UC San Diego
UC San Diego Previously Published Works

Title
A trial of gantenerumab or solanezumab in dominantly inherited Alzheimers disease.

Permalink

bttgs:ggescholarshiQ.orgéucgitempvm922bg

Journal
Nature Medicine, 27(7)

Authors
Salloway, Stephen
Farlow, Martin
McDade, Eric

Publication Date
2021-07-01

DOI
10.1038/s41591-021-01369-8

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/2vm922b0
https://escholarship.org/uc/item/2vm922b0#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

SERVIC

%,
/f
Yeyvaaa

/ HHS Public Access

Author manuscript
Nat Med. Author manuscript; available in PMC 2022 July 01.

Published in final edited form as:
Nat Med. 2021 July ; 27(7): 1187-1196. doi:10.1038/s41591-021-01369-8.

A trial of gantenerumab or solanezumab in dominantly inherited
Alzheimer’s disease

A full list of authors and affiliations appears at the end of the article.

Reprints and permissionsinformation is available at www.nature.com/reprints.

~Correspondence and requests for materials should be addressed to R.J.B., batemanr@wustl.edu.

A list of authors and their affiliations appears at the end of the paper.
the Dominantly Inherited Alzheimer Network-Trials Unit
Paul S. Aisen30, Scott W. Andersen32, Andrew J. Aschenbrenner3, Randall J. Bateman3, Monika Baudler33, Tammie L. S.
Benzinger3, Sarah B. Bermans, Scott M. Berry31, William S. Brooksl5, Jared R. Broschz, Roger Clarnettezg, David B. Clifford3
Kelley A. Coalier3, Carlos Cruchaga3, Paul Delmar33, Rachelle S. Doody 3, Bruno Dubois2®, Anne M. Fagan3, Martin Farlow2v34,
Paulo Fontoura33, Maité Forma Ii021, Douglas R. Galask017, Serge Gauthierle, Caroline Giacobino33, Alison A. Goate5, Brian
A. Gordon3, Didier Hannequin', Jason Hassenstab3, Janice M, Hitchcock4, Karen C. Holdridge32, Lawrence S. Honig-2, Ging-
Yuek Robin Hsiunglg, Clifford R. Jack Jr27, Suman Jayadevzo, lvonne Z. Jimenez-Velazquez 0 Geoffrey A. Kerchner3g, Robert
Koepgezg, James J. Lah®, Yan Li , Jorge J. Llibre-Guerra3, Mario Masellis?2, Colin L, Masters'8, Eric McDade3, Susan L.
Mills®, Mark A. Mintun3 ,John C. Morris3, Catherine Mummeryﬁ, Jérémie Pariente24, Florence Pasquier26, Richard J. Perrin3,
Erik D. Robersonl?, Stephen Salloway1v34, Raquel Sanchez-Vallel4, Anna M. Santacruz3, John R. Sims32, B. Joy Snider3, Peter
J. Snyderzg, G. Mustafa Surtil, Ronald G. Thomasl7, Christopher H. van Dyck12, David WaIIon7, Guogiao Wang3, Barbara A.
Wendelberger31, Chengjie Xiong3 and Roy Yaari32
Iwarren Alpert Medical School of Brown university, Providence, RI, uSA. 2|ndiana university School of Medicine, Indianapolis,
IN, uSA. 3Washington university School of Medicine, St. Louis, MO, uSA. 4Hitchcock Regulatory Consulting, Inc, Fishers, IN,
uSA. Slcahn School of Medicine at Mount Sinai, New york, Ny, uSA. 6university College London, London, uK. TCentre Hospitalier
universitaire de Rouen, Rouen, France. 8university of Pittsburgh Medical Center, Pittsburgh, PA, uSA. 9Emory university Medical
Center, Atlanta, GA, uSA. 10university of Puerto Rico School of Medicine, San Juan, Puerto Rico. 11university of Alabama at
Birmingham School of Medicine, Birmingham, AL, uSA. 12yale university School of Medicine, New Haven, CT, uSA. 13¢columbia
university Medical Center, New york, Ny, uSA. 14Hospital Clinic i Provincial de Barcelona, August Pi i Sunyer Biomedical
Research Institute-universitat de Barcelona, Barcelona, Spain. 15Neuroscience Research Australia, university of New South Wales
Medicine, Randwick, New South Wales, Australia. 16McGill Center for Studies in Aging, McGill university, Montreal, Quebec,
Canada. 17university of California San Diego, San Diego, CA, uSA. 18university of Melbourne, Melbourne, Victoria, Australia.

Suniversity of British Columbia, Vancouver, British Columbia, Canada. 20university of Washington School of Medicine, Seattle,
WA, uSA. 1Hospices Civils de Lyon, Lyons, France. 22Sunnybrook Health Sciences Centre, university of Toronto, Toronto,
Ontario, Canada. 23 australian Alzheimer’s Research Foundation, university of Western Australia, Perth, Western Australia, Australia.

