightly constrain the hypothesis to reflect that it best
pertains to the preclinical (asymptomatic) stage of AD, prior to symptomatic onset. It has
long been recognized that symptomatic AD (encompassing both mild cognitive impairment
due to AD and AD dementia) develops only after the Alzheimer pathophysiologic process
produces sufficient synaptic and neuronal damage to disrupt normal memory and other
cognitive functions.1® Once initiated, this synaptic and neuronal loss is both continuous and
irreversible, and is expressed clinically by progressive cognitive and functional deterioration
—the AD dementia syndrome. Many failed or not clearly successful clinical trials of anti-Ap
drugs, as well as trials with drugs targeting other potential mechanisms (e.g., inflammation,
insulin resistance, and mitochondrial dysfunction) in the AD pathophysiologic cascade

all enrolled participants with symptomatic AD, some in advanced or mixed stages. The

lack of definite evidence of marked therapeutic benefit is understandable as none of

the experimental agents restore damaged or lost neurons. The more recent trials which

led to some signs of efficacy share that they require rigorous biomarker defined AD in

early clinical stages as inclusion criterion and that some datasets contain hints towards an
additional effect on tau pathology (see below).
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Various scenarios have been proposed for the role of A in initiating downstream
pathophysiological processes, including tauopathy, that produce synaptic and neuronal loss
and ultimately culminate in symptomatic AD’. The AP threshold scenario suggests that
parenchymal AP deposition already has occurred but is not yet to the level that the full

AD pathophysiology, including neuroinflammation and tau pathology, has been activated.

In this scenario, the administration of anti-Ap therapies prior to reaching the threshold for
activation may arrest subsequent development of AD pathophysiology and thus prevent or
delay the onset of symptomatic AD. This approach is evaluated with secondary prevention
trials, where cognitively normal trial participants already manifest cerebral Ap deposition

as ascertained by positron emission tomography (PET) using radioligands for A or by
lowered A concentrations in the cerebrospinal fluid (CSF). In the AR trigger scenario, the
full Alzheimer disease process commences with the initial AR pathology and thus requires
that anti-Ap therapies be administered prior to any pathology if they are to be maximally
effective. This scenario requires a primary prevention clinical trial design, where cognitively
normal individuals without evidence of Ap deposition are treated with the goal to avert the
development of such pathology. The announcement of results from 2 identical phase 3 trials
of aducanumab, suggesting a clinical benefit of this compound in one of this two studies, the
small but positive effects observed with solanezumab8, and the recently reported positive
effect of donanemab on a composite measure of cognition and function may provide support
for the AB threshold scenario. The aducanumab, solanezumab and donanemab# trials in
sporadic AD together with the unpublished results of the BAN2401/lecanemab trials were
the first larger studies that stipulated a positive Ap status and treated AD patients in only
early symptomatic stages 1°. Therefore, trials in ADAD may be promising as the nature of
the disease allows for selection of even earlier AP positive asymptomatic disease stages.
The aducanumab, solanezumab, lecanemab and donanemab data in sporadic AD raise

the question about a clinically significant effect size. The available data for aducanumab,
donanemab and lecanemab suggest that all these treatments led to a slowing in disease
progression by approximately 10-30% in early symptomatic AD patients, which might

be suggestive of a class effect. In these patients the downstream tau process is already
on-going and several clinical trials of anti-Ap agents have evinced changes in CSF tau and
phosphorylated tau (aducanumbab, lecanemab, bapineuzumab 1920), Early data suggest that
further spread of tau pathology might be slowed down by donanemab 14. In this context,

the observed clinical effects are in line with the good clinical pathological correlation of

tau pathology in AD. The emerging image of these effects will be substantially clearer

once results from ongoing pivotal trials of several Ap plaque-reducing monoclonal antibody
therapies (gantenerumab, lecanemab and donanemab) which are expected within the next
1-2 years, will be available.

ADAD provides the opportunity to intervene early in the disease process before downstream
pathologies initiate and therefore treatment may result in larger effect sizes and ultimately
proof the amyloid hypothesis.

