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Abstract 

Background:  This review describes the research and development process of gantenerumab, a fully human anti-
amyloid monoclonal antibody in development to treat early symptomatic and asymptomatic Alzheimer’s disease 
(AD). Anti-amyloid monoclonal antibodies can substantially reverse amyloid plaque pathology and may modify the 
course of the disease by slowing or stopping its clinical progression. Several molecules targeting amyloid have failed 
in clinical development due to drug-related factors (e.g., treatment-limiting adverse events, low potency, poor brain 
penetration), study design/methodological issues (e.g., disease stage, lack of AD pathology confirmation), and other 
factors. The US Food and Drug Administration’s approval of aducanumab, an anti-amyloid monoclonal antibody as the 
first potential disease-modifying therapy for AD, signaled the value of more than 20 years of drug development, add-
ing to the available therapies the first nominal success since cholinesterase inhibitors and memantine were approved.

Body:  Here, we review over 2 decades of gantenerumab development in the context of scientific discoveries in the 
broader AD field. Key learnings from the field were incorporated into the gantenerumab phase 3 program, including 
confirmed amyloid positivity as an entry criterion, an enriched clinical trial population to ensure measurable clinical 
decline, data-driven exposure-response models to inform a safe and efficacious dosing regimen, and the use of sev-
eral blood-based biomarkers. Subcutaneous formulation for more pragmatic implementation was prioritized as a key 
feature from the beginning of the gantenerumab development program.

Conclusion:  The results from the gantenerumab phase 3 programs are expected by the end of 2022 and will add 
critical information to the collective knowledge on the search for effective AD treatments.
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Background
Alois Alzheimer was the first to describe amyloid plaques 
(miliary foci) and neurofibrillary tangles in a stained brain 
section from a person with dementia [1]. Nearly 80 years 
later, researchers purified insoluble plaques and identified 
the amino acid sequence of amyloid beta (Aβ) in amy-
loid plaque cores [2]. These findings enabled the iden-
tification of the amyloid precursor protein (APP) gene; 
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subsequently, the first pathogenic mutation of the APP 
gene causing familial autosomal-dominant Alzheimer’s 
disease (AD) was identified [3]. These and other discover-
ies, including the role of the apolipoprotein E ε4 (APOE 
ε4) gene in increasing the risk of both amyloid aggrega-
tion and clinical AD, and the effects of amyloid induc-
tion of tau hyperphosphorylation, reduction in cerebral 
glucose metabolism, and brain atrophy eventually led to 
the “amyloid hypothesis” of AD proposed by Hardy and 
Allsop [4] and later updated by Selkoe [5]. This hypoth-
esis holds that processing and deposition of amyloid begin 
before AD symptoms appear and initiate the underlying 
pathogenesis of AD. Anti-amyloid therapy development 
continues to build on the amyloid hypothesis.

Currently, aducanumab is the only anti-amyloid mono-
clonal antibody approved for the treatment of AD, and 
approval was based on the US Food and Drug Administra-
tion (FDA) accelerated pathway (i.e., aducanumab led to 
amyloid reduction—a surrogate endpoint reasonably likely 
to predict clinical benefit) [6]. Several other anti-amyloid 
monoclonal antibodies are in phase 3 development for AD, 
including donanemab, lecanemab, and gantenerumab. A 
phase 3 study with lecanemab was recently reported to 
have met both its primary endpoint (Clinical Dementia 
Rating Sum of Boxes [CDR-SB] at 18 months) and all key 
secondary endpoints with statistical significance [7].

As of September 2022, approximately 2600 partici-
pants have been exposed to gantenerumab across sev-
eral phases of clinical development (i.e., SCarlet RoAD, 
Marguerite RoAD, DIAN-TU, Open RoAD, GRADUATE 
I and II, GRADUATION, and POSTGRADUATE trials) 
[8], with a mean duration of exposure of 2.6 years across 
these trials. The cumulative patient-years of exposure at 
the current clinical dose of gantenerumab (equivalent to 
1020 mg every 4 weeks) is more than 3100 patient-years.

This review provides an overview of gantenerumab’s clini-
cal development program in the context of the overall his-
tory of AD drug development, including clinical trial failures 
that have informed current drug development efforts and 
increased researchers’ understanding of AD. This review is 
structured to parallel the sequence of the drug development 
process: from the discovery and selection of gantenerumab 
as a clinical candidate for human testing, through early clini-
cal development, to learnings incorporated from within and 
outside the program and, finally, to the ongoing phase 3 stud-
ies of gantenerumab (GRADUATE I and II) and the implica-
tions of this development program for the field (Fig. 1).

