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Abstract

Background: Many trials of amyloid-modulating agents fail to improve cognitive out-

come in Alzheimer’s disease despite substantial reduction of amyloid 𝛽 levels.

Methods:We applied a mechanism-based Quantitative Systems Pharmacology model

exploring the pharmacodynamic interactions of apolipoprotein E (APOE), Catechol -

O -methyl Transferase (COMTVal158Met), and 5-HT transporter (5-HTTLPR) rs25531

genotypes and aducanumab.

Results:Themodel predicts large clinical variability. Anticipated placebo differences on

Alzheimer’s Disease Assessment Scale (ADAS)-COG in the aducanumab ENGAGE and

EMERGE ranged from 0.77 worsening to 1.56 points improvement, depending on the

genotype-comedication combination. 5-HTTLPR L/L subjects are found to be the most

resilient. Virtual patient simulations suggest improvements over placebo between 4%

and 20% at the 10mg/kg dose, depending on the imbalance of the 5-HTTLPR genotype

and exposure. In the Phase II PRIME trial, maximal anticipated placebo difference at 10

mg/kg ranges from 0.3 worsening to 5.3 points improvement.

Discussion:These virtual patient simulations, once validated against clinical data, could

lead to better informed future clinical trial designs.
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1 INTRODUCTION

Amyloid-modulating trials, despite robust effects on reducing levels of

amyloid 𝛽 (A𝛽) have been disappointing in Alzheimer’s disease (AD),

leading some to question the amyloid hypothesis.1,2 It has been pro-

posed that the treatment came too late in the disease, and that they

would be more effective for healthy elderly with specific risk factors.3

Other problems include levels of target engagement, although so far

all trials with 𝛽-secretase enzyme inhibition (BACE-I) and 𝛾-secretase

inhibitors (GSIs) that had very robust target engagement actually

worsened cognitive outcome.2 Possible reasons include (1) a toxic off-
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target effect of BACE-I and GSI; (2) a more complex non-linear biol-

ogy for A𝛽 , with beneficial effects for shorter peptides at low doses4,5

that might lead to a “sweet spot” of amyloid reduction; (3) differential

impact of A𝛽 baseline and rate of accumulation on cognitive outcomes;

and (4) the pharmacodynamic effect of comedications and genotypes

on the dose-response of amyloid-modulating agents.

To address the last two issues, we applied the novel technology of

Quantitative Systems Pharmacology (QSP) to a virtual patient simula-

tion of clinical trialswith aducanumab, amonoclonal antibody that low-

ers aggregated forms of A𝛽 . QSP is an advanced computer model that

integrates thebiologyofdifferentA𝛽 peptidesonactionpotential firing
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of neuronal circuits, in this case a model for cognitive performance.4,6

In general, QSP, especially for central nervous system (CNS) disor-

ders increasingly becomes more appreciated as a tool with academia,

funding organizations, industry, and regulatory agencies to address the

large clinical trial failure rate.7

It is suspected that the large variability in clinical responses is

due partly to the pharmacodynamic interactions of comedications and

genotypes on the dose-response of a new investigative drug, in addi-

tion to baseline and natural progression of amyloid levels. By explicitly

modeling theneurophysiological impact of certain genotypes fromclin-

ical imaging observations, a QSP model, in principle, can estimate the

actual impact of these interactions. The platform has demonstrated its

predictive validity in a prospective prediction of an unexpected clinical

outcome for a novel pro-cognitive target in AD.8

Here we focus on clinical trials of aducanumab,9 a monoclonal anti-

body against aggregated forms of A𝛽10 with cognitive benefits in a

small Phase II trial at 3 and 10 mg/kg, but not at 6 mg/kg.11 The large

Phase III EMERGE and ENGAGE trial was halted for futility in March

2019, but subsequent analysis of further subjects found a signal in one

of the trials. By implementing the clinical trial design and the pharma-

codynamic interactions with genotypes and comedications, we aim to

generate hypotheses about the lack of dose-response in the Phase II

trial and the different responses in the Phase III trials.

We focusonCOMTVal158Met rs4680,12 5-HTTLPRrs25531 s/L,13

and APOE, as they are common variants that affect cognitive state and

their effects on dopamine and serotonin dynamics (important for cog-

nition) and on amyloid physiology have been documented.