Centre Hospitalier universitaire de Toulouse, Toulouse, France. 25Neurological Institute, Salpetriere university Hospital, Paris,

France. 25Centre Hospitalier Régional universitaire de Lille, Lille, France. 2 Mayo Clinic, Rochester, MN, uSA. 28university of
Michigan, Ann Arbor, MI, uSA. 9university of Rhode Island, Kingston, RI, uSA. 30Keck School of Medicine, university of Southern
California, San Diego, CA, uSA. 31Berry Consultants, LLC, Austin, TX, uSA. 32g); Lilly and Company, Indianapolis, IN, uSA. 33E,
Hoffmann-La Roche Ltd, Basel, Switzerland. 34These authors contributed equally: Stephen Salloway, Martin Farlow.
Author contributions
RJ.B., S.S., M. Farlow, D.B.C., EM., GW,, S.LM., AM.S,,JH, TLS.B., AMF,AAG.,C.C,RJP,CX,JCM, SWA,
K.C.H.,,R.Y,,J.R.S.,,M.B,,P.D.,R.S.D,, P.F, C.G. and G.A K. designed the study and wrote the study protocol. J.M.H., A.J.A.,
Y.L,JJL.G,BAG.,SMB,RK.,PJS., PSA, RG.T., M.A.M. and B.A.W. provided additional input to the study design. R.J.B.,
S.S., M. Farlow, D.B.C., E.M., S.L.M. and A.M.S. coordinated the trial. B.J.S., C.M., G.M.S., D.H., D.W,, S.B.B., JJ.L, 1.ZJ.V,
E.D.R,CHVD,LSH., RSV, WSB,S.G,DR.G,C.LM,JRB,G.R.H,SJ, M. Formaglio, MM, R.C., J.P, B.D. and F.P.
recruited and treated the patients and collected the data. G.W.,, Y.L., C.X., S.M.B., B.A.W., SW.A. and P.D. performed the statistical
analysis. S.L.M. and A.M.S. were responsible for central and local data management. A.F. and K.A.C. performed the analysis of the
CSF biomarkers data. C.R.J.J., T.L.S.B. and B.A.G. performed the processing and analysis of the neuroimaging data. A.G. and C.C.
were responsible for the sequencing and genetic analysis. Every author contributed to the initial draft of the manuscript and agreed on
submission for publication. All authors interpreted the data, reviewed the manuscript and approved the final version.

Online content

Any methods, additional references, Nature Research reporting summaries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41591-021-01369-8.

Code availability
All code for data cleaning and analysis associated with the current submission is available upon request to the corresponding author
and is provided as part of the replication package.

Supplementary information The online version contains supplementary material available at https://doi.org/10.1038/
$41591-021-01369-8.


http://www.nature.com/reprints

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Salloway et al. Page 2

Abstract

Dominantly inherited Alzheimer’s disease (DIAD) causes predictable biological changes decades
before the onset of clinical symptoms, enabling testing of interventions in the asymptomatic

and symptomatic stages to delay or slow disease progression. We conducted a randomized,
placebo-controlled, multi-arm trial of gantenerumab or solanezumab in participants with DIAD
across asymptomatic and symptomatic disease stages. Mutation carriers were assigned 3:1 to
either drug or placebo and received treatment for 4—7 years. The primary outcome was a
cognitive end point; secondary outcomes included clinical, cognitive, imaging and fluid biomarker
measures. Fifty-two participants carrying a mutation were assigned to receive gantenerumab, 52
solanezumab and 40 placebo. Both drugs engaged their AB targets but neither demonstrated a
beneficial effect on cognitive measures compared to controls. The solanezumab-treated group
showed a greater cognitive decline on some measures and did not show benefits on downstream
biomarkers. Gantenerumab significantly reduced amyloid plaques, cerebrospinal fluid total tau,
and phospho-taul81 and attenuated increases of neurofilament light chain. Amyloid-related
imaging abnormalities edema was observed in 19.2% (3 out of 11 were mildly symptomatic)

of the gantenerumab group, 2.5% of the placebo group and 0% of the solanezumab group.
Gantenerumab and solanezumab did not slow cognitive decline in symptomatic DIAD. The
asymptomatic groups showed no cognitive decline; symptomatic participants had declined before
reaching the target doses.

