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Abstract

INTRODUCTION: Addressing practical challenges in clinical practice after the recent
approvals of amyloid antibodies in Alzheimer’s disease (AD) will benefit more patients.
However, generating these answers using clinical trials or real-world evidence is not
practical, nor feasible.

METHODS: Here we use a Quantitative Systems Pharmacology (QSP) computational
model of amyloid aggregation dynamics, well validated with clinical data on biomark-
ers and amyloid-related imaging abnormality-edema (ARIA-E) liability of six amyloid
antibodies in clinical trials to explore various clinical practice challenges.

RESULTS: Treatment duration to reach amyloid negativity ranges from 12 to 44, 16
to 40, and 6 to 20 months for lecanemab, aducanumab, and donanemab, respectively,
for baseline central amyloid values between 50 and 200 Centiloids (CL). Changes in
plasma cerebrospinal fluid AB42 and the plasma AB42/ AB40 ratio—fluid biomarkers
to detect central amyloid negativity—is greater for lecanemab than for aducanumab
and donanemab, indicating that these fluid amyloid biomarkers are only suitable for
lecanemab. After reaching amyloid negativity an optimal maintenance schedule con-
sists of a 24-month, 48-month and 64-month interval for 10 mg/kg (mpk) lecanemab,
10 mpk aducanumab, and 20 mpk donanemab, respectively, to keep central amyloid
negative for 10 years. Cumulative ARIA-E liability could be reduced to almost half
by introducing a drug holiday in the first months. For patients experiencing ARIA-E,
restarting treatment with a conservative titration strategy resulted in an additional
delay ranging between 3 and 4 months (donanemab), 5 months (lecanemab), and up
to 7 months (aducanumab) for reaching amyloid negativity, depending upon the tim-
ing of the incident. Clinical trial designs for Down syndrome patients suggested the
same rank order for central amyloid reduction, but higher ARIA-E liability especially for
donanemab, which can be significantly mitigated by adopting a longer titration period.
DISCUSSION: This QSP platform could support clinical practice challenges to optimize
real-world treatment paradigms for new and existing amyloid drugs.
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1 | INTRODUCTION

The approval of new amyloid antibodies has raised new challenges with
regard to the treatment of Alzheimer’s disease (AD) patient popula-
tions in clinical practice that share few communalities with the popu-
lations selected for the clinical trials. To document the performance of
the different antibodies in clinical practice, new initiatives have been
proposed. Validating fluid biomarkers as markers of treatment effect
can significantly increase uptake in the AD clinical practice.! ALZ-
NET,2 supported by the Alzheimer’s Association, is a repository for
documenting efficacy and side effects of patients on amyloid antibody
therapies. Over time this will yield valuable information on the pro-
file of responders and the factors that are associated with increased
liability for amyloid-related imaging abnormality-edema (ARIA-E) side
effects and ultimately optimize treatment guidelines.

In the meantime, we can propose best treatment guidelines based
on extensive analysis of the limited number of subjects in the clini-
cal trials with both positive and negative outcomes. Current published

treatment guidelines®*

are available for selecting patients and doses,
and providing strategies to mitigate side effects. However, a number of
questions remain. For instance, how would resuming treatment after
an ARIA-E incidence affect amyloid biomarker response, how to define
the time of reaching amyloid negativity using easily accessible fluid
biomarkers rather than imaging biomarkers, how to define a mainte-
nance dose once this threshold is achieved, and finally, can we devise
new strategies to mitigate ARIA-E liability?

Attempts towards achieving these goals are underway based on the
large datasets available from clinical trials, and recently practical man-
agement strategies of ARIA-E have been proposed based on experience
with patients on aducanumab.® However, there is room for amore com-
prehensive understanding of these therapies and management of their
side effects.

A possible solution is to use a predictive Quantitative Systems Phar-
macology (QSP) approach that describes the biomarker changes and
ARIA-E liability at the group level from published clinical trials and
applies the results to individual patient situations. This mechanistic
QSP model® is based on detailed biological and biophysical insights
about the aggregation and clearance processes of amyloid beta (Ag)
species and is therefore generalizable beyond the clinical trials and the
antibodies used for model calibration. The model outcome in terms
of amyloid imaging and fluid biomarkers as well as ARIA-E liabil-
ity is fully calibrated using clinical data on longitudinal observational
studies as well as interventional studies with the six antibodies bap-
ineuzumab, solanezumab, crenezumab, gantenerumab, aducanumab,
and lecanemab. To illustrate the generalizability of the platform, we
first used the QSP model to simulate the amyloid biomarker readouts
and ARIA-E liability of donanemab from the TRAILBLAZER’ and gan-
tenerumab from the Graduate | and Il Phase 3 studies,® data that were
not used in the model calibration, and compared these with the clinical
observations.

A first question in clinical practice is determining the duration

of treatment for aducanumab, lecanemab, and donanemab to reach

RESEARCH IN CONTEXT

* Amyloid antibodies are new therapeutic modalities in
Alzheimer care, but patient populations in clinical trials
are different from the real-world population in clinical
practice.

* An advanced computer simulation model, previously val-
idated using clinical trial data from six antibodies, allows
optimizing clinical biomarker readouts for real-world
patient conditions for each of the individual antibodies.