The effect of the 5-HTTLPR genotype in AD has not been studied in

the clinical setting; however, in schizophrenia an association between

the 5-HTTLPR genotype and the risk for schizophrenia was found

in a South Indian population,14 but not in a Japanese population.15

Recent studies suggest the presence of a tri-allelic impact with an

additional G-A mutation in the L-form of the promotor16 with the

A-form, but notwith theG-form; enhancing the L-phenotype on 5-HTT

transporter expression. In patients with major depression, response

to antidepressants is strongly modulated by the 5-HTTLPR rs25531

genotype.17 In principle, subjects with the 5-HTTLPR L/L genotype,

who have lower basal serotonin levels, while not affecting A𝛽 dynamics

could perform better on cognitive readouts, probably due to the lower

5-HT3 and 5-HT6 activation levels that improve neuronal firing and

network stability. 5-HT6 antagonism has been shown to improve

cognition in preclinical models18 but the effect in clinical AD trials

has been modest.19 Of interest, the 5-HTTLPR L/L genotype is over-

represented in obsessive compulsive disorder16 and in aggression

associated with AD.20 We speculate that this could be due to the fact

that the 5-HTTLPR L/L allele overstabilizes representations in the

cortical network at the expense of flexibility.21

The catechol-O-methyl transferase (COMT) gene product catalyzes

the transfer of a methyl group from S-adenosylmethionine to cate-

cholamines such as dopamine and norepinephrine, which is a nec-

essary step in the metabolism of these endogenous neurotransmit-

ter, especially in the human cortex. The homozygote Met/Met form is

more thermolabile; therefore is associated with lower activity of the

RESEARCH INCONTEXT

1. Systematic review: This study uses an advanced com-

puter model of neuronal human brain circuits relevant

to cognition in combination with experimentally docu-

mented effects of amyloid 𝛽 (A𝛽) peptides. The model is

based on domain expertise and has been calibrated previ-

ously for clinical cognitive scales.

2. Interpretation: Implementing the clinical trial design of

aducanumab using virtual patients with different geno-

types, medications, and A𝛽 loads, the model gener-

ates testable hypotheses on the differential outcomes

between Phase II and III and identifies a possible respon-

der genotype.

3. Future directions: If these predictions can be validated

with actual clinical data, this platform allows for evalu-

ation of the interactions between comedications, geno-

types, and amyloid status for improving new trial designs

in Alzheimer’s disease.

enzyme22 and higher ambient dopamine and norepinephrine levels.

Given the impact of dopamineoncognitiveperformance,23 it is of inter-

est to study the impact of this genotype on functional changes associ-

ated with A𝛽 changes. Of interest this genotype was modestly associ-

atedwith AD plus psychosis in female patients, whereas no association

was foundwithmaleADpatients.24 For both genotypes, positron emis-

sion tomography (PET) tracer imaging studies in unmedicated healthy

volunteers havedocumented the impact on thedynamics of the respec-

tive neurotransmitters.25,26

It should be strongly emphasized that this study is a hypothesis-

generating project to better understand the outcomes of clinical trials

and that final validation of these predictions needs to be performed

by comparing actual clinical trial outcomes. Nevertheless the plat-

form has shown prospective validation in a number of clinical trials in

Neurology8 and Psychiatry.27,28

2 METHODS

2.1 Calibratedmodel for ADAS-COG readout

The calibrated QSP model for cognition in AD has been described

extensively before.6,30 Basically, the model consists of a biophysi-

cally realistic network of 80 prefrontal cortex pyramidal glutamater-

gic and 40 𝛾-aminobutyric acid (GABA)ergic interneurons, with the

effects of dopaminergic, serotonergic, noradrenergic, and cholinergic

modulation (see also Supplementary Information S3) and is based on

the stability of a memory trace within a working memory paradigm.

The model has been calibrated using 28 different drug-dose–duration

interventions with acetylcholinesterase inhibitors (AChE-I) and 5-HT6
antagonists.6
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2.2 Impact of A𝜷 load on cognitive outcome

In previous work on this QSP platform4 we showed that in order to

explain three different clinical data sets on cognition, the following

properties of the amyloid peptide needed to be included, based on pre-

clinical work in cortical slices:5

a. The biological effect of the short form (A𝛽40) is neurostimulatory at

low concentrations but reduces glutamatergic neurotransmission

at higher concentrations,

b. the long form (A𝛽42) dose-dependently reduces glutamatergic neu-

rotransmission and

c. both forms dose-dependently reduce alpha7 nicotinic neurotrans-

mission.