Selection of gantenerumab as a candidate 
for clinical development
In 2000, F. Hoffmann-La Roche and MorphoSys 
entered into a collaborative agreement to use Mor-
phoSys’ Human Combinatorial Antibody Library 

(HuCAL®) Fab technology to develop anti-amyloid 
monoclonal antibodies with potential for AD treatment. 
Specific anti-amyloid monoclonal antibodies were iden-
tified by screening the human phage display library 
HuCAL®-Fab1 [9]. Gantenerumab was selected because 
of its unique ability to bind to both the N-terminal por-
tions of Aβ and the central amino acids of the Aβ pep-
tide. This characteristic differentiated gantenerumab 
from other anti-amyloid monoclonal antibodies in 
development at that time, which all bound to one region 
of the Aβ sequence. Gantenerumab’s ability to bind both 
to the flexible N-terminal portions of Aβ and to adja-
cent central portions of fibrillar Aβ is thought to confer 
greater binding stability, considered important for ther-
apeutic effect [10].

Gantenerumab mechanism of action: target 
engagement of Aβ, especially aggregated forms, 
and downstream effects
Gantenerumab is a fully human Aβ immunoglobulin 
G1 antibody designed to promote clearance of amyloid 
plaques in the brain, through peptide aggregate dis-
sociation and fibrillar Aβ clearance [9, 11]. The human 
immunoglobulin G1 backbone promotes Fc gamma 
receptor-mediated microglial phagocytosis of aggre-
gated Aβ [9, 11]. Electron microscopy has shown that 
gantenerumab binds to Aβ fibrils within Aβ plaques 
ex  vivo, while immunofluorescence staining revealed 
binding of gantenerumab to Aβ in the brains of patients 
with AD [9, 12]. Live-cell imaging in postmortem AD 
brain tissue suggests that removal of fluorescent-labeled 
gantenerumab bound to Aβ plaques occurs through Fc 
gamma receptor/microglia-mediated phagocytosis, fol-
lowed by lysosomal degradation [11].

Gantenerumab’s affinity is highest for aggregated forms 
of Aβ (i.e., fibrils, plaques) and soluble oligomers. In vitro 
evidence suggests that binding to oligomers occurs, neu-
tralizing oligomer toxicity [9]. The data described above 
suggest that gantenerumab has 2 important effects on 
aggregated Aβ—interruption of aggregation growth and 
activation of microglial phagocytosis. Figure 2 depicts the 
amyloid hypothesis of AD and gantenerumab’s mecha-
nism of action.

In addition to its impact on Aβ, gantenerumab has 
effects on multiple biomarkers of AD pathology and 
neurodegeneration in clinical trials, including dose- 
and time-dependent reductions in cerebrospinal fluid 
(CSF) levels of total tau (t-tau), phosphorylated tau 
(p-tau) reduction, decreases in the synaptic biomarker 
neurogranin [13, 14], and neurofilament light chain 
(NfL) reduction [14], which provide evidence support-
ing gantenerumab’s impact in several biological aspects 
of AD pathophysiology.
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Fig. 1  Gantenerumab development and key scientific advancements in AD. Key events and decisions that informed the gantenerumab 
clinical development program, ultimately leading to the GRADUATE I and II studies—2 ongoing phase 3, global, randomized, parallel-group, 
placebo-controlled clinical trials evaluating the efficacy and safety of subcutaneous gantenerumab in early AD (i.e., mild cognitive impairment due 
to AD to mild AD dementia), the launch of secondary prevention trials designed to remove amyloid plaques before symptom onset, and a primary 
prevention trial designed to prevent formation of amyloid plaques