* The model identifies treatment durations for reaching
amyloid negativity and optimal maintenance dosing to
avoid rebounding of amyloid in addition to relevant fluid
biomarker changes that can be monitored instead of
positron emission tomography imaging.

* The model suggests optimal titration scenarios for restart-
ing treatment after amyloid-related imaging abnormality-
edema (ARIA-E) incidence.

* The model identifies timing of drug holidays to mitigate
ARIA-E risk.

e A clinical trial design is proposed for Down syndrome
patients.

amyloid negativity, as dosing can then be switched to a maintenance
treatment schedule. The gold standard is amyloid positron emission
tomography (PET) imaging to achieve an amyloid load of 25 centiloids
(CL) or less.” However, this is expensive and not easily accessible, lead-
ing to the need to define peripheral biomarkers, especially plasma, for
determining the optimal treatment duration.

We therefore investigated the influence of the approved medica-
tions on the dynamics of cerebrospinal fluid (CSF) AB42 and plasma
AB42/AB40 in relation to changes in central amyloid load to explore
which peripheral biomarker could be a reliable biomarker for reaching
amyloid negativity. Although standardized uptake value ratio (SUVR)
amyloid is the biomarker of choice, we also simulated the effect of the
antibodies on the changes in protofibrils, as these have been suggested
to drive additional neurotoxicity.'? We subsequently explored various
maintenance dosing schedules in order to keep amyloid load below
threshold for a long follow-up period.

A second important challenge is restarting treatment after interrup-
tion due to an ARIA-E incident. We explored new scenarios to optimize
the benefit-risk ratio for each individual antibody.

In order to address how variability in a clinical trial setting alters
outcomes across these amyloid antibody treatments, we simulated
the biomarker trajectory of a virtual patient population of 200 sub-
jects with sampling of the key parameters to compare the amyloid
load biomarkers and ARIA-E liability of these antibody therapies on a
patient-per-patient basis. These results illuminate the processes driv-
ing the fraction of amyloid responders and ARIA-E incidence and are a

first step towards personalized medicine.
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Finally, Down syndrome (DS) patients are an important but under-
served part of the autosomal dominant AD spectrum. Here we use the
QSP model to propose clinical trial designs with the three antibodies
for this population.

2 | METHODS

2.1 | Amyloid biomarkers

The QSP model used for simulations of various scenarios on amyloid
readouts has been published before.® Basically, the model consists of
a physiologically-based pharmacokinetic (PBPK) model coupled to a
mechanistic QSP model of amyloid aggregation. The PBPK model!
lumps peripheral tissues together but models explicitly lymph, plasma,
four different CSF and the interstitial fluid (ISF) compartments includ-
ing the blood-brain barrier (BBB) and the blood-CSF-barrier (BCSFB).
Conversely, this platform can be used to derive the level of periph-
eral biomarkers such as monomeric A340 and AB42 in lumbar CSF and
plasma, both free and antibody-bound. The mechanistic QSP model
describes the synthesis of Af from the precursor protein amyloid
precursor protein (APP), the enzymatic degradation of the monomer
by insulin-degrading enzyme (IDE) or neprilysin, the aggregation of
monomers into oligomers, protofibrils, and plaques, and the clear-
ance of oligomers, protofibrils and plaques by microglia. We consider
monomers (n = 1), oligomers (n = 2-16) with molecular weights (MWs)
between 8 and 80 kDa, protofibrils (n = 17-24)2 with MW > 80 kDa
and plaques (n = 25). The apolipoprotein E €4 allele (APOE4) genotype
is introduced using a differential effect on AB clearance by microglia.’®
Key observable readouts include SUVR amyloid, CSF AB40 and AB42,
and plasma AB42/AB40, which have been calibrated previously in
both longitudinal and interventional clinical studies. Notably the lev-
els of soluble oligomers and protofibrils and insoluble plaques were
constrained from postmortem biochemical studies in AD brains. The
following formula describes the calculation of SUVR amyloid, based on
different contributions of soluble and insoluble AB aggregates, with the
four parameters fixed for optimal correlation with the clinical data:

oligo proto plaque G
C1 (Ab42 +Ab42P™® 4 C, « Ab42 )

SUVR, = 1+ — )
oligo proto plaque 3 C3
(Ab42 +AbA2PP 4 C, « AbA2 ) +Ca

Furthermore, the SUVR amyloid for florbetapir can be calculated in
CL using the formula Amyloid (Cl) = 183*SUVR-177.14

Modeling the binding between antibodies and plaques in a perivas-
cular compartment with a time-to-event relationship has been demon-
strated to predict the clinically observed ARIA-E rates.

The model takes PK and pharmacological (ie, affinities for the dif-
ferent AB species) properties of the antibodies into account and can
simulate various treatment scenarios, including titration schedules,
protocol amendments, and treatment holidays. Because the aggrega-
tion dynamics are explicitly modeled in a biophysically realistic way,
this allows derivation of the dynamics of fluid biomarkers from changes
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in SUVR amyloid imaging as well as the optimal maintenance schedule
once central amyloid negativity has been achieved. Using the perivas-
cular compartment plaque bound antibody levels as the best readout
for ARIA-E liability, the model allows exploration of the impact of
restarting treatment using a specific titration schedule after an ARIA-E
incident as well as the impact of a drug holiday on ARIA-E liability.