We generated look-up tables covering glutamatergic transmis-

sion on the N-methyl-D-aspartate receptor (NMDA-R) in combination

with nicotinic neurotransmission at the alpha7 nicotinic acetylcholine

receptor (nAChR). These tables are then converted to look-up tables

with A𝛽40 and A𝛽42 levels (for amaximum of 17 units) using the dose-

response relationship on glutamatergic and nicotinic neurotransmis-

sion. This results in 54 different conditions of three genotypes with

and without AChE-I and for different trial durations (corresponding to

patients at the start of the trial and after 52 and 104weeks).

Previous model simulations4 suggest a level of 3 units for amyloid

positivity threshold based on PET imaging and a natural increase in

both A𝛽40 and A𝛽42 amyloid levels of 1 unit over 12 weeks. We also

simulated fast progressors (1 unit/10 weeks) and slow progressors (1

unit/16weeks).

2.3 Effect of aducanumab onA𝜷 changes

In the Phase III study, patientswere gradually uptitrated to either a low

dose (6mg/kg) or a high dose (10mg/kg), mostly tomitigate ARIA side-

effects.We simulate a slow titration schedule, with patients at 1mg/kg

for the first 8 weeks, 3 mg/kg for the next 16 weeks, 6 mg/kg for the

next 20 weeks, and 10 mg/kg after week 44 for the high dose arm or

they continued on 6mg/kg for the low dose.

The Phase II trial did not include any titration, and included 1, 3, 6,

and 10mg/kg for 52weeks.

2.4 Implementation of AChE-I

The receptor model has been described in detail before31,32 (see Sup-

plementary information S1) and simulates the competition between

neurotransmitters, drugs, and tracer molecules at the postsynaptic

receptor, for example, a cholinergic synapse under natural in vivo firing

conditions.

Target engagement of donepezil, an AChE-inhibitor with a Ki of

20 nM,33 is derived from imaging studies with 11C-PMP,34 corre-

sponding to brain AChE-inhibition levels of 35% at 10 mg.35,36 The

subsequent changes in ACh half-life affects activation levels of mus-

carinic and nicotinic receptors, leading to correspondingmodifications

in glutamate and GABA (see Supplementary Information Table S2 for

biological references).

2.5 Implementation of genotypes

Westudy all possible combinations of the following genotypes: COMT-

Val158Met, 5-HTTLPR rs25531, andAPOE (all together 27 cases). The

genotypes are MM, MV, and VV for COMTVal158Met; LL, Ls, and ss

for 5-HTTLPR rs25531; and APOE44, APOE4X, and APOEXX, where

X= 2,3 for APOE.

The same receptor competition model can be used to determine

the pharmacodynamic effect of genotypes. To reproduce experimental

findings that the COMTVal158Met genotype affects the displacement

of the dopamine 1 receptor (D1R) PET radiotracer NNC-112 in healthy

unmedicated volunteers,25 the synaptic half-life of dopamine in the

COMTVV case was adjusted to 100 ms, 130 ms in the COMTMV,

and 160 ms in the COMTMM case. Similarly, the displacement of the

5-HT4 PET tracer [11C]SB207145 is dependent on the 5-HTTLPR s/l

isoform,26 resulting in a half-life of 55ms for the LL case, 75ms for the

Ls case, and 100ms for the ss case.

We implemented the APOE genotype using different synapse den-

sities with APOE44, a 20% lower, and APOEXX, a 20% higher synapse

density compared to APOE4X genotype.37–39 The effect of APOE on

A𝛽 clearance40 is implemented as a 10% decrease in the naturalistic

amyloid accumulation for APOEXX and a 10% increase for APOE44,

compared to the APOE4X genotype.

We assume a Hardy-Weinberg distribution for all genotypes,41

except for APOE, where the allele frequency of the 𝜀4 allele increases

from 0.16 in controls to 0.40 in AD.42

2.6 Virtual patient trial

We sample the genotype combinations using the appropriate distribu-

tions described above by creating a cumulative distribution function

for the 54 possible combinations and using a random number genera-

tor for a unique signature of each virtual patient. Baseline amyloid level

and amyloid accumulation rates are sampled from Gaussian distribu-

tions with defined average value and variance. This procedure creates

a unique profile of changes in A𝛽40 andA𝛽42 for each patient, which is

then allocated to placebo, low-dose, or high-dose active treatment arm

in the ratio of 1:1:1.