A B

Fig. 2  Amyloid aggregation in AD and the mechanism of action of gantenerumab. A The amyloid hypothesis of AD involves the accumulation 
of Aβ-soluble monomers and oligomers that aggregate into insoluble fibrils and amyloid plaques. Aggregated species of Aβ damages neurons 
and can increase oxidative stress, inflammation, mitochondrial dysfunction, and neuronal loss. B Based on the findings from in vitro studies, the 
mechanism of action of gantenerumab is thought to stem from the clearance of Aβ plaques by antibody-induced cell-mediated phagocytosis, 
dissociation of Aβ peptide aggregates by direct resolution, and neutralization of neurotoxic Aβ oligomers. Gantenerumab binds to all types 
of aggregated neurotoxic Aβ species, with the highest affinity to the fibrillar forms and plaques. After binding to aggregated amyloid (1), the 
Fc gamma receptor on microglia binds to the human immunoglobulin G1 backbone of gantenerumab, engulfing Aβ plaques (2), and, then, 
phagocytosis by microglia and removal of aggregated Aβ (3). A Adapted with permission from Panza F, et al. Nat Rev Neurol. 2019;15(2):73-88
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Amyloid‑related imaging abnormalities: a finding related 
to the effects of anti‑amyloid monoclonal antibodies 
targeting fibrillar Aβ
Anti-amyloid monoclonal antibodies that substantially 
remove Aβ plaques are associated with an adverse event 
(AE) known as amyloid-related imaging abnormalities 
(ARIA) with edema (ARIA-E) or with microhemorrhage 
or superficial siderosis (ARIA-H) [15, 16]. ARIA was first 
observed in 2009 in clinical trials with bapineuzumab, 
a humanized anti-Aβ monoclonal antibody binding to 
monomeric, oligomeric, and fibrillar forms of Aβ, as well 
as plaques [17]. ARIA has since been seen with all anti-
amyloid monoclonal antibodies that substantially remove 
Aβ plaques [18] and is an AE considered “on target” 
because it is related to amyloid removal. It is therefore 
described here, alongside the mechanism of action of 
gantenerumab and other amyloid-removing monoclonal 
antibodies. ARIA is hypothesized to be related to tempo-
rarily increased vascular permeability that occurs due to 
enhanced trafficking of parenchymal Aβ to the perivas-
cular space and/or leakage of blood vessels after vascular 
Aβ clearance [19].

With maintained antibody-mediated amyloid clearance, 
the vessels may regain their structural integrity and ARIA 
incidence typically decreases after 6 to 9 months of treat-
ment with a monoclonal antibody [19, 20]. The risks of 
ARIA-E and ARIA-H are associated with APOE ε4 geno-
type in a dose-dependent fashion; homozygotes show the 
highest rates of ARIA and heterozygotes exhibit more 
ARIA than non-carriers [18]. APOE4 leads to blood-brain 
barrier dysfunction, predicting cognitive decline [21]. 
Other risk factors for ARIA include advanced age, amy-
loid burden, microbleeds present at baseline, hyperten-
sion, and anticoagulant use [19, 20, 22–24].

Phase I clinical trials of gantenerumab: 
demonstrating target engagement and initial 
ARIA observations that influenced the clinical 
development program
To date, 543 individuals have participated in phase 1 
studies of gantenerumab: 4 bioavailability studies in 
healthy participants, 3 single ascending dose studies, and 
2 multiple ascending dose (MAD) studies. Of these phase 
1 study participants, 406 healthy volunteers and 101 
patients with AD received gantenerumab [25–28].

One phase 1 randomized, double-blind, placebo-
controlled MAD study evaluated the safety, tolerability, 
and pharmacokinetic (PK) and pharmacodynamic (PD) 
characteristics of gantenerumab in patients with mild to 
moderate AD dementia [11].

Additionally, a phase 1 positron emission tomography 
(PET) substudy of the main MAD study was conducted 

on 16 participants to assess treatment-related reductions 
in brain Aβ levels. The mean (95% CI) percent change 
from baseline relative to placebo in cortical brain amyloid 
level was − 15.6% (− 42.7 to 11.6%) for the 60 mg group 
and − 35.7% (− 63.5 to − 7.9%) for the 200 mg group. 
This study demonstrated a dose-dependent reduction in 
PET Aβ plaque level after treatment with gantenerumab, 
laying the groundwork for clinical efficacy studies. Two 
patients in the 200 mg group developed ARIA-E and 
ARIA-H in the brain regions with the highest level of Aβ 
reduction; the ARIA-E events were transient. ARIA was 
a new phenomenon in the field at the time of this phase 
1 MAD study, and its clinical impact was not fully under-
stood. Hence, to ensure patient safety by mitigating ARIA 
risk, conservative doses were selected for the earliest 
gantenerumab clinical efficacy studies (i.e., 105 mg) and 
were uptitrated to a higher dose (i.e., 225 mg) if ARIA 
did not appear [11]. These doses were later recognized to 
be approximately 5- to 10-fold below the dose currently 
thought to be necessary for efficacy (specifically, in clini-
cal trials with a limited duration of up to 2 years).

Rationale for the development of a subcutaneous 
formulation of gantenerumab for clinical studies
Most current pharmacological AD treatments are 
orally administered, and most monoclonal antibodies 
are administered intravenously (IV). However, subcu-
taneous (SC) administration may be preferred, as some 
patients with AD may have less mobility, encounter chal-
lenges to obtaining IV access, and benefit from at-home 
administration by a professional or non-professional 
care partner. Furthermore, IV infusion increases costs to 
the healthcare system and imposes an additional strain 
on the patient and care partner. SC formulation of gan-
tenerumab was therefore prioritized early in develop-
ment and was implemented before the initiation of the 
SCarlet RoAD study in 2010.