AD is a progressive neurodegenerative disorder that causes pathological changes in the
brain decades before the onset of clinical symptoms. It is hypothesized that accumulation
of amyloid beta (AB) plaques in the brain initiates a cascade of destructive mechanisms
including inflammation and aggregation of tau protein in neurofibrillary tanglesl-2. DIAD
is a rare form of the disease, estimated at <1% of all cases where dementia develops at a
relatively predictable age as determined by specific genetic mutations34. The Dominantly
Inherited Alzheimer Network (DIAN) launched an observational study (DIAN-OBS) of
DIAD in 2008 (ref.?). By tracking clinical, cognitive and biomarker measures, the study
found that biomarker changes, such as amyloid plaque deposition and tau changes, begin at
least two decades before the onset of clinical symptoms6-8,

Trials of drugs focused on removing or interrupting the accumulation of Ap in sporadic late-
onset AD have not included individuals with DIAD and have been mostly disappointing®-12.
Potential reasons for past negative results include treating too late in the disease course,
inadequate dosing or target engagement, incorrect target or non-AD contributions of
dementia in trial populations314, Because individuals with DIAD develop AD dementia

at a predictable age, manifest disease pathology many years before symptom onset and are
unlikely to have comorbidities that contribute to cognitive decline, this population provides
an opportunity for testing early-stage interventions to prevent or slow disease progression34.

The DIAN-Trials Unit (DIAN-TU) was established in 2012 as a public—private
collaboration to test drug interventions across the stages of DIAD1%16, The DIAN-TU
platform designl’ enables simultaneous testing of multiple treatments with a single protocol
and shared placebo group. We launched the first trial (DIAN-TU-001) in 2012 as a
two-year biomarker study to test two anti-amyloid monoclonal antibodies in parallel,
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gantenerumab (an anti-fibrillar Ap antibody) and solanezumab (an anti-soluble Ap antibody)
in asymptomatic and mild symptomatic stages of DIAD. In 2015, the study was transitioned
to a four-year treatment trial with a cognitive primary end point to investigate the drugs’
potential to slow or prevent cognitive declinel.

Participant characteristics.

Randomization and group assignments are presented in Fig. 1. Fifty-two individuals
carrying a mutation (60% asymptomatic, defined as a Clinical Dementia Rating (CDR)18
score of 0, cognitively normal) were assigned to gantenerumab and 52 (60% asymptomatic)
were assigned to solanezumab; 40 (55% asymptomatic) were assigned to shared placebo.
Data from participants in a previous observational study, the DIAN-OBS study5.7, who

met the DIAN-TU inclusion criteria were used as natural history controls for improved
estimates of the placebo group in the primary analyses!®. Of the 123 eligible participants
from the DIAN-OBS study, 54 (74% asymptomatic) were run-in participants previously
enrolled in DIAN-OBS who transitioned to DIAN-TU-001; 69 (51% asymptomatic) were
in the DIAN-OBS study only (Supplementary Fig. 1). Baseline demographics in the three
arms and the eligible DIAN-OBS group were balanced across characteristics (Table 1). The
mean (s.d.) treatment duration was 4.02 (1.336) years, ranging from 0.90 to 6.49 years.

For gantenerumab, 48 (92.3%) participants started the dose escalation and had an average
duration on escalated doses of 2.41 (0.92) years; for solanezumab, 39 (75.0%) started

the dose escalation and had an average duration on escalated doses of 1.44 (0.48) years
(Supplementary Fig. 2).

Clinical and cognitive outcomes.

The primary outcome was a measure of cognition referred to as the DIAN Multivariate
Cognitive End Point (DIAN-MCE)2°.

A Bayesian multivariate cognitive disease progression model (DPM) was developed that (1)
utilized the predictability of estimated years to clinical symptom onset (EYO)* in DIAD and
(2) assumed a proportional treatment effect across both asymptomatic and symptomatic
stages of the disease?0. The multivariate cognitive DPM evaluated components of the
DIAN-MCE across EYO and estimated a single cognitive progression ratio (CPR) for

each treatment compared to the dynamically pooled?! control group. A CPR = 1 indicated
no treatment effect and a CPR < 1 indicated a beneficial treatment effect. Results were
considered significant if the probability that CPR < 1 exceeded 0.981. The CPR for
gantenerumab, compared to the pooled control group, had a posterior mean of 1.063; the
probability of the CPR ratio being <1 was 0.144, indicating no treatment benefit. The CPR
for solanezumab had a posterior mean of 1.255 and the probability of the CPR ratio being <1
was P£<0.0001, also indicating no treatment benefit.

Some model assumptions were not met and the model itself did not converge. These model
assumptions included proportionality, monotonic decline over EYO and the same variance
for both asymptomatic and symptomatic participants. Trial data showed (1) a lack of decline
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in asymptomatic participants (Supplementary Fig. 3), (2) the presence of learning effect in
the asymptomatic group for one of the components (Logical Memory Delayed Recall Test
(Logical Memory)) and (3) improvement in some of the four components over time. These
observations did not meet model expectations for monotonically decreasing outcomes of the
component end points or placebo behavior similar to natural history.

However, the overall conclusions were unchanged after evaluating sensitivity and
exploratory analyses using mixed models for repeated measures (MMRM). The mean
change from baseline for each component in the DIAN-MCE and for the secondary
outcomes CDR-Sum of Boxes?2 (CDR-SB) and Functional Assessment Scale (FAS)23 was
estimated using the MMRM?24 and no cognitive or clinical benefit was observed for either
drug versus the shared placebo (Fig. 2 and Supplementary Table 1). Overall, the analyses
indicate that there was no difference in cognitive decline between the gantenerumab and
control groups and suggest a faster cognitive decline in the solanezumab group versus the
control groups.