Using the look-up tables described earlier,we generate a unique tra-

jectory of glutamatergic and nicotinic changes for each virtual patient

resulting in anticipatedADAS-COGchanges from their ownbaseline at

52 and 104weeks.

3 RESULTS

Figure 1 shows the concept of the virtual patient platform. In many

cases, the antibody-mediated reduction in oligomeric A𝛽 levels over
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F IGURE 1 Schematic representation of the virtual patient platform. The core computer model consists of a QSPmodel that simulates the
effect of actual A𝛽 loads on glutamatergic and nicotinic neurotransmission in an ADAS-Cog calibrated neuronal cortical network. The input is
defined as the number of patients, average baseline amyloid level and variance, their average rate of amyloid accumulation and variance,
pharmacodynamic effect of amyloid agents on levels of both oligomeric A𝛽40 and A𝛽42, specific clinical trial design, fraction of patients on AChE-I,
and genotype distribution (in this example only APOE, COMTVal158Met and 5-HTTLPR as an example).Changes in A𝛽 oligomeric load can be
calculated from natural history in the placebo arm and pharmacodynamic effects of therapeutic interventions. The output is an individualized
cognitive ADAS-Cog trajectory for that specific patient

time cannot be determined experimentally but in principle can be

estimated from amyloid imaging using biophysically realistic aggre-

gation dynamics models (see further in discussion). We consider

the process of aducanumab-mediated removal of oligomeric and

aggregated amyloid forms as competitive with the natural processes

of amyloid synthesis and aggregation into oligomeric forms and finally

plaques. For this study, however, we considered this parameter as an

independent variable and tested different reductions (40% to 80%) in

the natural oligomeric A𝛽 increase at the highest dose of 10mg/kg.

3.1 Effect of genotypes and procholinergic
medication on cognitive trajectory in placebo patients

We first studied the impact of the different genotype and AChE-I com-

binations in theplacebo condition. For different values of baseline amy-

loid and accumulation rates, the simulations show that (1) the baseline

ADAS-COG ranges from 20.48 to 22.85, with an average of 21.28; (2)

ADAS-COG at 52 weeks ranges from 26.40 to 33.20, with an average

of 30.50; and (3) ADAS-COGat 104weeks ranges from31.12 to 34.26,

with an average of 32.66. This translates into average placebo changes

of9.23points at52weeks (range4.28 to12.12) and11.38points (range

9.06 to 13.17) at 104 weeks, thus suggesting that genotypes and med-

ications can interact with amyloid physiology to generate a large vari-

ability in clinical response.

3.2 Effect of genotypes and procholinergic
medication on efficacy of aducanumab in phase III
titration study

Next, we introduced the effect of aducanumab on A𝛽 accumulation

using the Phase III slow titration schedule and calculated the improve-

ment over placebo for each of the 54 different configurations and vari-

ous amyloid baseline and accumulation rates.

Figure 2 shows that the anticipated improvement of high-dose adu-

canumab over placebo depends on amyloid baseline values and accu-

mulation rate at 52 and 104weeks, and is around 1 point onADAS-Cog

in an “ideally randomized” patient population where the different con-

figurations are weighted according to their incidence.

The data show a complex relationship between improvement and

reduction in amyloid accumulation rate, with the 60% better than the
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F IGURE 2 Effect of baseline amyloid and rate of amyloid accumulation on changes in ADAS-Cog for aducanumab and placebo in ADAS-Cog
averaged over the 54 genotypes and comedications. Shown is the difference in changes versus baseline between aducanumab and placebo
(positive outcome favors aducanumab). Note that the average changes in ADAS-Cog from baseline are around 7 and 10.5 points for placebo at 52
and 104weeks, respectively. The titration schedule of the Phase III ENGAGE and EMERGE trial at 10mg/kg at 52weeks (left) and 104weeks
(right) is used for different reductions of oligomeric amyloid accumulation rate by aducanumab (40%-80%). Higher reductions increase the
cognitive improvement over placebo to amaximum of 1.6 points for fast progressors and relatively low baseline (3-4 units, around the threshold
for amyloid PET positivity). Note that the clinical trial included patients with A𝛽 positivity (baseline>3)

40% and almost equal to the 80%. Of interest at this high exposure, at

very low amyloid baseline (below the positivity threshold) the antibody

becomes worse than placebo. From here on we will show simulations

for the highest exposure (ie, a decrease of 80% vs naturalistic progres-

sion), except where noted.