To examine the tolerability of the SC approach in 
the volumes necessary to deliver target doses of gan-
tenerumab, a phase 1 randomized, open-label, single-
dose (300 mg), placebo-controlled crossover study of 
healthy volunteers was conducted between 2016 and 
2017. On an analog pain scale from 0 to 100, the mean 
(SD) scores for 5- and 15-s gantenerumab injections were 
22.16 (23.09) and 14.96 (18.38), respectively, whereas the 
mean (SD) scores for 5- and 15-second placebo injections 
were 26.58 (27.83) and 14.16 (20.62), respectively [29]. 
The mean score on this scale was comparable between 
SC gantenerumab and placebo abdominal injections. 
Pain subsided within 5 min of dosing. AEs were mostly 
mild injection site reactions (expected with SC adminis-
tration). Together, the preclinical and early-phase clini-
cal studies of SC gantenerumab supported its potential 
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utility in AD and provided baseline data on initial dos-
ing and administration sufficient to guide subsequent 
studies.

SCarlet RoAD and Marguerite RoAD: the first phase 
2/3 clinical trials that paved the way for the future 
development of gantenerumab
The SCarlet RoAD trial [13, 25] was originally designed 
as a multicenter, randomized, double-blind, placebo-
controlled phase 2 study investigating the efficacy and 
safety of conservative doses of SC gantenerumab (105 
mg or 225 mg every 4 weeks) in participants with pro-
dromal AD over a 2-year period [13, 25]. The inclusion 
criteria for this first study to recruit a purely prodromal 
AD population [30] included patients with a recent grad-
ual decline in memory function, impaired episodic mem-
ory on testing, a CDR scale global score of 0.5, a CDR 
memory score of 0.5 or 1, and biomarker evidence of AD 
pathology (CSF Aβ1–42 level < 600 pg/mL). Importantly, 
this trial was the first to require amyloid biomarker con-
firmation for study inclusion. Requiring this confirmation 
enhanced the prevalence of AD amyloid plaques in the 
study population and affirmed that the population was 
appropriate for treatment with anti-amyloid therapy [13].

Clinical trial methodology considerations 
for Scarlet RoAD phase 2
The Scarlet RoAD study, which began in 2010 and was 
stopped for futility in December 2014, utilized learn-
ings from the field in recruiting patients at an early 
stage on the AD continuum (i.e., prodromal AD) and in 
requiring confirmed amyloid positivity. The initial doses 
(Fig. 3A) in this study (105 mg or 225 mg every 4 weeks) 
were chosen based on clinical data available at the time, 
which suggested that a dose above 100 mg was necessary 
for efficacy and a dose below 330 mg would minimize 
ARIA incidence, especially in APOE ε4 carriers [13, 31]. 
Other studies (e.g., phase 3 trials of bapineuzumab [17, 
19]) later indicated that ARIA-E was mostly asympto-
matic and was more likely to occur in APOE ε4-positive 
individuals and that dosing could continue while these 
events were monitored. Given the observed relationship 
between APOE ε4 genotype and ARIA, patients in the 
SCarlet RoAD trial were randomized to different doses 
based on APOE ε4 genotype: APOE ε4 homozygotes to 
105 mg gantenerumab or placebo and APOE ε4 heterozy-
gotes and non-carriers to 225 mg gantenerumab or pla-
cebo [13].

Given the positive results of the phase 1 gantenerumab 
PET substudy showing some Aβ removal with support-
ive safety outcomes, SCarlet RoAD was converted from 
a phase 2 to a phase 3 trial in 2012 after 799 patients had 

enrolled [13, 25], and a second phase 3 study in mild AD 
dementia, Marguerite RoAD, was initiated. Marguerite 
RoAD was a multicenter, randomized, double-blind, pla-
cebo-controlled, parallel-group study evaluating the effi-
cacy and safety of SC gantenerumab (105 mg or 225 mg 
every 4 weeks) in participants with mild AD dementia 
over a 2-year period (Fig. 3B) [32].