Experimental therapies targeting Ap have demonstrated effects on biomarkers but to date
no definite clinical and cognitive benefits have been reported from phase 111 efficacy studies
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in symptomatic AD. This suggests that A is not the main driver of the clinical disease
progression in symptomatic disease stages. The clinically silent preclinical phase of AD may
last two decades or longer before symptomatic AD appears 21-24, This long asymptomatic
stage of the illness that has been well-characterized by various cross-sectional 2122 and
longitudinal?324 studies provides the opportunity to intervene with anti-Alzheimer therapies
with the hope that the onset of symptomatic AD can be delayed or even prevented.

Studies of the anti-Ap antibodies gantenerumab and solanezumab did not demonstrate a
clinical treatment benefit as assessed by a multivariate cognitive scale in the presymptomatic
and early symptomatic disease phases of ADAD 25. However, the asymptomatic groups did
not decline and the trial was not powered to detect clinical effects of late high-dose titration.
The strong biomarker effects on non-Ap pathologies associated with AB-plaque reduction
by gantenerumab in the DIAN-TU-001 study supports the need for early A interventions
and provides important information for planning future prevention studies in this population.

This Theoretical Article posits that the amyloid cascade hypothesis, when viewed in context
of preclinical AD, still provides a compelling rationale for secondary and primary prevention
trials in individuals from ADAD families using anti-Ap and other investigational drugs in

a biomarker-defined window of opportunity prior to symptomatic onset. The Alzheimer’s
Prevention Initiative (API) 26 and the Dominantly Inherited Alzheimer Network Trials Unit
(DIAN-TU)? provide frameworks for such trials. As to date, one open label extension, and
one amyloid secondary prevention trial are in progress and more are being planned (table

1), as are primary prevention trials. The results of these trials will be the ultimate test of the
amyloid cascade hypothesis of preclinical AD.

Updated hypothesis

Early observational data: The search for biomarkers of preclinical AD

AD biomarkers play growing roles in diagnosis, disease staging, and drug development,

and may have predictive or prognostic properties. Established AD-related biomarkers to
date include “downstream” markers of neuronal dysfunction or disintegration such as
glucose metabolism measured by fluorodeoxyglucose positron emission tomography (FDG-
PET) and volumetric magnetic resonance imaging (MRI) measurements of brain atrophy.
Molecular markers include PET measurements of fibrillar Ap, and cerebrospinal fluid
(CSF) concentrations of amyloid (AB1.40), tau, and phosphorylated tau.23:24 Compared to
brain atrophy and hypometabolism, molecular biomarkers have the best AD specificity.
CSF biomarkers have shown prognostic value in terms of predicting progression from the
preclinical to clinical stages of AD.28 In lieu of studying a large group or waiting long
periods of time to assess cognitive endpoints of AD intervention trials, research with ADAD
provides a more efficient way for longitudinal validation of biomarkers from the preclinical
phase through symptomatic disease.2?

Biomarker changes for ADAD in many but not all cases are similar to those seen in LOAD
(table 2). Cross-sectional and longitudinal studies from DIAN and API have shown that
levels of AB1.42 in CSF start to decline approximately 20-25 years before estimated age
at onset of clinical symptoms. Soluble Ap changes are followed by brain Ap deposition at
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16-25 years prior to estimated year of symptom onset (EYO), hypometabolism at —17 to —10
EYO, hippocampal atrophy at —15 to =1 EYO, increased CSF total tau and phosphorylated
tau at —21 to 1 EYO, tau pathology as measured by PET imaging at -6 to 0 EYO and
clinical onset near 0 EYO (figure A).21-24.30-32 plasma AB1.42 levels are consistently
elevated from —15 EYO on?1,

Tau levels, as measured by PET imaging, are more strongly associated with cognitive
decline than brain AB.3%:31.33 The above-mentioned biomarker studies support the
hypothesis that amyloid pathology precedes and likely triggers neurodegeneration and
cognitive decline in ADAD, consistent with data from older individuals at high risk for
LOAD.34