To identify responders, we rank ordered all outcomes for the 54 dif-

ferent combinations and looked at the distribution of genotypes on the

top 25%. Figure 3 suggests that the 5-HTTLPR LL genotype is signifi-

cantly over-represented in the aducanumab responders.

3.3 Effect of genotypes and procholinergic
medication on efficacy of aducanumab in phase II
dose-finding study

For the small Phase II study PRIMEwe tested the effect of acute single

dosing in the platformwith the appropriate distribution over all combi-

nations. At thehighest dose (10mg/kg), average improvementwas2.36

points. Of interest, when eliminating APOE44 carriers the effect at 10

mg/kg is on average about 0.04 points smaller.
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F IGURE 3 Responder analysis for aducanumab. Frequency of
alleles in top 30% of responder combinations.When rank ordering the
different genotype-medication combinations for their greatest
improvement over placebo for both 52 and 104weeks trial duration,
subjects with the 5-HTTLPR LL genotype are highly represented in the
top 30%. Red lines correspond to the expected random distribution

When taking into account the small numbers of the actual Phase II

trial (n= 20-30), variability can be much greater. The outcomes for the

best and worst case scenarios were derived by comparing the average

outcome for the tophalf of the active armversusbottomhalf of placebo

and vice versa. For the highest dose of 10mg/kg, the average value sug-

gests a best-case outcome of 5.3 points (a 59% improvement) improve-

ment at 52 weeks. Conversely for the worst-case scenario, a 3.2-point

worsening (a 39% deterioration) for the 1 mg/kg dose is observed. The

low number of patients leads to large variability in outcomes and can

partially explain the lack of dose-response in the PRIME trial. Figure 4

shows the effect of all doses on the difference with placebo. Table 1

summarizes the results of the simulation for the different trial designs.

3.4 Virtual patient trials

A series of 100 virtual patient trials of 1200 subjects in the Phase III

trial leads to an average improvement at 52 weeks of about 12% or

1.23 points (range 1.11-1.45) over placebo for the high dose. At 104

weeks the improvement over placebo is about 10% or 1.18 points

(range 1.10-1.28). Standard deviations are around 2 points for the 52-

week outcome and 1 point for the 104-week outcome. The variability

at the individual patient level is substantial, with a range of 8 points at

52weeks and 5 points at 104weeks, with somewhat smaller ranges for

placebo subjects (7 points at 52weeks and 4.5 points at 104weeks).

Figure 5 shows the relationship between baseline functional per-

formance on ADAS-Cog and changes in ADAS-Cog after 52 weeks.

Patients with worse baseline (higher number of errors) deteriorate

less, likely because of a more restricted dynamic range. Of inter-

est subjects with the 5-HTTLPR LL genotype but not APOEXX are

more resilient (have a smaller deterioration for the same baseline)

to increases in amyloid load. This is in line with the observation

that this genotype is over-represented in the aducanumab responder

population.

3.5 Lowering dose during the trial for a specific
group of patients

We then studied the impact of lowering the aducanumab dose of

10 mg/kg to 6 mg/kg at week 52 for APOE44 homozygotes for a

cognitive readout at 104weeks. The dose lowering leads to an average

decrease in efficacy of 0.15 points on ADAS-Cog (range 0.05-0.24),

depending upon the baseline amyloid level and for the fast progressors.

This difference further reduces an alreadymodest response.

3.6 Effect of imbalanced genotype distribution on
virtual patient trials

Finally, we calculated the effect of an imbalance in responder geno-

types (ie, the 5-HTTLPR L/L) between high-dose aducanumab and

placebo. Figure 6 shows the relative improvement over placebo for

a 1200 patient trial as a function of the degree of imbalance. For

the highest exposure levels and a shift of 40 responder subjects (of

400) between active arm and placebo, the simulated improvements

over placebo can reach the 20% range (1.8 points on ADAS-Cog). For

lower exposure and more equilibrated distribution, improvements are

around 5%.