In late 2014, a preplanned interim futility analysis of 
the SCarlet RoAD phase 3 trial was conducted after 
50% of patients completed at least 2 years of treatment. 
No differences were observed between the groups on 
the primary clinical endpoint—change from baseline in 
the CDR-SB (gantenerumab 105 mg: 0.10-point change 
[P = 0.67]; gantenerumab 225 mg: 0.18-point change [P 
= 0.45]) [13]. Secondary endpoints showed no statisti-
cally significant differences from placebo. CSF biomarker 
results showed a numeric increase in Aβ1–42 and a 
numeric decrease in t-tau for gantenerumab vs placebo 
at weeks 52 and 104. There was a statistically signifi-
cant decrease in p-tau with gantenerumab treatment at 
week 104 (P = 0.01). The reduction in the p-tau/Aβ1–
42 ratio was significant for gantenerumab vs placebo at 
week 52 (P = 0.03) and at week 104 (P < 0.01; Table  1) 
[33]. ARIA incidence increased in a dose- and APOE 
ε4 allele-dependent manner, although most cases were 
asymptomatic. Injection site erythema events were mild 
to moderate and occurred in 29/271 patients (10.7%) in 
the gantenerumab 105 mg group and in 35/260 patients 
(13.5%) in the gantenerumab 225 mg group [13].

Based on the futility assessment from SCarlet RoAD, 
dosing was interrupted, but the study was not termi-
nated; participants continued to be followed for safety, 
biomarkers, and clinical assessments. In addition, 
although recruitment was stopped for the Marguerite 
RoAD trial, dosing continued. Despite the futility results, 
both SCarlet RoAD and Marguerite RoAD yielded new, 
important information regarding gantenerumab and AD 
that informed future trial designs.

SCarlet RoAD and Marguerite RoAD conversions 
to open‑label extension studies: a path forward 
to apply lessons learned
The prodromal AD population in SCarlet RoAD was nota-
ble for a relative lack of progression in the placebo group, 
making it more challenging to show treatment effects in 
this progressive disease. Even before SCarlet RoAD was 
unblinded, an AD progression model had been built for 
CDR-SB using data from the Alzheimer’s Disease Neu-
roimaging Initiative to distinguish between “slow” and 
“fast” progressors [35]. Using that model, SCarlet RoAD 
data in fast progressors showed a dose-dependent cor-
relation between exposure and amyloid reduction, and 
exposure-dependent slowing of cognitive decline [13]. 
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Contemporaneously, data from the aducanumab PRIME 
study that evaluated IV doses of up to 10 mg/kg indicated 
that dose- and time-dependent Aβ reductions were asso-
ciated with clinical benefit in AD [36].

These prespecified and post hoc analyses of the SCarlet 
RoAD and Marguerite RoAD (Marguerite RoAD data not 
described here) indicated dose-dependent amyloid reduc-
tion and dose-/exposure-dependent clinical signals (Fig. 4). 
Based on these findings, SCarlet RoAD and Marguerite 
RoAD were converted into open-label extension (OLE) 
studies in 2015 to investigate the effects of higher doses of 
gantenerumab on amyloid reduction and ARIA incidence 
using various titration regimens to reach a higher target 
dose. All patients in these studies were offered the oppor-
tunity to participate in the OLE, even those who had pro-
gressed beyond prodromal or mild dementia.

The approach to target dose identification and titra-
tion for the OLE studies was further informed by a PK/
PET model developed to maximize plaque removal 
while minimizing ARIA incidence [37]. Patients in the 
OLE were escalated to up to a 1200-mg monthly dose 
based upon this information.

SCarlet RoAD and Marguerite RoAD OLE 
PET substudy: biomarker‑confirmed, 
exposure‑dependent Aβ plaque removal
The OLE studies included a PET substudy to empiri-
cally test and further inform the PK/PET model for the 
predicted higher dose of gantenerumab: 1200 mg every 
4 weeks in patients with prodromal to moderate AD 
dementia [38, 39]. Data analyses from these substudies are 
presented based on 3 cohorts: (1) SCarlet RoAD patients, 