Participants who were asymptomatic did not demonstrate cognitive decline over the trial
duration, whereas participants who were symptomatic did (Supplementary Fig. 3). Cognitive
performance on the Logical Memory test showed improvement, possibly due to a practice
effect in the asymptomatic group. CDR-SB scores indicate that participants who were
symptomatic across treatment groups had declined substantially by the time the drug doses
were increased (CDR-SB mean score (s.d.) = 3.2 (1.9) at baseline versus 5.9 (4.4) at the start
of dose escalation)).

Safety.

The safety profiles of gantenerumab and solanezumab were consistent with trials in sporadic
AD. No new safety issues were identified for either drug. The adverse events (AEs) reported
more frequently with gantenerumab or solanezumab than with the shared placebo are listed
in Table 2.

Amyloid-related imaging abnormalities-cerebral edema (ARIA-E) were observed in 19.2%
of the gantenerumab group, 2.5% of the shared placebo group and 0% in the solanezumab
group. The ARIA-E findings were mostly asymptomatic (8 out of 11); if symptoms occurred
(3 out of 11), they were mild in nature (headache (1 out of 3), dizziness (1 out of 3) and
balance disorder with ear pain (1 out of 3)) and resolved. The mean time for ARIA-E
resolution was 85.5 d (s.d. = 54.3). ARIA-E events were managed by holding the dose and
resuming at similar or lower doses, with most participants reaching the target dose.

Biological measures.

The primary outcomes of the original two-year biomarker study were changes in amyloid
deposition measured by Pittsburgh compound-B positron emission tomography (PiB-PET)
for gantenerumab and cerebrospinal fluid (CSF) total AB4, concentrations for solanezumab.
Gantenerumab significantly reduced brain amyloid deposition assessed by PiB-PET
compared to placebo at years 2 (P< 0.001) and 4 (P< 0.001) (Fig. 3 and Supplementary
Table 2). The relative change from baseline resulted in a 9% between-group difference at
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year 2 (4% reduction with gantenerumab versus 5% increase with placebo). This effect
was more pronounced at year 4, when a larger number of participants had experienced the
higher 1,200 mg dose for a longer duration and the between-group difference was 24.3%
(12.7% reduction with gantenerumab versus 11.6% increase with placebo). Although not
powered to measure subgroup differences, noteworthy numerical differences were seen in
biomarker changes in the symptomatic and asymptomatic groups. As defined by amyloid
PET signal, but not neuropathology, the amount of amyloid plaque lowering after treatment
with gantenerumab was similar in participants who were asymptomatic and symptomatic
(Supplementary Fig. 4), but the relative change from baseline compared to shared placebo
was larger in the asymptomatic group (33.3%: 15.9% reduction with gantenerumab versus
17.4% increase with placebo) compared to the symptomatic group (19.1%: 10.7% reduction
with gantenerumab versus 8.4% increase with placebo).

Gantenerumab significantly increased CSF AB4, compared to placebo at year 4
(Supplementary Fig. 5, £< 0.001), with a between-group difference of 42.6% (19.3%
increase with gantenerumab versus 23.3% reduction with placebo). Gantenerumab
significantly reduced CSF total tau (£ < 0.001) and phospho-taul81 (£ < 0.001) at year

4, with a between-group difference of 20.6% (15.3% reduction with gantenerumab versus
5.3% increase with placebo) and 32.8% (23.4% reduction with gantenerumab versus 9.4%
increase with placebo), respectively and significantly slowed increases in CSF neurofilament
light chain (NfL) at year 4 (P < 0.05) with a between-group log difference of 2.2% (1.7%
increase with gantenerumab versus 3.9% increase with placebo; the non-log-transformed
difference was 5.8%, not significant; Fig. 3 and Supplementary Table 2).

Differences in downstream markers of tau pathology and neuronal injury between
gantenerumab and placebo appeared to be larger in the asymptomatic group versus the
symptomatic group (Supplementary Fig. 6) but were not statistically significant: total tau
(35.8 versus 11.0% in the asymptomatic and symptomatic groups, respectively); phospho-
taul81 (50.2 versus 23.2%); and log-transformed CSF NfL (2.8 versus 1.2%).

Solanezumab significantly increased total CSF A4, at years 2 (P< 0.001) and 4 (< 0.001)
compared to shared placebo, with between-group differences of 86.6% (93.3% increase

with solanezumab versus 6.7% increase with placebo) and 200.5% (200.5% increase with
solanezumab versus 0% increase with placebo), respectively (Fig. 3 and Supplementary
Table 3). Log-transformed CSF NfL increased significantly more in the solanezumab group
than in the shared placebo group at year 4 (P= 0.005); solanezumab did not have significant
effects on amyloid PET, total tau or phospho-taul81. There were no notable differences
between asymptomatic and symptomatic groups (Supplementary Fig. 7).