4 DISCUSSION

This studyusesanovel computer-basedapproachusingvirtual patients

to perform a post hoc analysis of aducanumab, focusing on the phar-

macodynamic interactionwith genotypes andmedications. The simula-

tions suggest a substantial impact of genotypes and medication status

on the cognitive trajectory of individual patients, which might explain

part of the variability in clinical outcomes.

This mechanism-based model,4 constrained by clinical data,43–45

allows the identification of biological principles driving the com-

plex relationship between functional effect andaducanumab-mediated

changes in amyloid accumulation. The dose-dependent difference in

cognitive changes compared to the changes in the placebo arm sat-

urates between 60% and 80% reduction in oligomeric concentration

with a complex dependence on baseline amyloid and natural rate of

amyloid accumulation.

The major hypothesis generated by the model is the prediction that

the 5-HTTLPR genotype, in particular the LL genotype which is asso-

ciated with a higher SERT expression26 and lower baseline 5-HT lev-

els, is resilient against amyloid accumulation. The effect is likely a con-

sequence of lower 5-HT3 receptor activation that affects GABAergic

tone46 and of reduced 5-HT6 activation that leads to indirect changes
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F IGURE 4 Best, worse, and average scenario for the improvement over placebo after 52weeks in the PRIME Phase II trial for four different
doses for fast progressors with a baseline amyloid level of 3 units (around the threshold for amyloid positivity as explained in the text). Shown is the
difference in changes versus baseline between aducanumab and placebo (positive outcome favors aducanumab). Because of the low numbers in
the trial, differences between the active arm and placebo can vary greatly depending on the genotype andmedication distribution. Amaximal
improvement of 5 points on the ADAS-Cog can be achievedwith the 10mg/kg dose, whereas the worst-case scenario will result in an over 3 point
worsening for the 1mg/kg dose

TABLE 1 Average difference between aducanumab and placebo changes versus baseline (positive outcome favors aducanumab) and range of
effects (in points on ADAS-Cog scales) for all possible scenarios with aducanumab (different amyloid base-line values and A𝛽 rate accumulations
over the 54 different configurations whenweighted according to the Hardy-Weinberg distribution for COMT and 5-HTTLPR andwith observed
frequencies for APOE in AD patients)

Trial

Differencewith placebo in

ADAS-Cog at 52weeks

Differencewith placebo in

ADAS-Cog at 104weeks

ENGAGE/EMERGE titration (40% reduction) 0.48 (range 0.30-0.61) 0.48 (range 0.13-0.60)

ENGAGE/EMERGE titration (60% reduction) 0.87 (range 0.59-1.11) 0.82 (range 0.68-1.07)

ENGAGE/EMERGE titration (80% reduction) 0.82 (range 0.72-1.13) 0.86 (range 0.68-1.24)

ENGAGE/EMERGE fast titration 0.72 (range 0.61-0.90) 0.59 (range 0.24-0.70)

ENGAGE/EMERGEwith APOE44 switch N/A 0.35 (range 0.02-0.48)

PRIME (10mg/kg) – 40% reduction 1.04 (range−0.3 to 4.29) N/A

PRIME (10mg/kg) – 60% reduction 1.96 (range−0.3 to 5.15) N/A

PRIME (10mg/kg) – 80% reduction 2.16 (range 0.3 to 5.39) N/A

PRIME (6mg/kg) range 40% to 80% reduction 0.70 (range−1.4 to 2.87) N/A

PRIME (3mg/kg) range 40% to 80% reduction 0.30 (range−1.8 to 2.42) N/A

PRIME (1mg/kg) range 40% to 80% reduction 0.12 (range−2.0 to 2.25) N/A

ENGAGE/EMERGE are Phase III trials and PRIME is a Phase II trial.

in cholinergic,47 glutamatergic, and dopaminergic neurotransmitter

systems.48 Clinically these effects lead to a stabilization of excitation

dynamics and improved cognition in schizophrenia patients49 and in

Alzheimer’s patients.19,50 Of interest, a clinical study with citalopram,

a 5-HTT blocker that increases ambient 5-HT levels for addressing agi-

tation in AD patients, resulted in cognitive worsening.51 We acknowl-

edge that other genotypes that affect 5-HTT expression or in other

pathways that we didn’t explicitly model might also play a role.