Fig. 3  A SCarlet RoAD (prodromal AD, CDR 0.5, Clini​calTr​ials.​gov identifier: NCT10224106) study design: conversion from a gantenerumab 
phase 2/3 study in prodromal AD to an open-label extension and rollover into the Open RoAD open-label study. B Marguerite RoAD (mild AD, 
CDR 1.0, Clini​calTr​ials.​gov identifier: NCT02051608) study design: conversion from a gantenerumab phase 3 study in mild AD to an open-label 
extension and rollover into the Open RoAD open-label study. C The Knight Family DIAN-TU dominantly inherited autosomal Alzheimer’s disease 
(prevention, prodromal or mild AD; Clini​calTr​ials.​gov identifier: NCT01760005) study design: conversion from a gantenerumab phase 2/3 study to an 
exploratory open-label extension with dose escalation in asymptomatic or mild AD from DIAN-TU. D GRADUATE I and II (Clini​calTr​ials.​gov identifiers: 
NCT03444870 and NCT03443973) phase 3 studies: two global, parallel, multicenter, randomized, double-blind, placebo-controlled studies of 
gantenerumab in patients with early AD (prodromal or MCI-AD to mild AD), and the post-GRADUATE (Clini​calTr​ials.​gov identifier: NCT04374253) 
open-label extension study. E GRADUATION (Clini​calTr​ials.​gov identifier: NCT04592341) study design: a multicenter, phase 2, open-label, single-arm, 
pharmacodynamic study to evaluate once-weekly subcutaneous gantenerumab dosing. After titration, at-home administration by care partners or 
home nurses is possible, allowing flexibility for patients. F SKYLINE (Clini​calTr​ials.​gov identifier: NCT05256134) study design: a phase 3, randomized, 
double-blind, placebo-controlled secondary prevention trial of gantenerumab in participants at risk or at the earliest stages of AD. C Adapted with 
permission from “As DIAN wraps up anti-aβ drug arms, it sprouts tau, primary prevention arms.” 2019. Available from AlzForum at https://​www.​alzfo​
rum.​org/​news/​confe​rence-​cover​age/​dian-​wraps-​anti-​av-​drug-​arms-​it-​sprou​ts-​tau-​prima​ry-​preve​ntion-​arms

http://clinicaltrials.gov
http://clinicaltrials.gov
http://clinicaltrials.gov
http://clinicaltrials.gov
http://clinicaltrials.gov
http://clinicaltrials.gov
http://clinicaltrials.gov
https://www.alzforum.org/news/conference-coverage/dian-wraps-anti-av-drug-arms-it-sprouts-tau-primary-prevention-arms
https://www.alzforum.org/news/conference-coverage/dian-wraps-anti-av-drug-arms-it-sprouts-tau-primary-prevention-arms
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(2) Marguerite RoAD patients on gantenerumab, and (3) 
Marguerite RoAD patients on placebo.

An interim analysis of 67 participants (SCarlet RoAD 
double-blind, active cohort; Marguerite RoAD double-blind, 
active cohort; and Marguerite RoAD double-blind, pla-
cebo cohort) conducted 2 years into the OLE confirmed 
that higher doses (up to 1200 mg) were associated with 
greater Aβ plaque reduction (Fig. 5) [39]. At OLE years 
1, 2, and 3, 37%, 51%, and 80% of patients, respectively, 
had Aβ plaque levels below the Aβ positivity threshold 
(previously established as 24 centiloids, which corre-
sponds to 1.40 standardized uptake value units) [39, 40]. 
Furthermore, gantenerumab demonstrated continued 
reduction of Aβ plaques in all 3 cohorts approaching 
zero centiloids (i.e., the level of amyloid negativity). The 
mean (SE) centiloid values in cohorts 1, 2, and 3 were 
− 4.3 (7.5), 0.8 (6.7), and 4.7 (8.0), respectively; this was 
a change from the baseline of − 57.0 (10.3), − 90.3 (9.0), 
and − 74.9 (10.5) centiloids, respectively. These results 
demonstrated that despite the different mean baseline 
centiloid values in the 3 cohorts, prolonged treatment 
with 1200 mg gantenerumab administered every 4 weeks 
continued to reduce Aβ plaque levels below the Aβ posi-
tivity threshold, achieving a PD effect several-fold higher 
in magnitude than the first PET study that used much 
lower doses [38].

At approximately 2 years of the mean treatment dura-
tion, rates of ARIA-E events in the SCarlet RoAD OLE 
[41] and Marguerite RoAD OLE [42] ranged from 13.6 

to 38.3% and may have been influenced by several risk 
factors, including (but not limited to) previous exposure 
to gantenerumab in the double-blind phase, rate of upti-
tration, and APOE ε4 carrier status [37]. The OLE stud-
ies helped demonstrate that a higher target dose had an 
acceptable tolerability profile irrespective of APOE ε4 
genotype.

In patients treated with gantenerumab in the SCar-
let RoAD and Marguerite RoAD OLEs, 65% of ARIA-
E cases were clinically asymptomatic. Most reported 
symptoms were non-specific (e.g., headache, dizzi-
ness, confusion). Eight participants (2.1%) had serious 
symptoms, which included seizure/epilepsy, confusion, 
hemiplegia, cerebral hematoma, and ischemic stroke. In 
all cases, complete symptom resolution was observed 
upon dose interruption [8, 18].