There were no significant between-group differences in biological measures of brain cortical
metabolism 18F-FDG-PET or atrophy (precuneus thickness and hippocampal volume by
volumetric magnetic resonance imaging (MRI) for either drug group compared to placebo
(Supplementary Fig. 8)).
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Discussion

The DIAN-TU trial developed an innovative trial platform and successfully recruited
participants with a rare form of AD to test two anti-amyloid antibodies using a shared
placebo group that was augmented by historical control data. This AD prevention trial was
designed to adapt to new findings and incorporate new biomarkers!6:17. Midway through the
trial, the study transitioned from a two-year biomarker trial to a common close 4 year plus
trial to determine the potential for cognitive benefits, increase the exposure and duration of
drug treatment and assess prolonged drug effects on biomarkers. The dose of both drugs
was also increased during the study based on external results from trials in sporadic AD.
However, the first dose escalation for both drugs occurred relatively late, which limited
exposure to higher doses.

The results indicate that under these trial conditions, neither drug demonstrated a beneficial
effect on cognitive measures compared to the control group, but both drugs engaged their
AP targets (fibrillar A for gantenerumab and soluble Ap for solanezumab), as evidenced by
reductions in cortical amyloid by PET for gantenerumab and elevations in CSF total AR,
for solanezumab. While the trial was not powered to detect statistically significant subgroup
differences, exploratory analyses investigating the effects of drug dose and stage of disease
suggest potentially larger impacts of higher doses at earlier stages of disease.

The faster cognitive decline observed with solanezumab relative to the pooled control groups
conflicts with the safety data and trend toward the clinical and cognitive benefits seen

in three large phase 3 solanezumab trials in sporadic AD2%:26, We believe the decline in
cognitive scores is most likely related to the small sample size in the DIAN-TU-001 study;,
causing a chance selection of more rapid progressors in the solanezumab arm or slower
progressors in the placebo group. Alternatively, solanezumab may not be effective in DIAD
compared to previous sporadic AD studies.

Given the small sample sizes and the late increase in dose of both drugs during the trial,

we were unable to determine whether these higher doses would have resulted in cognitive
benefit in participants who were symptomatic. In addition, because cognitive decline was not
observed in the asymptomatic subgroup, the results were not conclusive regarding treatment
effects in this population (Supplementary Fig. 3). This also caused a substantial reduction in
the power to detect an overall treatment effect. Because of the observed, limited cognitive
decline of the placebo group, the actual power of this trial was only 8% to detect a 30%
slowing of decline by MMRM and only 5% and 18% for the asymptomatic and symptomatic
subgroups respectively.

These findings suggest several considerations for future DIAD trials, such as larger sample
sizes, longer treatment duration for participants who are asymptomatic, a narrower range
of baseline disease severity and cognitive measures less susceptible to practice effects and
more sensitive to change in the earlier stages of disease progression2’-29, Therefore, the
DIAN-TU platform is implementing several changes to upcoming trials in the DIAN-TU
cohort. These include reducing the range of disease stages for participants to be enrolled

in future trials (primary prevention EYO —25 to —10; secondary prevention EYO -10 to
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+10; Supplementary Fig. 9), separate assignment of participants to treatment arms based on
disease stage (for example, asymptomatic CDR = 0 versus symptomatic CDR > 0), and for
the tau NexGen arms, AB*/tau PET* and AB*/tau PET~ will be analyzed independently.

No unexpected safety signals were observed and 76% of randomized participants completed
the four-year placebo-controlled period. Participants in the solanezumab active arm, which
targets soluble AB, had no incidence of ARIA-E, which is consistent with results in
sporadic AD28, As expected with plague-binding anti-amyloid antibodies, gantenerumab
was associated with ARIA-E, which was usually radiographically mild, asymptomatic and
reversible.

Solanezumab increased CSF total Apg4; levels but had no effect on amyloid PET, CSF

total tau or phospho-tau 181. The solanezumab group had significantly higher NfL levels
compared to placebo at 4 years, which was directionally consistent with increased cognitive
decline. These unexpected results may be the result of undetected imbalance in arms due to
small sample sizes, the drug worsening progression in DIAD or another unknown factor.

Gantenerumab reduced amyloid plaques in a dose-dependent fashion. However, the amount
of amyloid plaque lowering after treatment with gantenerumab at 4 years (PiB-PET
standardized uptake value ratio (SUVR) 2.25 versus 2.62 at baseline; Centiloid 43.9

versus 64.7 at baseline) was above what would be considered a typical threshold of
amyloid positivity (PiB-PET SUVR < 1.42, Centiloid < 33.8)3%:31, This magnitude of effect
differs from studies of gantenerumab in sporadic AD32, where treatment over 36 months
after starting up-titration substantially lowered PiB-PET to below the level of amyloid
positivity. Given that previous imaging and neuropathological work suggested that pathology
accumulates faster and to a greater extent in DIAD than sporadic AD, higher doses and
longer duration of treatment may be needed to reduce amyloid to an amyloid-negative level
in the DIAD population33-35, However, participants in the DIAN-TU-001 initially received
one-fifth of the final dose and did not start dose titration until midway through the study.