Limitations of AD biomarkers include the fact that A is not robustly linked to clinical
presentation. However, recent data show a correlation of the duration of Ap-positivity with
the risk for cognitive decline and change in other AD-related biomarkers. 3% Downstream
biomarkers such as brain atrophy do not occur until very late in the preclinical stage.23:24
Therefore, it will likely be necessary to employ novel measures of the AD pathological
process (e.g. blood based assays 36) that are sensitive, specific and reproducible biomarkers
for detection of AD-related neuropathological changes over time. For example, blood
neurofilament light (NfL) chain dynamics is a promising biomarker that predicts disease
progression and neurodegeneration early in the preclinical stage of ADAD.37 This would be
important to improve the efficiency and probability of success of future prevention trials.
Efforts are still needed to validate reliable, minimally invasive, and inexpensive methods for
detection and monitoring of AD progression and estimation of therapeutic benefit.

Future experiments and validation studies

All key processes contributing to AD pathogenesis may be considered therapeutic targets for
future interventional trials. The most prominent targets include Ap- and tau- pathology, but
also microglia activation 38 as well as other targets, such as synuclein-pathology3?, oxidative
stress 40 or virus activation 41 may also play a role in future trials. Al ADAD mutations
converge mechanistically on an alteration in the processing of APP 42, Available agents
targeting AB were developed primarily using models based on ADAD mutations.*2 Insight
in the time course of biomarkers allows prediction of biomarker defined disease stages in
ADAD (figure A). Therefore, ADAD studies provide a unique opportunity to explore the
efficacy of anti-Ap treatments in biomarker-defined windows of opportunity, even before the
onset of measurable Ap-pathology and in a genetically determined, Ap-only phase before
the other co-pathologies of AD develop.23:24

Current ongoing and completed ADAD trials in the APl and DIAN have used anti-Ap
immunotherapy, (table 1) which is designed to increase clearance of several different

forms of AB. In the API ADAD trial (NCT1998841) mutation carriers from a single-
mutation kindred are treated with Ap immunotherapy (crenezumab) or placebo, respectively.
Crenezumab is an antibody that shows a minimal fc-effector response and binds to the mid-
domain of monomeric and aggregated forms of A, with highest affinity for oligomers.26
The DIAN-TU (NCT01760005) is a platform that recently completed two drug arms with
two different AR immunotherapies: 1) Solanezumab, an antibody that binds to the mid-
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domain of the A peptide and targets soluble monomeric AB,*3 and 2) gantenerumab, an
antibody against the N-terminal epitope of Ap that binds its aggregated forms, including
oligomers and fibrils.*3 Both DIAN-TU trial arms did not meet their primary endpoint, the
change from baseline in the DIAN-TU Cognitive Composite. However, in this first-ever
completed anti-Ap trials in ADAD several factors limit the interpretation of clinical efficacy
including the relatively small sample size, the combined analyses of asymptomatic and
symptomatic individuals, the late initiation of high drug doses, and the little to no cognitive
decline that was expected in asymptomatic participants. With respect to biomarker effects,
gantenerumab reduced brain AP deposition and increased CSF Ap42 levels, increased

the AB42/40 ratio towards normal, reversed the course of CSF tau and phospho tau 181
levels towards normal, and slowed increases of NfL levels. Solanezumab increased total
AP42 levels in CSF, but downstream AD markers did not show potentially beneficial
changes and NfL showed greater increase. Although the trials did not meet their primary
endpoints, the results of these DIAN-TU drug arms support the amyloid hypothesis in

that for gantenerumab, the reduction of cerebral Ap deposition led to a reversal of soluble
tau pathophysiology. This demonstrates an effect of targeting A on these “downstream”
biomarkers and more importantly the possibility to interfere the Alzheimer pathological
cascade. However, the studies remain short on evidence of the last chain of the amyloid
hypothesis cascade, the link to clinical state. Further, it would be important to examine the
distinct effect of these medications on different AB toxic mediators of the disease, such

as the different Ap oligomers, for a deeper understanding of trial results. Gantenerumab
will be further investigated in an open label extension study to determine if further
normalization of Ap and AD downstream biomarkers can improve clinical and cognitive
outcomes. Importantly, the biomarker outcomes of gantenerumab in the DIAN-TU-001
study also suggested that asymptomatic (CDR 0) participants had a larger magnitude of
effect, supporting earlier interventions targeting Ap.