As both CSF and plasma AB concentrations are an output of the
platform, we can investigate the relationship between changes in
these fluid biomarkers and central amyloid dynamics, possibly identi-
fying thresholds in peripheral biomarkers that would indicate reaching

amyloid negativity.

2.2 | Virtual trial

Biological processes that can be unique for individual patients include
synthesis and degradation of AS monomers, forward and backward
rate constants of primary nucleation for higher-order aggregates,
enhanced forward aggregation due to secondary nucleation, break-
down of protofibrils into smaller aggregates, and uptake of various Af
species by microglia cells. Additionally, there are treatment-associated
processes such as variability of drug uptake at the BBB and the pheno-
typic switch from low to high phagocytosing phenotype after binding
of the antibody to the Fc-gamma receptor (FcyR) on microglia cells.
We generated virtual patients by sampling parameters associated with
these processes from a Gaussian distribution with a coefficient of vari-
ation (CV) of 10% to 30% depending upon the individual parameter (see
Supplementary Information for more details).

For each of these patient and drug pharmacology profiles, a natu-
ral history trajectory was simulated. A reasonable technically feasible
approach was to define the onset of AD pathology when the CSF Ag42
concentration dropped below 0.17 nM.1> However, because the CSF
ApB42 cutoff values tend to underestimate central amyloid SUVR amy-
loid cutoff values'® and clinical trials were focused on amyloid-positive
subjects, we therefore identified the age at which the SUVR amyloid
exceeded 1.30 or 47 CL (Age*) and delayed the start of the trial with the
following relationship, assuming an average delay of 6 years between

diagnosis and treatment start.
Start_Trial = Age™ + 2 + 8*RND[O0, 1]

where the random function (RND) is sampled from a uniform distribu-
tion between 0 and 1. In this way a baseline amyloid load with most

patients in the range 80 to 120 CL is achieved.

2.3 | Simulation of amyloid dynamics in Down
patients

The QSP model is applied to the specific pathology in autosomal dom-
inant AD patients with DS by assuming a 50% higher synthesis of the
APP, leading to a higher influx of monomeric AB40 and AB42 into the

brain parenchyma. This is based upon the observations that central DS
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FIGURE 1 Whenintroducing the pharmacology and PK profile of donanemab and gantenerumab, the model reproduces the biomarker
dynamics observed in donanemab’s TRAILBLAZER trials (A,B) and gantenerumab’s GRADUATE trials (C,D), both for central amyloid readouts
(A,C) and ARIA-E liability (B,D). Circles are clinically reported data (Clin Data). Data were compared to placebo. ARIA-E, amyloid-related imaging
abnormality-edema; CL, centiloids; SUVR, standardized uptake value ratio.

phenotype is associated with the specific triplication of APP on chro-
mosome 21.17 Implementing these changes leads to a steep decrease in
CSF AB42 and a steep increase in SUVR amyloid at about 10-15 years

earlier than in AD patients.

3 | RESULTS
3.1 | Predicting amyloid load and ARIA-E side
effect for new antibody

As mentioned before, the model has been calibrated on group aver-
age data solanezumab, crenezumab, bapineuzumab, gantenerumab,
aducanumab, and lecanemab. To demonstrate its generalizability, we
simulated the biomarker effect of donanemab, an antibody against
the pE3 epitope present in amyloid plaques, from the Phase 2 TRAIL-
BLAZER study, starting at 10 mg/kg (mpk) for the first 3 months
followed by 15 months of 20 mpk. The plasma PK profile was fitted
from reported data'®1? and the dissociation constant Kg4 was derived
from experimental data?® to be 0.14 nM for plaques and a much smaller
affinity (K4 = 50 nM) for soluble AB aggregates. Figure 1A,B shows that
the model reasonably well reproduces both the observed changes in
PET SUVR amyloid and the time-dependent incidence of ARIA-E.
Similarly, we investigated the amyloid dynamics and ARIA-E liability
of gantenerumab using the GRADUATE Phase 3 study design. This trial

did not meet the primary endpoints,? likely because of a smaller than

expected decline in SUVR amyloid. Using the specific titration sched-
ule of these studies, the model was able to reproduce both the amyloid
dynamics and ARIA-E liability (Figure 1C,D). Because the model takes
into account the complex interaction of the antibody with the dif-
ferent AB species in addition to their aggregation dynamics and the
microglia biology, these mechanism-driven predictions could be some-
what different from data-driven PKPD analysis, especially if different
dose-intervals are considered. In general, leveraging this QSP model
in the future could set the standard for early development of future
amyloid neurotherapies for AD, especially in cases with limited clinical
data.