The effect of gantenerumab on plaque reduction and downstream biomarkers (that is,
decreased CSF measures of tau and neurodegeneration), especially in participants who were
asymptomatic, suggests the possibility that removal of amyloid plaques may be a viable
strategy in preventing or slowing the biological progression of AD. While intriguing, this
hypothesis should be tested in participants who are asymptomatic for a longer duration at
the target dose. The less pronounced effect in participants who were symptomatic could be
due to the duration of existing pathology in the brain, the amount of pathology present when
treatment began or the presence of other pathologies, such as tauopathy. However, recent
findings2>:26:36-38 sggested clinical benefit in early symptomatic patients. Nevertheless, it
is still controversial whether removing amyloid will provide a meaningful clinical benefit.

These results raise key questions for future study design. Would early aggressive reduction
of amyloid plaques produce an even stronger effect on downstream AD processes? Would
continued removal of amyloid plaques lead to clinical benefits, especially in cognitively
normal mutation carriers close to their expected age of onset? Is reversing amyloid
pathology, soluble tau and neurodegeneration markers a valid strategy to slow or delay

Nat Med. Author manuscript; available in PMC 2022 July 01.
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clinical onset and progression? Some of these questions may be addressed by the ongoing
exploratory open-label extension of the DIAN-TU-001 study with gantenerumab, while
additional trials may address others.

DIAN-TU-001 is the first global treatment trial in DIAD and the first AD prevention trial
to test amyloid-targeting drugs. The trial had excellent recruitment and retention due to

the dedication of the DIAD participants and families, researchers and medical providers.
This adaptive multi-drug multi-arm platform trial was supported by a strong public-private
partnership of the National Institutes of Health (NIH), industry, advocacy groups and
phil-anthropic organizations. The success of the DIAN-TU platform in completing the
first drug arms and continuing ongoing arms demonstrates the potential for informative
global platform trials, even with rare diseases (Supplementary Fig. 9)3°. Finally, since
several prevention trials in sporadic AD are now underway or planned, the results from

the DIAN-TU-001 study have provided critical insight regarding the need for better and
more sensitive cognitive measures in asymptomatic populations and the use of higher
doses for longer periods to maximize target engagement. Although no cognitive or clinical
benefit was observed, improvements in downstream biomarkers in participants treated with
gantenerumab support the possibility of preventing or slowing the biological progression of
AD via amyloid lowering, especially at the earlier stages of the disease.

Study participants.

Participants were referred from the DIAN Expanded Registry (DIAN-EXR), DIAN-OBS,
DIAN-TU and partner sites. Eligibility criteria included participants known to have or
at-risk for a DIAD mutation, between 15 years before to 10 years after the expected age

of symptom onset* and a CDR of 0 (cognitively normal) or 0.5-1 (early dementia)8.
Participants could choose to remain blinded to their mutation status; mutation noncarriers
were assigned to placebo and not included in prespecified analyses. DIAD mutation carriers
were randomized 3:1 to active or placebo with a minimization procedure (Supplementary
Table 4)40. All study personnel, sponsors and participants were blinded to active or
placebo assignment but not to study drug arm. Data from participants in the DIAN-OBS
study®7 who met the DIAN-TU inclusion criteria were used as natural history controls for
improved estimates of the placebo group®. The DIAN-OBS and DIAN-TU studies have
similar protocols, including cognitive, clinical, imaging and biomarker measures. The trial
registration number is NCT01760005.

Study design.

DIAN-TU-001 was conducted at 25 sites in 7 countries from December 2012 through

to November 2019 (Supplementary Fig. 10). Investigators are listed in the Supplementary
Information. Cognitive outcomes were assessed every 6 months, clinical outcomes annually
and biomarkers at baseline and years 1, 2 and 4. A common close design ensured that
double-blind treatment continued for all participants until the last participant reached 4
years. Based on the results of concurrent phase 2 and 3 trials in sporadic AD26:41, target
drug doses were increased approximately midway or later through the study. Gantenerumab
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was increased from 225 mg (subcutaneously, every 4 weeks) to 1,200 mg in 2016.
Solanezumab was increased from 400 mg (intravenously, every 4 weeks) to 1,600 mg
in 2017 (Supplementary Fig. 2). To reduce participant burden, home health personnel
administered most infusions?®.

Primary and secondary outcomes.