A third DIAN-TU arm testing the BACE inhibitor atabecestat (JNJ-54861911)2744 was
stopped because of hepatotoxicity that aborted development of this drug. Another DIAN-TU
drug arm will soon begin and other drug arms are being planned, all likely testing tau
targeting interventions in a combination approach (tau and AB). In terms of timing within
the disease continuum, these trials are designed as secondary prevention trials focusing on
the preclinical and early symptomatic disease stages. In this context, secondary prevention
refers to prevention of symptomatic disease onset after AP biomarkers are positive. As in
mildly symptomatic individuals, it can be expected that tau pathology is driving the clinical
phenotype®0. Tau-directed interventions may be effective in this population that includes
early symptomatic phases of ADAD. Taking the results of the first two DIAN-TU drug arms
into account, the ongoing API trial with crenezumab and the three planned tau drug arms

of the DIAN-TU may be better positioned to provide a validation of the amyloid hypothesis
by linking to cognition. Both APl and DIAN-TU will provide a shared scientific resource of
baseline and trial data and available biomarker samples in accordance with Collaboration for
Alzheimer’s Prevention (CAP) principles providing opportunities to clarify the predictive,
theragnostic, and prognostic roles of brain imaging and fluid biomarkers in AD prevention
trials.27:44
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As discussed for the secondary prevention design above, it is crucial to time the
interventions and related read outs according to the disease phase they may address best.
Knowledge on biomarker trajectories have enabled novel trial design concepts in ADAD
aiming at biomarkers (figure A).In future biomarker-driven trial concepts potentially every
clearly defined biomarker milestone along the ADAD disease trajectory could be used

as inclusion criterion and every downstream biomarker milestone might serve as readout.
However, changes in biomarker trajectories have to prove that they are contributing to
delayed clinical onset. Furthermore, clinical trials will ultimately need to demonstrate a
treatment’s biomarker effects are at least “reasonably likely” to predict a clinical benefit
(e.g., free from potentially confounding treatment effects unrelated to disease slowing and
informative of a treatment’s clinical effect), as some of the prevention clinical trials are
seeking to demonstrate. These biomarkers might be accepted as a surrogate end point

as proposed by the updated United States Food and Drug Administration guidelines on
preclinical trials in AD*® and recently employed to approve along an accelerated approval
pathway the anti-Ap immunotherapy aducanumab.

A primary prevention trial design also has been developed for the DIAN-TU.%6 The primary
prevention design pursues the ultimate goal of delaying or preventing the development of
AD-related pathology as measured by biomarkers rather than the prevention of associated
phenotypes.*6 Ongoing design considerations for a primary prevention trial involve
inclusion of cognitively unimpaired ADAD mutation carriers who are more than 11 years
younger than EYO and therefore should have negative Ap-biomarkers, but are destined to
develop symptomatic AD because of their mutation carrier status*® (figure A). Hence, these
trial participants are in the Ap-only phase of the disease where the mutations lead to altered
APP processing alone without apparent downstream processes. Although challenging, the
primary prevention trial will directly prove or reject the amyloid cascade hypothesis by
sequentially measuring Ap and non-Ap biomarkers that are known to develop at specific
periods of the disease prior to clinical symptoms develop and making decisions on the
likelihood of significant disease modification and continuing treatment.