3.2 | Achieving amyloid negativity
Although ARIA-E risk diminishes over time,?! it is suggested to limit
exposure to amyloid-removing antibodies in patients once amyloid
negativity is achieved. In this section we provide estimates of the
minimum treatment duration for individual antibodies (aducanumab,
lecanemab, donanemab, and gantenerumab) to achieve amyloid nega-
tivity as a function of the patient’s baseline amyloid load at the start of
treatment. Amyloid negativity is defined as reaching a threshold of 25
CL as assessed with florbetapir imaging.¢

These dosing schedules are 1 mpk Q4W for 3 months, 3 mpk Q4W
for 3 months, 6 mpk Q4W for 3 months, followed by 10 mpk Q4W

for aducanumab; 10 mpk Q2W for lecanemab during the whole treat-
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(B) Normalized protofibril levels at amyloid
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FIGURE 2 Outcomes simulated for donanemab, lecanemab, aducanumab, and gantenerumab to reach amyloid negativity for a range of
baseline central amyloid values using the reported titration schedules from the Phase 3 studies. All outcomes are for an APOE4+ subject. (A)
Duration to reach amyloid negativity ranges from 4 to 23 months for donanemab, 5 to 48 months for lecanemab, 10 to 44 months for aducanumab,
and 10 to 70 months for gantenerumab. (B) Final protofibril levels normalized to baseline at time of reaching amyloid negativity. Lecanemab has
the greatest reduction, followed by aducanumab, gantenerumab, and donanemab. (C) Increase in CSF AB42 normalized against baseline at the
time of reaching amyloid negativity as a function of baseline amyloid load is greatest for lecanemab, followed by aducanumab, and much smaller
for donanemab and gantenerumab. (D) Difference from baseline in plasma AB42/AB40 ratio at the time of reaching amyloid negativity for different
baseline amyloid central amyloid levels. The difference is greatest for lecanemab. AB, amyloid beta; Adu, aducanumab; APOE4, apolipoprotein E ¢4
allele; CL, centiloids; CSF, cerebrospinal fluid; Dona, donanemab; Gan, gantenerumab; Leca, lecanemab; SUVR, standardized uptake value ratio.

ment; 10 mpk Q4W for 3 months, followed by 20 mpk Q4W for
donanemab (all iv infusions). For gantenerumab, we simulated 120 mg
Q4W, 255 mg Q4W, and 510 mg Q4W followed by 510 mg Q2W
(all subcutaneous). Figure 2A shows predicted times to reach amyloid
negativity treatment with different antibodies starting from different
baseline values, where we allowed the treatment to continue beyond
18 months. As expected, for the dosing schedules described above
and all baseline amyloid loads, amyloid negativity (defined as less than
25 CL) is achieved faster for donanemab, as compared to lecanemab
and aducanumab, while gantenerumab takes much longer. For base-
line amyloid loads between 40 and 185 CL, treatment durations range
between 3.7 and 25 months for donanemab, 6 and 50 months for
lecanemab, between 10 and 47 months for aducanumab, and between
12 and 70 months for gantenerumab.

The gold standard for detecting amyloid negativity is a PET-scan
based SUVR amyloid readout; however, this is expensive and not eas-
ily accessible. An alternative approach is to measure fluid biomarkers,
such as CSF AB42 and plasma AB42/AB40. Previously we have demon-
strated the relationship between changes in these fluid biomarkers and
central amyloid load in observational natural history studies.® We next
investigated changes in these easily accessible fluid biomarkers pre-

and posttreatment with amyloid antibodies.

Secondary readouts in clinical trials have indeed demonstrated an
increase in CSF AB42 and the plasma AB42/AB40 ratio to varying
degrees following treatment. This is likely due to the clearance of
higher-order aggregates that leads to a reduction of the secondary
nucleation pathway and is dependent upon the specific pharmacology
and titration schedule of the antibodies making a one-size-fits-all cri-
terium challenging. Figure 2 demonstrates that the relation between
increases in CSF AB42 (Figure 2C) and plasma AB42/A340 (Figure 2D)
at the time of reaching amyloid negativity is dependent upon the nature
of the antibody with lecanemab showing the greatest dynamic range,
followed by donanemab, aducanumab, and gantenerumab. This under-
scores the need for an antibody-specific criterion when using fluid
biomarkers as a marker for amyloid negativity.

Finally, to illustrate the capacity of the model to predict the dynam-
ics of intermediate and non-accessible AS species, we simulated the
reduction of protofibrils for the different antibodies at the time of
reaching amyloid negativity. The level of soluble protofibrils has been
suggested to drive neurotoxicity at least for in vitro systems,10-22.23
although the clinical significance remains unclear. Figure 2B demon-
strates that lecanemab has indeed the biggest effect in reducing
protofibrils levels, reducing protofibrils by 70% to 90% for baseline

amyloid level over 120 CL. Note that donanemab is only able to reduce
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FIGURE 3 SUVR AMYLOID dynamics in maintenance treatment for a 75-year-old APOE4+ subject after reaching amyloid negativity and
switching to increasing intervals (in months) at the last dose for (A) donanemab, (B) lecanemab, and (C) aducanumab. (D) Central amyloid levels
attained 10 years after regular treatment until amyloid negativity, followed by maintenance treatment at different intervals for the different
antibodies. Time at which dosing is switched to maintenance is indicated with the arrow. In order to keep amyloid levels below the positivity
threshold (25 CL) for this period, aducanumab and donanemab can be given every 48 and >60 months respectively, while lecanemab needs to be
applied every 24 months. Adu, aducanumab; CL, centiloids; Dona, donanemab; Leca, lecanemab; SUVR, standardized uptake value ratio.

these levels by 20% to 30%, because of the much shorter duration to

achieve amyloid negativity.