Dominantly Inherited Alzheimer Network Trials 
Unit
In 2011, as AD studies in patients who had non-familial 
cases of early sporadic AD were ongoing, the Dominantly 
Inherited Alzheimer Network Trials Unit (DIAN-TU) col-
laboration was established to test early-stage interventions 
in patients with dominantly inherited AD (DIAD) caused by 
mutations in the APP, PSEN1, or PSEN2 genes [43]. Because 
individuals with DIAD have an almost-certain risk of devel-
oping AD with a predictable time of onset of symptoms, this 
specific patient population provides a unique opportunity 
for evaluating early-stage interventions [44].

Fig. 4  Scientific lessons that informed the updated dosing strategy of gantenerumab
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Concurrently with the SCarlet RoAD and Marguerite 
RoAD trials, the DIAN-TU collaboration conducted a sep-
arate phase 2/3 trial testing gantenerumab or solanezumab 
in individuals with DIAD, with the first patients enrolled in 
late 2012 (Fig. 3C) [45]. This study was initially designed as 
a 2-year randomized, placebo-controlled, multi-arm trial 
across asymptomatic (CDR score: 0, cognitively normal) 
and mild symptomatic (CDR score: 0.5 or 1) disease stages. 
The primary endpoint was change in PET Aβ deposition 
for gantenerumab and CSF total (free and bound) Aβ42 
concentrations for solanezumab. Gantenerumab was initi-
ated at 225 mg SC every 4 weeks and was later increased to 
1200 mg every 4 weeks, based on the SCarlet RoAD futil-
ity analysis, subsequent exploratory analyses, and PK/PD 
modeling as described above [14].

In 2015, the DIAN-TU-001 study was converted into 
a 4-year clinical efficacy study with a cognitive primary 
endpoint and biomarker endpoints [14]. The DIAN-
TU-001 study did not meet its primary endpoint. 
Compared to placebo, neither gantenerumab nor solan-
ezumab demonstrated a beneficial effect on cognition in 
this trial; cognitive change in the clinically normal group 
was negligible, obfuscating the detection of treatment 
effects. Gantenerumab significantly reduced Aβ plaques 
as assessed by Pittsburgh Compound B-PET compared 
with placebo at 2 (P < 0.001) and 4 years (P < 0.001). 
Furthermore, gantenerumab demonstrated significant 
changes in direction toward normalization on biomark-
ers of AD pathology and neurodegeneration at year 4, 
including CSF t-tau (Table 1) [14].

The most common AEs in the 52 participants treated 
with gantenerumab were injection site reactions (gan-
tenerumab: 47/52 [90%]; placebo: 18/40 [45%]) and naso-
pharyngitis (gantenerumab: 20/52 [38%]; placebo: 11/40 
[28%]). ARIA-E was observed in 10/52 patients (19.2%) in 
the gantenerumab group and in 1/40 patients (3%) in the 
placebo group. Of the 11 participants who experienced 
ARIA-E, 8 were asymptomatic. Symptoms were mild in 
the remaining 3 participants: 1 experienced headache, 
1 experienced dizziness, and 1 experienced a balance 
disorder with ear pain. All of these symptoms resolved. 
The mean time for ARIA-E resolution was 85.5 days (SD: 
54.3 days), and ARIA-E events were managed by with-
holding the drug and resuming at similar or lower doses, 
with most participants reaching the target dose. ARIA-H 
associated with ARIA-E was seen in 7/52 patients (13%) 
in the gantenerumab group, and ARIA-H not associated 
with ARIA-E was seen in 15/52 patients (29%) in this 
group [14]. Participants from the gantenerumab, solan-
ezumab, and placebo arms of the blinded period of the 
DIAN-TU-001 study are eligible to receive gantenerumab 
through the exploratory OLE and will remain blinded to 
their previous treatment group [14].

Ongoing phase 3 GRADUATE program
The GRADUATE I and II global, parallel, multicenter, 
randomized, double-blind, placebo-controlled tri-
als began in 2018 (Fig.  3D) to evaluate the efficacy and 
safety of SC gantenerumab versus placebo in partici-
pants with early AD [34, 46, 47]. Gantenerumab received 