Future directions for ADAD trials include run-in and adaptive trial designs,2’ where
longitudinally assessed individual data of potential trial participants prior to inclusion
enables stratified inclusion for more homogeneous samples with respect to rates of change.
This strategy could also make faster and more effective treatment arm adjustments during
the course of the trial. Furthermore, the issue of practice effects is improved by using

run-in data in AD prevention trials.*’ Cognitive run-in phases are currently ongoing for the
next two DIAN-TU drug arms. Robust data from observational studies from the cognitively
preclinical to the symptomatic disease phase will generate meaningful statistical power to
foster the data exchange between ADAD observational trials and ADAD interventional trials
in future.

Future interventions in ADAD might include other AB-directed immunotherapy approaches,
including active immunization against A epitopes.*® Other Ap-directed options include
B-secretase- (BACE-) inhibitors with potentially less enzyme blockage than the previous
interventions.#%:50 A similar approach to reduce AP production was pursued by developing
y-secretase inhibitors for LOAD but was abandoned due to significant side effects, including
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infections and skin cancer.5 Under development are y-secretase modulators that aim to
lower AB1.4» Without inhibition of total -y-secretase function.52

Therapies directed against pathologically aggregated microtubule-associated protein tau
(MAPT or, in short, tau) are planned to be tested in ADAD in the DIAN-TU. Developments
of novel assays for detection of tau in CSF and tau-specific PET tracers are ongoing.30:31
A number of tau-based treatment approaches, which could be used in future ADAD

trials, are being tested in phase | and phase Il trials in LOAD. These approaches include
passive immunization as well as active immunization®3. Other therapeutic concepts such

as reduction of tau expression (NCT03186989) and microtubule stabilization®3 are under
development. Several broad spectrum anti-aggregants effective against tau aggregation are
advancing in clinical and preclinical development in LOAD and other neurodegenerative
diseases. The most advanced drug development in this class is on Leuco-methylthioninium
bis-hydromethanesulfonate (LMTM, a.k.a. methylene blue), which inhibits aggregate
formation of tau, TDP-43, prion protein, and Ap, but failed to show clinical benefits

in mild to moderate LOAD and FTD.>* A potential reason for failure is limited blood

brain barrier penetration, an issue shared with epigallocatechin gallate (EGCG), a natural
broad spectrum anti-aggregant with effects on Ap, a-synuclein and tau that was studied in
Multiple System Atrophy.>° Broad spectrum anti-aggregants are conceptually interesting for
ADAD and LOAD as they potentially address the entire spectrum of pathological protein
aggregates found in patients and therefore their effect might be less susceptible to timing.
A range of next-generation broad spectrum anti-aggregants are being developed by various
groups. Examples are NPT088, a fusion protein from g3p, a bacteriophage capsid protein
with human 19G4-Fc, that interacts with Ap and tau®® and anle138b, a small molecule with
good BBB penetration and effects on oligomer formation of Ap, a-synuclein, prion protein
and tau.>” Another promising future target is microglia activation, for which several drug
development programs are on-going.38

Major challenges for the hypothesis

One obvious limitation of ADAD research is the scarcity of ADAD families.2! Smaller
sample sizes in clinical trials of ADAD compared to LOAD uniquely challenge power
analyses as proven by the recently published results of the first two DIAN-TU drug
arms.25 The limited number of eligible participants necessitates large global networks,2’
with the exception provided by the existence of large, genetically isolated kindreds with
ADAD mutations,2® for outreach and recruitment that also require efforts in identification
and involvement of rare kindreds. This challenge is addressed by the DIAN Expanded
Registry (www.DIANXR.org). Further, study adherence and retention is pivotal as attrition
may have more impact on power in trials with small sample sizes. Therefore, participant
engagement is important because the relatively young ADAD family members often are
employed, and many are raising children. An annual DIAN family conference provides the
opportunity for global exchange within affected families, communication with researchers,
and updates about the latest research advances. Additionally, novel adaptations such as home
administration of therapies reduce travel burden and enhance retention. The Colombian
API group also hosts annual informational meetings and social events for families with

the PSEN1 EZ80A mutation to facilitate close communication with research participants.