The primary outcomes of the original two-year biomarker study were changes in amyloid
deposition measured by PiB-PET for gantenerumab and CSF total Ap4» concentrations for
solanezumab. The primary outcome after transition to a four-year common close cognitive
study was a multivariate measure of cognition referred to as the DIAN-MCEZ2C. Rather than
a composite score, which comprises the average of the component zscores, the DIAN-MCE
allows the use of a multivariate approach to model each component simultaneously. By
modeling the four measures separately, the multivariate model provides substantially more
precise measures of the effect of the treatment. This improved precision is based on two
important factors: (1) averaging the four measures to a single composite measure loses
precision compared to modeling them separately; and (2) the rate of decline of each of

the four measures is different over the wide range of disease stages, so by modeling the
four measures separately in the multivariate approach, each measure can contribute more
effectively to the different stages of the disease.

The DIAN-MCE includes the Wechsler Memory Scale-Revised Logical Memory?#2, the
Wechsler Adult Intelligence Scale Digit Symbol Substitution Test (Digit Symbol)*3, the
International Shopping List Test (ISLT) Delayed Recall score*#4° and the Mini-Mental State
Examination (MMSE)4.

Secondary outcomes included the CDR-SB22 and FAS23. Biomarker outcomes were PiB-
PET, 18F-fluorodeoxyglucose (FDG)-PET, volumetric MRI, CSF total AB, CSF total tau,
CSF phospho-tau181 and CSF NfL.

Imaging methods.

MRI was performed using the Alzheimer’s Disease Neuroimaging Initiative (ADNI)
protocol. T1-weighted images (1.1 x 1.1 x 1.2 mm voxels) were acquired for all participants
on a 3T MRI scanner. The ADNI Imaging Core screened images for protocol compliance,
artifacts and ARIA%. Volumetric segmentation and cortical surface reconstruction were
done using FreeSurfer v.5.3 (refs.48:49) to define cortical and subcortical regions of interest
(ROIs). Segmentations were visually inspected by members of the DIAN-TU Imaging Core
and edited as needed. Subcortical volumes were corrected for intracranial volume using a
regression approach®0. Cortical thickness was averaged and volume measures were summed
across the hemispheres.

ROIs defined by FreeSurfer on the MRI scans were used for the regional processing of all
PET data. AR imaging was performed using the 11C-Pittsburgh compound-B. Data from
the 40-70-min postinjection window were converted to regional SUVRSs relative to the
cerebellar gray matter®! (https:/github.com/ysu001/PUP). A composite to represent a global
measure of AP was calculated using the averaged SUVR values in the lateral orbitofrontal,
medial orbitofrontal, precuneus, rostral middle frontal, superior frontal, superior temporal
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and middle temporal regions. Metabolic imaging was performed with 18F-FDG with data
from the 40-60-min postinjection window converted to SUVRs relative to cerebellar gray
matter. Both types of PET data were partial volume-corrected using a regional spread
function technique®1:52,

Fluid biomarker methods.

CSF collection.—CSF for biomarker analysis was collected via lumbar puncture at
DIAN-TU host sites under fasting conditions using a 22-G atraumatic Sprotte spinal needle.
CSF was collected into a single 50-ml polypropylene tube via gravity drip methods, except
when fluoroscopy was required. Baseline lumbar punctures were performed as close to 8:00
local time as possible. Subsequent lumbar punctures were performed as close to the baseline
lumbar puncture time as possible. Collection was performed at baseline visit (V2) and at the
week 52 (V15), 104 (V28) and 208 (\V/54) visits; samples were shipped overnight on dry ice
to the central laboratory on the day of collection.

CSF processing.—Frozen bulk CSF samples were shipped to the DIAN-TU Biomarker
Core laboratory at Washington University monthly, whereupon they were stored at —80 °C
for a minimum of 48 h before thawing on wet ice and aliquoting into 2.0-ml polypropylene
tubes in 500 pl volumes. Aliquots were flash-frozen upright on dry ice and stored at —80 °C
until biomarker analysis.

Fluid biomarker measurements.—Samples underwent two freeze-thaw cycles before
analysis for all analytes. For both participants taking solanezumab and gantenerumab, CSF
total tau and phospho-tau181 concentrations were measured using validated, automated
LUMIPULSE G1200 methods. Validated LUMIPULSE G1200 chemiluminescence enzyme
immunoassay methods were used to determine Ap1_40 and AP1_42 concentrations

in participants taking gantenerumab. CSF total AB1_4¢ and AB1_4» concentrations in
participants taking solanezumab were determined using validated proprietary immunoassay
methods as described previously®3. Concentrations of NfL for all participants were
determined using a validated Quanterix single molecule array method.

Safety measures.

Safety assessments included AEs, routine laboratory assessments, physical examinations
including electrocardiogram and MRIs for ARIA.

Statistical analysis.