Fig. 5  Aβ plaque reduction with gantenerumab in basal ganglia before and up to 36 months after treatment, and reduction of amyloid burden 
toward zero centiloids after 36 months of open-label therapy. A Axial florbetapir brain PET images from 3 patients displaying different rates of 
reduction of Aβ plaques from OLE baseline to OLE week 52 and OLE week 104. Axial slices are at the level of the basal ganglia. PET images were 
obtained 50 min post-injection, standardized uptake value data with the cerebellar cortex as the reference region. a18F-Florbetapir amyloid PET. bLS 
mean (SE) analyzed using a mixed model for repeated measures; 1200 mg subcutaneous gantenerumab was administered every 4 weeks during 
the OLE studies. B Marked and consistent reduction of amyloid load in patients receiving high-dose gantenerumab. Marked reduction of amyloid-β 
plaques in patients receiving high-dose gantenerumab, and consistent reduction of amyloid-β plaques in all patient groups. B adapted from Klein 
G, et al. J Prev Alzheimers Dis. 2021;8(1):3-6, licensed under CC BY 4.0
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breakthrough designation from the US FDA in 2021. In 
these trials, the gantenerumab dose is gradually titrated 
over 9 months to a target dose of 1020 mg every 4 weeks, 
administered as 510 mg every 2 weeks, regardless of 
APOE ε4 status [34, 47].

The GRADUATE phase 3 clinical trials were designed 
to incorporate several key learnings from the develop-
ment program as well as from progress in the field. These 
considerations include confirmed amyloid positivity (via 
CSF or PET); optimized exposure to gantenerumab by 
targeting a single high dose of 1020 mg with a gradual 
and universal dose-titration regimen, regardless of APOE 
ε4 status, to achieve significant Aβ plaque removal while 
minimizing ARIA-E occurrence; a 24-month study dura-
tion (increased to 27 months due to COVID-19) to ade-
quately evaluate clinical outcomes; and study population 
enrichment to ensure measurable clinical decline [48]. 
SC administration of gantenerumab improved flexibility 
and convenience with at-home administration by health-
care professionals [49]. The phase 3 GRADUATE I and 
II studies are expected to complete in the fourth quarter 
of 2022 [34, 46]. Eligible participants who complete the 
GRADUATE studies can enroll in the ongoing POST-
GRADUATE OLE study (Table 2) [50, 51].

Discussion
More than 100 years after the initial description of amy-
loid plaques, the field of AD research is in a better posi-
tion to evaluate the amyloid hypothesis, which has been 
tested using numerous approaches. It is becoming more 
apparent that removing amyloid can favorably impact AD 
pathology while promoting beneficial clinical effects [14, 
17, 18]. Despite previous disappointments and setbacks 
in AD research, this is a time of great hope and expec-
tation for clinicians, researchers, patients, and care part-
ners. Several programs have now shown proof of target 
engagement accompanied by biomarker changes sup-
porting the biological basis for disease modification. 
Multiple anti-amyloid monoclonal antibodies that fully 
remove Aβ plaques have demonstrated cognitive and 
clinical benefits in early AD. The availability of SC admin-
istration allows greater convenience in the doctor’s office 
or at home.

The extent to which biomarkers will ultimately predict 
clinical outcomes of drug treatment remains to be seen as 
new data emerge. From a US FDA perspective—though 
not from a global regulator standpoint—amyloid PET is 
recognized as a surrogate that is reasonably likely to pre-
dict a clinical benefit to patients, pending a required post-
approval trial to verify that the drug provides the expected 
clinical benefit [6, 52]. The GRADUATE studies will eval-
uate clinical benefit/risk in a large population of patients 
with early AD and will provide a rich data source to 

investigate the relationships between previously studied 
and newer biomarkers and clinical outcomes. In particu-
lar, the inclusion of tau PET in the GRADUATE studies 
may move this biomarker closer to broader acceptance by 
health authorities as a surrogate biomarker.

The disease stage that should be targeted for opti-
mal treatment effect using amyloid-directed therapies is 
still uncertain, but likely will include removing amyloid 
before cognitive symptoms appear. Ongoing primary and 
secondary prevention trials will help address the optimal 
stage of the disease to remove or prevent Aβ plaques and 
the impact of this removal in disease progression. The 
future of the field involves identifying the key disease 
stage for treatment and target engagement using meth-
ods to increase central nervous system exposure, as well 
as considering other therapies and modalities (e.g., anti-
tau therapies) and even combination therapies, includ-
ing a brain shuttle that combines gantenerumab with a 
transferrin receptor 1 binding “Brain Shuttle” module, 
enabling active receptor-mediated transport across the 
blood-brain barrier.

Conclusions
Gantenerumab trials have greatly informed the past, pre-
sent, and future of AD therapeutic research. The early tri-
als did not meet their primary objectives; however, they 
contributed valuable knowledge that informed subse-
quent trials on dosing, titration, route of administration, 
patient population, and the effect of amyloid-lowering on 
downstream biomarkers of disease pathology. As dem-
onstrated over the past 22 years, the road to understand-
ing and treating AD may be circuitous and difficult. Each 
clinical trial—regardless of the outcome—ultimately 
leads to greater knowledge and greater power to gain 
control over a terrible disease.
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