Alzheimers Dement. Author manuscript; available in PMC 2023 December 01.


https://clinicaltrials.gov/ct2/show/NCT03186989

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Levinetal.

Page 10

These efforts may add to study adherence and biomarker completion rates in the ongoing
treatment trials of the AP126 and the DIAN-TU.2744 The design of AD trials with preclinical
ADAD individuals faces several ethical challenges, including whether to disclose mutation
status to trial participants.®® In a recent survey of individuals enrolled in the DIAN study
attitudes were assessed regarding genetic testing for disclosure in clinical trials. The DIAN
participants favored participation in trials even if it required that they learn their own
genetic status but they preferred to self-determine whether to learn their status.5® There

may be circumstances when participants, Ethics Committees, and investigators determine
that genetically blinded enrollment is preferred by specific cultural groups or populations.28
Another challenge is assigning ADAD mutation carriers to placebo control groups.®? The
relative homogeneity of the ADAD population permits sharing of placebo groups between
trials, particularly when relevant data from observational studies can be included. The
common placebo group allows for a favorable randomization of active to placebo (i.e. 3:1)
for each trial while benefiting statistical power through the addition of placebo from a
concurrent trial (i.e. 3:2). For this reason, this approach has been employed in the DIAN-TU
trial design reducing the number of mutation carriers that need to be assigned to placebo.2’
It is possible that carriers receiving active treatment will become aware of their genetic
status should they experience secondary effects of the experimental drug being tested in the
trial, thus disclosing that they have been assigned to an active treatment group. Appropriate
informed consent should discuss the risks and benefits of participating, with emphasis on
the fact that there are no existing effective interventions for AD, and that placebo control
groups are needed for the validity of the study. Investigators conducting preclinical AD
trials may also want to consider the implementation of open label extension studies, which
may provide important complementary information on long-term safety and tolerability of
experimental treatments in unimpaired individuals. Current interventional trials in ADAD
invite participants in a wide age spectrum spanning up to 30 years and also diverse clinical
status at baseline ranging from preclinical to mild dementia (table 1). This heterogeneity

is a challenge for data analysis as change in biomarkers and rate of cognitive decline can

be non-linear within individuals and based on different stages of the disease.2” Therefore,
both baseline values at study entry and the rate of change may differ among participants at
different disease stages and not behave like in model predictions, as shown by the little to
no decline in asymptomatic mutations carriers in the first DIAN-TU drug arms. A particular
challenge was jointly analyzing both asymptomatic and symptomatic mutation carriers in the
first two DIAN-TU drug arms rendering those trials to be only in part secondary prevention
studies. For example, the developed model based on the DIAN observational study did not
optimally predict and account for differences in variance on Mini Mental State Examination
(MMSE) between asymptomatic and symptomatic mutation carriers in the trial. This effect
lowers statistical power and increases the likelihood of missing a significant drug effect.
Furthermore, cognitive changes, which are the primary read outs in the ongoing prevention
trials, require special tools for sensitive detection of drug effects on subtle decline over
time. To overcome these challenges, composite cognitive endpoints have been developed
for the use in APl and DIAN-TU and tested in datasets of observational studies.?1:22:24.27
Cognitive composites for the DIAN-TU and API ADAD offer sensitive and reliable tests
that assess cognition in preclinical AD and the analysis is adjusted for subject-level years
from symptom onset (EYO) and subject-level baseline cognitive performance (table 1), but
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are still dependent on substantial drug effects to detect clear differences between treated
and placebo groups in the asymptomatic phase of disease.26:27 These cognitive composites
need to be continuously improved to account for factors that reduce validity, such as a
probable learning effect that may prevented decline in the logical memory delayed recall
test, a subscale component of the DIAN-TU cognitive composite, in the recently completed
DIAN-TU trials.