The primary analysis population included DIAN-TU-001 participants who had at least

one baseline and post-baseline assessment for the same cognitive test and used a pooled
control group (gantenerumab and solanezumab shared placebo with dynamic borrowing?! of
DIAN-OBS data). The use of a pooled placebo approach was planned a priori and aimed

at determining each drug’s treatment effect while maximizing the number of participants

on active drug (3:1) and incorporating natural history data. The eligibility of DIAN-OBS
participant data was determined using the DIAN-TU-001 inclusion/exclusion criteria.
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A Bayesian multivariate cognitive DPM was developed that (1) utilized the predictability of
EYO* in DIAD and (2) assumed a proportional treatment effect across both asymptomatic
and symptomatic stages of disease20. The multivariate cognitive DPM evaluated components
of the DIAN-MCE across the EYO and estimated a single CPR for each treatment compared
to the dynamically pooled?! control group. A CPR = 1 indicated no treatment effect and a
CPR < 1 indicated a beneficial treatment effect. Results were considered significant if the
probability that CPR < 1 exceeded 0.981, which was found via simulation to ensure that
each drug had a 2.5% one-sided type | error rate. Per protocol, the drugs were compared to
controls but not to each other. Missing values in the DIAN-MCE were treated as unknown
variables in the modeling®. All early discontinuations were treated as missing at random.
These analyses used computational packages built using the Fortran programming language.
Secondary outcomes were analyzed by MMRM?2 using the SAS software (v.9.2 or higher).

Under a set of model assumptions and through simulation, we estimated that a sample size
of 52 participants on active drug and 103 participants in the pooled control group (34 shared
placebo plus 69 DIAN-OBS) would provide >95% power to detect a 30% attenuation of
cognitive decline over 4 years.

Study oversight.

The study was conducted in accordance with the Declaration of Helsinki (version 7) and
the International Conference on Harmonization and Good Clinical Practice guidelines and
had ethics committee approval at each participating site. All participants provided written
informed consent.

Reporting Summary.

Further information on research design is available in the Nature Research Reporting
Summary linked to this article.
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Gantenerumab placebo, n =24
Solanezumab placebo, n=25
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Total discontinued
n=239

| Total completed

n=105

Fig. 1|. Randomization, group assignment and follow-up.

There were no significant between-group differences in the reasons for trial discontinuation;
the most common reason was disease progression. Noncarriers were assigned to placebo
and their data were not used in the reported study analyses. Those who chose to learn

their mutation status were automatically discontinued from the trial. Thirty-nine participants
discontinued: 61.6% due to withdrawal by participant or their proxy (13 due to disease
progression, 5 to trial-related burden, 6 other); 33.3% due to physician decision (7 due to
disease progression, 6 due to AEs/met protocol discontinuation criteria); 5.1% other. ITT,
intention to treat; mITT, modified ITT.
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Fig. 2. Cognitive and clinical results.
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Estimated mean change from baseline with 95% confidence intervals for treatment and
pooled placebo groups using MMRM analyses. a, Digit Symbol scores range from 0 to 93,
with lower scores indicating poorer cognitive performance. b, MMSE scores range from 0
to 30, with lower scores indicating poorer cognitive performance. ¢, Logical Memaory scores
range from 0 to 25, with lower scores indicating poorer cognitive performance. d, ISLT
Delayed Recall scores range from 0 to 12, with lower scores indicating poorer cognitive
performance. e, CDR-SB scores range from 0 to 18, with higher scores indicating worse
cognition and daily function. f, FAS scores range from 0 to 30, with higher scores indicating
worse instrumental activities of daily living. The sample sizes at yearly assessments are
listed below the x axes. Mean values and statistics are shown in Supplementary Table 1.
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Note that the primary analysis used the DIAN-MCE. *P < 0.05 for solanezumab versus
shared placebo.
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Fig. 3|. Key biomarker results.

Estimated mean change from baseline with 95% confidence intervals for the treatment and
shared placebo groups using MMRM analyses. a, Estimated mean change from baseline
in brain amyloid burden for gantenerumab measured by the average SuVR of cortical
regions of interest (superior frontal, rostral middle frontal, superior temporal, middle
temporal, lateral orbitofrontal, medial orbitofrontal and precuneus), assessed by PiB-PET.
The transformation of SuVR to Centiloid is shown in Supplementary Fig. 4. b, Estimated
mean change from baseline in CSF total AR, (free + bound) for solanezumab. c,d,
Estimated mean change from baseline in CSF phospho-taul81 for gantenerumab (c) and
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solanezumab (d), respectively. e,f, Estimated mean change from baseline in CSF total tau
for gantenerumab (€) and solanezumab (f), respectively. g,h, Estimated mean change from
baseline in CSF NfL (pg mI~1, log-transformed) for gantenerumab (g) and solanezumab (h),
respectively. Sample sizes at yearly assessments are listed below the x axes. Mean values
and statistics are shown in Supplementary Tables 2 and 3. Each drug group was compared
to the shared placebo group independently using the MMRM model. *P< 0.05, **P< 0.01,
***Pp<0.001.
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