3.3 | Maintenance dosing

Once amyloid negativity has been reached, treatment can be switched
to a maintenance schedule during which the slow rebound of amyloid
plaques needs to be mitigated. The most convenient way for patients
is to continue treatment with the last dose but increase the dosing
interval.

As monomers and oligomers can bind to plaques in the aggrega-
tion process (secondary nucleation), the rate at which SUVR amyloid
rebounds is dependent upon the relative level of amyloid plaques and
intermediate A species at treatment halt. This might be dependent
upon the pharmacology of the individual antibody.

Simulation data suggest that after treatment halt when amyloid neg-
ativity is reached, in the absence of any drug, amyloid load increases by
about 4.1 to 5.8 CL/year depending upon the amyloid level after treat-
ment (see Figure S5). We simulated the amyloid dynamics for a fixed
baseline of 110 CL, and upon reaching a central amyloid level of 25
CL, switched to the same dose but with increasing intervals and gen-
erated amyloid profiles out for 10 years to mimic these levels seen in
the patient population. Figure 3 shows the dynamics of central amy-
loid levels after treatment halt for donanemab (Figure 3A), lecanemab

(Figure 3B) and aducanumab (Figure 3C), continuing at the same dose

but with increasing dosing intervals. The switch to maintenance treat-
mentisinitiated at 12, 30, and 32 months for donanemab, aducanumab,
and lecanemab respectively. It is of interest to note that amyloid clear-
ance continues for a certain time proportional to the half-life of the
activated microglia phenotype. Figure 3D provides an overview of the
central amyloid levels reached at 10 years when providing the anti-
bodies at different intervals. To keep amyloid negativity at 10 years,
the data suggest that interval ranges from longer than 64 months for
donanemab at 20 mpk, to over 48 months for aducanumab at 10 mpk,
but only 24 months for lecanemab 10 mpk. This is likely due to the lat-
ter’s shorter half-life and higher affinity for protofibrils which leads to
a lower reduction in amyloid plaque load.

We also simulated the dynamics of CSF AB42, the plasma
AB42/AB40 ratio, and protofibrils during maintenance treatment
(see Supplementary Information, Figures S1-3). In line with the obser-
vations over an 18-month trial, lecanemab achieves higher values of
CSF AB42 and plasma AB42/AB40 and lower values of protofibrils at
earlier time points. This difference is consistent across all time points
and for any dosing interval.

3.4 | Treatment resumption after Aria-E incidence
We next studied the impact of treatment interruption for 12 weeks
due to ARIA-E incidence, followed by a conservative titration sched-

ule, on central amyloid biomarkers. After 3 months of interruption,
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FIGURE 4 (A) Additional delay for reaching amyloid negativity after interrupting treatment for 12 weeks after an ARIA-E incident at a specific

time after treatment start. After the incident treatment is restarted using a conservative titration schedule of single 1 mpk, 3 mpk, 6 mpk (and 10
mpk for donanemab) doses Q4W before reaching the original dosing before the ARIA-E. The delay ranges from 3 to 7 months and is smallest for
donanemab. While the delay for lecanemab (between 4 and 5 months) is independent of the timing, for both donanemab and aducanumab the
delay increases as the incident happens later, likely due to interference with the titration schedule. (B). Introduction of a 3-month drug holiday in
the titration schedule in the absence of ARIA-E at any time during the first 12 months can maximally reduce ARIA-E liability with 8% for lecanemab,
12% for donanemab, and 18% for aducanumab. ARIA-E at time t = 0 months reflects the maximal liability using the titration schedules of the Phase
3 studies. The greatest impact is for an early drug holiday (first two months) for lecanemab and donanemab, while the window between 4 and 10
months is optimal for aducanumab. Adu, aducanumab; ARIA-E, amyloid-related imaging abnormality-edema; Dona, donanemab; Leca, lecanemab.

treatment restarted with 2 months of one-eighth of the maximal dose,
2 months of one-fourth the maximal dose, 2 months of one-half the
maximal dose, followed by the maximal dose (maximal dose is 10 mpk
Q2W for lecanemab, 10 mpk Q4W aducanumab, and 20 mpk Q4W for
donanemab).

Depending upon the time at which the treatment is halted for ARIA-
E,for a75-year-old APOE4 patient, Figure 4A shows that the additional
time delay (not including the drug holiday) to reach amyloid negativity
ranges from 4.7 to 5.1 months for lecanemab, from 3.3 months to 4.6
months for donanemab, and from 3 to 7 months for aducanumab. Given
the long duration of AD and the slow dynamics of Aj aggregation, this
delay is unlikely to be clinically significant.

Interestingly, even in situations without actual ARIA-E incidence,
the simulations also suggest that having a drug holiday within the
first months of treatment could reduce accumulated ARIA-E liability
by 8% for lecanemab, 18% for aducanumab, and 12% for donanemab
(Figure 4B), depending upon the timing of the drug holiday. A simi-
lar observation has been proposed using a different in silico model of
ARIA-E.2!

This happens without a big effect on biomarker dynamics (see Sup-
plementary Information, Figure S4). In general, the model allows for a
wide variety of titration schedules to be explored.