In mostly elder brains of LOAD individuals, multiple pathologies such as infarctions,
arteriosclerosis, TDP-43 pathology, hippocampal sclerosis, and Lewy body pathology are
present that may contribute to dementia 61 (table 2). This could be a key challenge for
translating results from trials in symptomatic ADAD where beyond AP and tau only Lewy
body pathology is present to LOAD. 39 This challenge for translation may not apply in such
a way in the case of successful prevention therapies in ADAD as the prevention window for
individuals with presymptomatic LOAD may also be in younger ages when the myriad of
brain pathologies is not present yet.

Linkage to other major theories

Alternative hypothesis about the origin of LOAD such as accumulating DNA damage in
the brain or myelin degradation, likely do not apply in ADAD where the mean age of
symptomatic onset is 47 years. The amyloid-centric view of ADAD remains compelling
because all ADAD-mutations lead to altered APP processing. However, it is increasingly
obvious that also the other key players of ADAD and LOAD pathology such as tau-
pathology, neuroinflammation®2 or Lewy body co-pathology deserve attention.

Major challenges for the role of ADAD as a model for therapy development in LOAD

are two-fold i) the question regarding the comparability between ADAD and LOAD, and

ii) the question on how trial and treatment design considerations can be transferred from

a high-risk population to the general population. In brief, aside from age at onset and
co-pathologies, the core AD phenotype, its clinical course, and neuropathology are virtually
identical (table 2). For the transfer of the results to the general population several challenges
have to be successfully overcome. Initial efforts are being made by collecting amyloid
negative individuals with increased risk forx LOAD as determined by APOE genotype in
the A3 trial or by investigating cognitively healthy amyloid positive individuals such as in
the A4 trial 2746 Recently major progress has been made in the development of blood based
amyloid assays.36:63 These assays could be one way to identify individuals at risk to transfer
progress in terms of therapy development in ADAD to LOAD. The most promising way to
use trial and treatment concepts from ADAD in LOAD is via risk-enhanced sub-populations
(figure B). Major efforts should be undertaken to develop and validate diagnostic techniques
that could serve as screening tools to identify cognitively healthy individuals at an increased
risk of developing AD. Further efforts should go in the direction of determination of precise
individual risks and — once a therapy development program shows an effect — calculations
should be performed based on the effect size of such treatments to develop risk score-based
prevention algorithms.
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Research in Context
Systematic review:

The authors reviewed literature including PubMed, meeting abstracts and company press
releases. Clinical phase 111 trials with investigational disease-modifying drugs, many
targeting A, have not demonstrated consistent clinically meaningful benefits. This has
triggered an ongoing debate about the validity of the amyloid cascade hypothesis for AD.

I nterpretation:

Our updated hypothesis states that anti-Ap investigational therapies are likely to be
most efficacious when initiated in the preclinical (asymptomatic) stages of AD when the
disease is driven primarily by amyloid pathology and prior to irreversible initiation of
downstream effects.

Futuredirections:

The modified amyloid cascade hypothesis pertaining to the preclinical stage of AD,

still needs to be integrated with the development and consequences of co-pathology like
the ubiquitous tauopathy and other typical co-pathologies. Interventions in cognitively
unimpaired individuals at ultra-high risk for dementia such as ADAD mutation carriers,
during amyloid-only and pre-amyloid stages (i.e., prior to substantial other pathologies),
represent the ideal population to evaluate the efficacy of putative disease-modifying

AP therapies in a biomarker-defined window of opportunity and, thus, test the amyloid
cascade hypothesis.
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Clinical- and biomarker-changes and windows of opportunities for interventions and read-

outs in clinical trials

A) The figure shows approximate biomarker trajectories based on data from API and

DIAN or both, if available (upper panel) in ADAD. Windows of opportunity for targeted
intervention aiming at treatment, secondary (2°) and primary (1°) prevention are indicated

(upper panel). Primary prevention is possible until the targeted biomarker crosses the

detection threshold towards abnormality and secondary prevention from this point on until
symptom onset. The lower panel indicates putative windows for the detection of biomarker
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changes in treatment trials. We assumed that this time interval starts five years prior to
significant biomarker changes at group levels. Additionally on top of the panel the authors
indicate phases of the driving elements in distinct phases of ADAD based on their discretion.
B) The figure is adapted from Jack and colleagues’? and aims to show the same timelines for
interventions according to the respective biomarkers in LOAD.
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Table 1