Although APOE44 carriers usually start out at lower functional

baseline scores, their cognitive deterioration over time is not different

from non-APOE4 carriers, in line with clinical observations that APOE

most importantly drives age at onset, but not necessarily cognitive

deterioration after diagnosis.52 Furthermore, no significant pharma-

codynamic interaction of COMTVal158Met genotype was observed,

suggesting that dopamine levels are not modulating cognitive changes

after A𝛽 intervention.

The simulations show a clear effect of the titration schedule on

the aducanumab clinical outcome as opposed to a non–titration-based

multiple-dose study. Without titration, improvement over placebo can

reach about 2 points at the highest dose and exposure in a large patient
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F IGURE 5 Virtual patient trial outcome after 52weeks for changes in ADAS-Cog as a function of baseline ADAS-Cog. The genotypes/
medications are distributed according to their incidence in the population, and both baseline and amyloid accumulation are sampled from a
Gaussian distribution around the average value (here a baseline level of 6 units) and an amyloid accumulation of 1 unit/12weeks. (Left) Subjects in
brown are carriers of the 5-HTTTLPR LL genotype. As expected, the worsening in ADAS-Cogwith amyloid accumulation decreases as the baseline
ADAS-Cog gets worse. However, 5-HTTLPR LL carriers aremore resilient to functional cognitive worsening for a similar amount of amyloid
accumulation. (Right) There is little difference in the distribution of responders with (brown) or without (blue) the APOE44 homozygote genotype

F IGURE 6 Anticipated improvement over placebo at 52weeks for a virtual patient trial (n= 1500) with an average baseline of 3 units and an
amyloid accumulation of 10weeks/unit, both sampled from a distribution with 50% variance. Shown is the difference in changes versus baseline
between aducanumab and placebo (positive outcome favors aducanumab).The figure suggests that the highest exposure (80% inhibition of
oligomer formation) in combination with an imbalance of only 40 responder subjects (of 400 possible subjects) for the 5-HTTLPR L/L genotype can
lead to an improvement over placebo of close to 20% at 52weeks. Conversely, low exposure with an unfavorable distribution only leads to a
2%-3% improvement over placebo

trial when all genotypes and medications are contributing equally.

This is the same range of effects for AChE-I such as donepezil, galan-

tamine, and rivastigmine.53,54 In a much smaller patient sample, as in

the PRIME study, maximal improvement can be higherwhen amajority

of responder profiles are in the active arm and non-responder profiles

are in the placebo arm. Therefore, a trial with small patient numbers

can yield widely different outcomes, depending on the distribution of

genotypes and medications over treatment arms. It is not inconceiv-

able that the patientswho could tolerate the highest aducanumabdose

were the ones with the largest responses, maybe carrying a 5-HTTLPR

LL genotype. This could explain the lack of dose-response in the small

Phase II PRIME trial.11

In contrast, in the Phase III ENGAGE and EMERGE trial with a pro-

gressive titration schedule over 44weeks, total exposure is smaller and

the differences with placebo are modest (about half the size of AChE-

I) with substantial variability; such values are not likely to be detected

statistically. It is of interest to note that the magnitude of this outcome

is in the range of the reported differences between solanezumab and

placebo at 78 weeks.55 The simulations also suggested that switch-

ing all APOE44 subjects to a lower dose at 52 weeks would shave off

only an undetectable 0.15 points on an alreadymodest outcome.Over-

all, the data suggest that any amyloid-related intervention fundamen-

tally has limited effects on cognitive readouts (exposure-dependent

but reaching only about 1.25 point on ADAS-Cog).
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However, imbalances between genotypes, especially for responders

in the different treatment arms, can substantially affect the anticipated

outcomes. Evenwith thenumbers of subjects in the two, Phase III trials,

EMERGE and ENGAGE, the simulations show that a 20% improvement

can be achieved for a relativelymodest imbalance of 40 responder sub-

jects (of 400) between placebo and active arm.