3.5 | Mitigating response variability

To get a better idea about the variability in clinical practice, we next
simulated the effects of an 18-month treatment with donanemab,
lecanemab, and aducanumab in the same virtual patient cohorts of 200
APOE4+ patients on biomarkers and ARIA-E liability. For this simula-
tion, we assumed the same titration schedule as used in the pivotal

Phase 3 studies and for the same duration (see Figure 5). This sim-

ulation provided us an estimation of a head-to-head comparison and
helped to identify specific characteristics of responders for each of
the individual antibodies. On average, donanemab has the fastest amy-
loid clearance, followed by lecanemab and aducanumab (Figure 5);
however, this is associated with a much higher fraction of patients
experiencing ARIA-E (31% for donanemab vs 18% for lecanemab).
When calculating a therapeutic index (Tl) as the ratio of decrease in
amyloid levels (in CL and normalized to baseline amyloid) divided by
the ARIA-E liability, lecanemab comes out on top, followed by adu-
canumab and donanemab. Interestingly in about 10% and 35% of cases,
the Tlis greatest in donanemab and aducanumab respectively. Because
aducanumab has such a long titration schedule, it can mitigate ARIA-
E liability at the expense of a substantial reduction in central amyloid.
Balancing efficacy against ARIA-E side effects applies in general to any
dosing strategy for amyloid antibodies.

Interestingly, these simulations suggest a linear relationship
between final central amyloid after 18 months of treatment and the
subsequent slope of central amyloid increase, such that the higher
central amyloid at end of treatment, the faster the amyloid load in the
patient rebounds to the baseline level (Figure S5). This suggests that
plaques, due to their sheer number, indeed play a dominant role as
mediators for secondary nucleation. Secondary nucleation is defined
as the enhanced binding of an oligomer attached to the surface of the
plaque, compared to binding of a monomer to an oligomer in solution.
The more plaque surface is exposed, the more monomers are interact-
ing with plague-bound oligomers. The slope is greatest for lecanemab,
because of the relative lower contribution of plaque degradation. The
exact relationship depends upon the differential contributions and
aggregation kinetics of the remaining AS species, each contributing to
the calculation of the central amyloid biomarker. Larger virtual patient
trials and a more detailed analysis of the intermediate AB species

dynamics are needed to address this question.
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3.6 | Clinical trials in autosomal dominant AD DS
patients

We finally simulated clinical trials in DS patients, an autosomal dom-
inant Alzheimer disease population currently underserved but poten-
tially responsive to amyloid antibodies. We used the titration schedules
from their Phase 3 studies and for a duration of 18 months with the
three antibodies according to their respective titration schedules. Sim-
ulation of the natural history reveals a decrease of CSF AB42, which is
associated with the sudden increase in aggregation of monomeric cen-
tral AB peptides, about 15 years earlier than for AD patients. This is due
to the continuous higher synthesis of monomeric A40 and AB42 as a
consequence of the trisomy 21.

Both amyloid biomarkers and ARIA-E liability were simulated for
generic APOE4+ patients entering a clinical trial at 47, 50, and 52
years. Figure 6 shows that donanemab has the fastest clearance of
central amyloid load (Figure 6A) and the highest ARIA-E liability
(Figure 6B) for an average DS patient at the age of 47. When calcu-
lating a Tl as the ratio of biomarker reduction divided by ARIA-E side
effect liability, lecanemab is superior to donanemab and aducanumab,
which holds for different ages of trial start (Figure 6D). In addition, the
relative decrease of amyloid load for the three antibodies is smaller
with increasing age (85% to 66% for donanemab, 49% to 30% for
lecanemab, and 27% to 25% for aducanumab) because of the higher
baseline amyloid load.

Interestingly, when simulating a more extensive titration schedule
for donanemab, with doses starting at 2.5 mpk, followed by 5, 10, and

20 mpk, the ARIA-E side effect can be substantially lower in DS patients
(Figure Sé). In this case, the ARIA-E liability of 46% at the Alzheimer
dosing schedule can be reduced to 37%, 26%, and 20% for a total dura-
tion of 3, 6, and 9 months up-titration, without much impact on central

amyloid reduction (less than 5 CL).

4 | DISCUSSION

Using a clinically validated QSP model,® this paper explores a num-
ber of challenges in clinical practice for treatment with the two
approved amyloid antibody medications, aducanumab and lecanemab,
as well as donanemab—which has filed for approval. This biophysi-
cally realistic computer model combines aggregation dynamics and
microglia-dependent clearance together with PBPK modeling of amy-
loid antibody target exposure and engagement with readouts for SUVR
amyloid PET imaging and ARIA-E liability, both important drivers of
clinical response. Each of these antibodies affects the different Ag
species differently based on their affinity, with unique effects on
the aggregation kinetics, resulting in different dynamics not only for
amyloid-related biomarkers, but also for key intermediate species. The
model captures very well the available biomarker dynamics for both
the natural history as well as the effect of six different antibodies.
The model can simulate the observed biomarker dynamics and ARIA-
E liability for donanemab in the TRAILBLAZER and gantenerumab in
the GRADUATE studies, demonstrating the capability to generalize

beyond the dosing schedules (including intravenous and subcutaneous
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application) and pharmacology of the antibodies used for calibration.
Therefore this model could in principle be expanded to also simulate
the impact of novel amyloid therapies—many already in early clini-
cal development—with different targets for instance focused solely on
oligomers,?4 gamma-secretase modulators,?> or with small molecules
affecting the aggregation rate of AS species.?%2”