Ongoing clinical trials with ADAD mutation carriers

Page 21

Study

API ADAD Colombia Study

DIAN-TU -drugarm 1and 2

Participants

Trial concept

Duration and main
inclusion criteria

Compound and
administration

Drug targets

Primary Outcomes

Biomarker
measures

Timelines

Interim analyses

Results

168 cognitively unimpaired ADAD carriers and 84
non-carriers from the Colombian PSENI E280A
kindred (aged 30-60 years). All non-carriers are
assigned to placebo.

Secondary prevention (AP pathology is likely, no
demented participants included).

260 weeks; membership in PSENI E280A mutation
carrier kindred, without MCI or AD; MMSE >26
(changed to MMSE of >24 for participants with <9
years of education, or MMSE of >26 for those with
>9 years of education).

Crenezumab SC every 2 weeks or optional 1V every
4 weeks.

Oligomeric & fibrillar AB (crenezumab).

Change in the API ADAD composite cognitive
test score derived from elements of the Mini—
Mental State Examination (MMSE) Orientation to
Time, CERAD Word List Delayed Recall, CERAD
Constructional Praxis, the Multilingual Naming
Test (MINT), and Ravens progressive matrices (set
A).

Florbetapir PET,18F-FDG-PET, MRI, CSF/plasma,
Tau-PET pending.

Recruitment started in 2013.
Estimated study completion date is 2022.

No interim analysis.

Trial not completed yet.

144 ADAD (PSENI, PSENZ, or APP) - mutation carriers and
49 non-carriers; 15 years prior to 5 years after estimated age of
symptom onset (aged 18-80 years). All non-carriers are assigned
to placebo.

Secondary prevention / treatment (Ap pathology is likely,
cognitively healthy participants and participants with mild
dementia included).

112 weeks biomarker trial followed by 148 weeks adaptive
prevention trial: Total 260 weeks; ADAD family history, with
a diagnosis of either cognitively unimpaired, MCI, or mild
dementia; global CDR of not more than 1.0.

Two drug arms with gantenerumab SC every 4 weeks, and
solanezumab IV every 4 weeks, respectively

Aggregated Ap (gantenerumab). Monomeric A (solanezumab).

Change in the DIAN-TU cognitive composite score. The DIAN-
TU cognitive composite includes: The International Shopping
List Test Delayed Recall, the WMS-Logical Memory Delayed
Recall, the WAIS-R Digit Symbol Coding, and the MMSE total
score.

CSF/plasma, florbetapir PET, PiB-PET, MRI.

Recruitment started in 2012.
Randomized study completion in 2019, with OLE of
gantenerumab through 2024.

Biomarker analyses based on adaptive design last participant
completes 104 weeks of treatment.

Negative on primary outcome. Gantenerumab improved amyloid
and tau imaging and fluid AD biomarkers and NFL towards
normal. Solanezumab bound soluble AB and changed NFL
towards abnormal.

Abbreviations: ADAD, autosomal dominant AD; API, Alzheimer Prevention Initiative; DIAN-TU, Dominantly Inherited Alzheimer Network-
Trials Unit; PSENI, presenilin 1; PSENZ, presenilin 2, APP, gene encoding the amyloid precursor protein; AB, amyloid  ; MCI, mild

cognitive impairment; AD, Alzheimer disease; MMSE, mini mental state examination; CDR®, Clinical Dementia Rating®; SC, subcutaneous; 1V,
intravenous; CERAD, Consortium to Establish a Registry for Alzheimer’s Disease; WMS, Wechsler memory scale; WAIS-R, revised Wechsler
adult intelligence scale; PET, positron emission tomography; FDG, fluorodeoxyglucose; MRI, magnetic resonance imaging; CSF, cerebrospinal
fluid; PiB; Pittsburgh compound B.
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