There are a number of important limitations to the model. The

model assumes a complete lack of direct neurotoxicity of amyloid pep-

tides in the AD brain. The QSP model already indirectly assumes a

linear loss of synapses and neurons over time,6 possibly triggered by

many other processes (which we do not explicitly model) such as neu-

roinflammation and taupathology. Region-of-interest imaging in cogni-

tively normal subjects show indeed differences in hypometabolism (in

linewith effects onglutamate transmission) but not atrophy inA𝛽+ ver-

sus A𝛽− subjects.56

The APOE genotype has a pleotropic phenotype, including effects

onmicroglia and astrocyte biology,57 butwe limit ourselves to an effect

on synapse densities and amyloid clearance. The current QSP model

does not include any biological processes related to non-neuronal cells,

but it is conceivable to introduce the effect of secreted cytokines such

as TNF𝛼 on voltage-gated ion channels.58

Levels of target engagement, that is, how much aducanumab

reduces oligomeric amyloid concentrations, can only be derived indi-

rectly from imaging studiesonplaquedensity that showanalmost com-

plete clearance after 52 weeks of 10 mg/kg aducanumab treatment.11

To derive estimates of oligomeric amyloid levels in the living AD brain,

one has to rely on extrapolations based on models of aggregation

kinetics.59,60 These models suggest that even with complete clearance

of aggregated plaques, substantial soluble small-order oligomeric amy-

loid peptides would remain, probably due to breakdown of plaques in

smaller aggregates and/or reduced interaction of oligomeric peptides

to a lower number of already formed plaques (see for instance Figure 2

from60). Moreover, studies with solanezumab suggest a change in “sol-

uble” CSF A𝛽40 in the 30% and CSF A𝛽42 in the 60% range compared

to placebo.61 Our simulations suggest that higher reduction of amy-

loid accumulation increases the functional improvement in a non-linear

way that saturates at around 1.2 points on the ADAS-Cog scale for the

Phase III titration schedule.

The effect of A𝛽 peptides is limited to glutamate and nicotinic

neurotransmission; other targets have been proposed, such as

Kv4.2 and Kv4.3 channels,62 upregulation of the 5-HT1AR,63 or

Ca-dysregulation,64 which all could affect the electrophysiological

properties of the neuronal circuits. Because there are other K+

channels active in cortical neuron that are not affected by A𝛽 , we

believe these effects might be more modulatory in nature with a

more limited impact on the outcomes. In addition, the upregulation of

5-HT1AR, activation of which has been linked to improved cognitive

outcome,65,66 is specific for the short A𝛽40 form, providing even more

evidence for a neurostimulatory effect. We plan to include these in

future iterations of the platform.

A major limitation of the current QSP model is the absence of

tau pathology, microglia and astrocyte involvement, and vascular

pathology. The current calibrated version of the QSP platform with

ADAS-Cog readout6 assumes already a calibrated parameter for

progressive synapse and neuronal loss as a consequence of non–

amyloid-related neuropathological processes, however, without

implementing a lot of detail. Subsequent iterations of the platform can

elaborate these processes in detail and will certainly be necessary to

support the development of specific disease-modifying interventions.

Although this is an important issue, wewould argue that the trial dura-

tion (1-2 years) simulated here may be too short to have substantial

changes in these pathologies that often take many years to develop

and that therefore themajor process is a change in A𝛽 . Imaging studies

have indeed demonstrated an average hippocampal volume loss of 0.6

mm3/year and a maximal cortical thinning rate of 0.07 mm/year with a

Mini-Mental State Exam (MMSE) score of 21.67 We fully acknowledge

that for modeling long-term prevention studies, this type of slowly

progressing pathology certainly needs to be included. For instance, tau

pathology could be implemented through its effect on action potential

properties that affect synchronization of neuronal circuit activity.68

The platform in its current form intends to quantitatively estimate

the impact of the complex non-linear nature of amyloid biology that

could possibly explain the unexpected dissociation between target

exposure and clinical functional outcome. It might further allow

optimization of titration schedules for cognitive performance while

mitigating side-effects such as ARIA,69 the level of exposure and

corresponding reduction of amyloid accumulation, and the selection

of specific genotype populations. In principle, the platform can be

extended to include other CNS-active medications, which are often

used in clinical practice,70 allowing more Real-world Experience to

be incorporated at the trial design stage. Many of these concepts

can be applied to other similar amyloid-modulating agents, and this

mechanism-based QSP modeling platform provides a framework to

improve the design of future clinical trials.

However, for the ultimate validation of this QSP model, the predic-

tions need to be verified against the actual analyses of the clinical trial.
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