Based on the consensus that amyloid antibody therapy is best termi-
nated after reaching amyloid negativity, we first simulated the time to
reach this point for the three amyloid antibodies with different baseline
amyloid levels. As expected, donanemab has the fastest clearance of
central brain amyloid, while lecanemab and aducanumab have a slower,
but very similar efficacy. We also demonstrated the slower Ag clear-
ance by gantenerumab with a dosing schedule from the GRADUATE
Phase 3 studies, as determined by PET imaging.®

While it has been extensively documented that CSF AB42 lev-
els correlate inversely with central amyloid load in natural history
progression, the impact of brain amyloid clearance by antibodies on
changes in peripheral fluid Ag levels is more complex. Indeed, exper-
imental observations after 18 months of treatment suggest almost a
doubling of the AB42 CSF levels after lecanemab,?® compared to a

much more modest increase with donanemab,2? despite the greater

effect on amyloid clearance. Simulations with the QSP model sug-
gest that the increase in fluid AB biomarkers is likely dependent upon
the pharmacology of the antibody and generate the hypothesis that
this observation is driven by the differential affinity of the antibod-
ies for the more proximal low-order oligomer AS forms which are
linked to monomer dynamics through primary nucleation. Preferen-
tial elimination of these low-order oligomers by lecanemab leads to
the synthesis of A monomers becoming more dominant compared to
the aggregation into higher order aggregates. This results in higher
ISF monomer Ag levels, which ultimately reflects in a larger peak
of the CSF AB42 levels and opens the possibility to use these fluid
biomarkers to help identify the time at which the antibody has com-
pletely cleared the central amyloid load. The lecanemab-associated
CSF AB42 increase can be readily detected and is much greater than for
aducanumab and donanemab. Similarly, the plasma AB42/AB40 ratio
demonstrates a greater increase for lecanemab, suggesting that the
use of these fluid biomarkers is less appropriate for aducanumab and
donanemab.

Once brain amyloid negativity has been reached, maintenance dos-
ing can be initiated to keep the amyloid load below the threshold. It has

to be noted that because the disease-associated microglia (DAM) phe-
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notype has a finite lifetime (about 1 year), the phagocytotic capacity
only very gradually declined to the non-stimulated situation, allowing
plaques to be cleared further after the antibody is gone. This explains
the slight acceleration of central amyloid increase at longer times after
treatment halt.

The model suggests that after halting donanemab treatment at amy-
loid negativity, central amyloid recovers on average about 3.5 CL/year.
Clinical studies of donanemab have suggested that after treatment
halt, it takes 3.9 years for patients who became amyloid negative to

recover to a threshold of 25 CL,3°

well within the range of our pre-
dictions. In contrast, central amyloid recovers about 4.5 CL/year after
lecanemab treatment. This is likely due to the differential pharmacol-
ogy, with lecanemab affecting more upstream forms of AS as compared
to donanemab that very selectively binds to amyloid plaques, which
contribute most to the central SUVR amyloid signal. In line with this
hypothesis, the virtual patient trial suggests a faster slope of cen-
tral amyloid rebound for those patients that end at higher central
amyloid outcomes after treatment. The precise balance between pri-
mary nucleation and secondary nucleation (using amyloid plaques to
enhance aggregation) defines the subsequent trajectory of the AB
species and therefore the imaging central amyloid readout, as outlined
inthe Methods section. As a note of caution, keeping amyloid negativity
below threshold does not unequivocally lead to cognitive stabilization,
as other pathological processes such as tau and neuroinflammation are
not affected to the same degree.

Along the same lines, the virtual patient trial suggests that at 18
months, 78%, 72%, and 57% respectively of patients in the donanemab,
lecanemab, and aducanumab trial were amyloid-negative. This is in
accordance with reported clinical data of 71% for donanemab,3! >75%
for lecanemab,?832 and 48% for the EMERGE aducanumab trial.®®
It must be noted, however that the baseline central amyloid for
lecanemab’s CLARITY trial was much lower (77 CL) than for the other
antibodies. The patients who did not reach amyloid negativity likely
needed longer treatment and therefore were less responsive to that
particular antibody treatment. A possible extension from this virtual
patient study would be to identify the specific biological processes that
would drive the therapeutic index for each of the antibodies, therefore
possibly allowing for selection of the best antibody at the individual
patient level.

Our QSP modeling platform suggests an optimal titration schedule
for restarting therapy after an ARIA-E-related treatment interruption.
In such a case, the additional delay to reach amyloid negativity (not
including the 12-week treatment halt) ranges from 3 to 7 months which
is relatively small compared to the slow progression of the disease.
Interestingly, these simulations would predict that even in the absence
of ARIA-E, a drug holiday during the first months of treatment can sig-
nificantly reduce the accumulated liability of ARIA-E (maximally 12%,
8%, and 16% for donanemab, lecanemab, and aducanumab, respec-
tively) with a relative minor effect on the decrease in amyloid load.
These interesting predictions need to be confirmed in a clinical trial;
however, the current model allows for the simulation of various titra-
tion and drug holiday schedules to significantly improve the initial

planning of clinical trials or treatment guidelines.

DS patients will likely benefit greatly from these amyloid antibody
therapies®#3> and have been considered only rarely for clinical trials.
The availability of amyloid antibodies opens the possibility to finally
start treating these patients at an earlier age. We implemented a “DS”
phenotype by increasing APP synthesis by 50%, based on the genetic
signature of trisomy 217 and the observation that only subjects with
triple APP gene evolved to the clinical phenotype. We acknowledge
that this assumption does not take into account the large variabil-
ity, the presence of mosaicism in the brain of DS patients, and the
effect of aging on the amyloid clearance mechanisms.3¢37 While this
can be addressed in further studies using a virtual patient approach,
we wanted to contribute to the discussion of testing amyloid antibody
therapies in DS patients.

Applying the QSP model to DS patients suggests that the same rank
order will be preserved, that is, donanemab (dona) > lecanemab (leca)
> aducanumab (adu) for reduction of central amyloid, while ARIA-E lia-
bility is much greater for dona > adu > leca. The therapeutic index is
relatively independent of time of treatment and shows the same rank
order as in AD patients, that is, leca > adu = dona. Many of the same
readouts in terms of achieving amyloid negativity, the use of peripheral
fluid biomarkers for detecting amyloid negativity, maintenance dosing
after reaching amyloid negativity, and the impact of titration after an
ARIA-E incident can be applied in this patient population using this QSP
model.

The platform has a number of limitations. While the parameters
were constrained and calibrated using data from observational nat-
ural history and interventional amyloid antibody studies using the
reported patient populations, the results might not be generalizable
to other situations, like different ages and baseline amyloid loads or
different biology that drives the dynamics of Af aggregation. How-
ever, the fact that we were able to reproduce the biomarker changes
of donanemab TRAILBLAZER and gantenerumab GRADUATE studies
suggest that the model captures well the underlying biological pro-
cesses of Aj aggregation. Furthermore, group average outcomes of
the virtual patient trial where the biological parameters were sampled
from a Gaussian distribution recapitulated the clinical differentiation
between the three antibodies.

A major concern is the determination of the affinities of the anti-
bodies for the different A8 subspecies.?® They are not always easy to
measure accurately and are clear drivers of the biomarker responses.
Here we applied the binding affinities as summarized in the QSP
paper.®

Another possible concernis the increase of the BBB leakiness, either
associated with age or with the APOE genotype,3®37 that is currently
not implemented in the model. This might overpredict the proposed
readouts in DS patients and can affect the outcome of the virtual
patient trial. An updated version of the model will take this important
parameter into account.

Because it has been suggested that protofibrils were an important
AB species driving neurotoxicity,'® we compared the reduction in free
protofibrils with the different antibodies at the time of reaching amy-
loid negativity. Lecanemab is by far the most efficient drug, which is

not unexpected given its selectivity for this type of Ag fibrils. However,
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this outcome needs to be interpreted cautiously, as the time to reach
amyloid negativity can substantially differ between the different drugs.
For instance, compared to donanemab, lecanemab needs a longer time
to achieve amyloid negativity, and therefore can clear protofibril levels
more efficiently.

A more appropriate fluid biomarker would be plasma p-tau217;
however the relationship between changes in amyloid load following
treatment and changes in this biomarker are currently beyond the
scope of this mechanistic model and will be addressed in further work.

Finally, the biggest challenge is the link to cognitive readouts where
donanemab and lecanemab show a robust effect slightly greater than
aducanumab. Studying the antibody-specific dynamics of the different
AB species and relating them to clinical outcome could illuminate the
biological processes that drive cognitive outcome. It has to be noted
that recently a comprehensive semi-mechanistic model? was pub-
lished linking amyloid changes over tau pathways to clinical outcomes.
It might be of substantial interest to combine this model with the more
detailed amyloid aggregation model presented here to support further
therapeutic developments.

Future work is focused on an extensive sensitivity analysis of the
QSP platform using the virtual patient approach. This would allow
identifying the biological processes that would (1) specifically drive
biomarker response for each of the three antibodies, (2) be associ-
ated with higher ARIA-E liability, and (3) drive fast re-aggregation after
reaching amyloid negativity. If we can find any biomarkers (clinical or
genetic) associated with these biological processes, treatment could be
more personalized.

QSP has been traditionally used in late drug discovery and early
clinical development because it is based on biology and is optimal for
data-poor situations, although recently QSP has proven to be useful in
late clinical development. We believe that this model, which is well cali-
brated with a large amount of clinical data from the last 20 years, would
be very helpful in supporting clinical trial design of future amyloid
therapeutics and in new amyloid pathology-driven indications. To our
knowledge, this is also the first example where QSP has been applied
to address challenges in clinical practice of AD treatment.

In summary, this report demonstrates that the QSP amyloid plat-
form presented here could be applied to many different situations,
because it is firmly based on the biophysical principles of protein aggre-
gation. As such it can lay the groundwork for applying this type of

mechanistic pharmacological modeling to real-world clinical situations.
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