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Anti-amyloid antibody therapies
in Alzheimer’s disease
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After years of failed attempts to develop a disease-modifying therapy for Alzheimer’s disease, consistent evidence in
support of clinical efficacy was finally presented for a monoclonal antibody targeting the amyloid-p protofibrils. In
addition to meeting the primary outcome of slowing clinical disease progression over 18 months, secondary clinical
outcomes and amyloid-B lowering on PET also underpin the positive results of the trial.

In this opinion piece, we highlight the key characteristics of the previous unsuccessful trials and analyse the potential
reasons why those attempts to develop a treatment for early Alzheimer’s disease failed. We compare the safety pro-
files of the different antibodies and highlight cautionary measures for their routine clinical use. Last, we discuss the
role of blood-based biomarkers in transforming the clinical care pathway to facilitate the uptake of antibody treat-
ments, proposing an integrated case-finding and treatment model crossing the different healthcare sectors.

Taken together, a real breakthrough may have been achieved by proving that amyloid-f reduction results in clinical
benefits, rather than just biomarker changes. At the same time, routine use of the new generation of drugs will show if
statistical efficacy translates into clinically meaningful change. This may just be the beginning of a new era of
Alzheimer’s disease drug development.
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Introduction

Longer life expectancies are a major achievement of modern soci-
eties, but due to the ageing global population the number of demen-
tia sufferers is increasing rapidly, currently affecting around 55
million individuals worldwide, estimated to increase to 132 million
by 2050.' Dementia has a tremendous negative impact on the af-
fected families’ lives and budgets for social and healthcare, with es-
timated global costs of US$1 trillion in 2018, expected to double by
2030. Alzheimer’s disease, the most prevalent cause of dementia,
is an incurable, progressive neurodegenerative disorder, severely
limiting the quality of life of those affected and their care partners.
The presymptomatic stage can last decades, followed by an increas-
ing decline in cognitive performance [mild cognitive impairment
(MCI) stage] with subsequent progressive impairment of everyday
function, changes of behaviour and complete dependency of others
(dementia stage).

New disease-modifying therapies (DMT) promise a step change in
dementia care and prevention. At present, monoclonal antibodies
(mADbs) targeting amyloid-B (Ap) are the most prevalent drugs in phase
I1I trials,? with robust evidence on their engagement of the biological
targetin humans.>® However, clinical efficacy is less consistent across
different agents, and the overall trial evidence so far indicated that
successful Ap clearance in early Alzheimer’s disease has at best very
small effects on cognitive decline.” Our present update aims to eluci-
date the key reasons for those inconsistencies. To showcase the chal-
lenges with developing DMTs for Alzheimer’s disease, we start with an
analysis of the three most recent anti-Af mAbs with completed
phase III trials (Table 1). We provide reasons why results of
meta-analyses of the previous trials’ are less relevant in the appreci-
ation of the new lecanemab data,® including differences in drug
dose, cohort characteristics, mAb specificity and adverse events.

Aducanumab, a human IgG1 mAb targeting amino acids 3-7 of the Ap
peptide, is specific for Ap plaques® and on 7 June 2021, the US Food and
Drug Administration (FDA) approved aducanumab for the treatment
of Alzheimer’s disease.' Initially, the FDA had formally accepted a
regular approval procedure for review in August 2020. In November
the same year, the FDA’s independent advisory committee voted
against the approval, stating that the data presented in the available
studies did not support the drug’s clinical efficacy sufficiently.
Despite those reservations, the FDA subsequently concluded that
the filingmet the criteria for an accelerated approval process, in which
confirmatory proof of clinical efficacy is not mandatory, and approval
is possible based on surrogate marker data only. Since the evidence
for reduction of AB deposits linked to better outcome was considered
reasonably robust, the FDA considered aducanumab to meet this cri-
terion and therefore granted accelerated approval, with the require-
ment of a confirmatory phase IV trial.

Aducanumab is the first DMT to be approved for Alzheimer’s
disease. A first small phase I study investigating the safety of adu-
canumab already showed significant Ap reduction, and clinical data

suggested possible cognitive benefits.’ Therefore, the FDA allowed
the usual phase II studies to be skipped and two phase III studies
with about 1640 participants each to be conducted. These studies
were stopped prematurely in March 2019 based on an interim
evaluation in December 2018, since the likelihood of both trials
meeting the primary end point was considered low.’? As a conse-
quence, 37% of participants were unable to complete the 78-week
study period. In October 2019, the developer announced that
upon re-evaluation of all available data, the results supported the
clinical efficacy of the drug. This new conclusion was based on
new data from an additional 318 participants collected before the
discontinuation of the studies, but after the cut-off date for the in-
terim evaluation. In one of the two studies, the highest aducanu-
mab dose significantly slowed clinical deterioration on the
Clinical Dementia Rating Scale-sum of the boxes (CDR-SB)*** by
22%. A lower dose in this study and both doses in the second study
showed no statistically significant superiority over placebo. Only a
post hoc subgroup analysis of the highest cumulative dose in the
negative second study provided evidence of efficacy.’® As with
other mAbs directed against Ap, side effects also occurred during
treatment with aducanumab. Of particular importance were
amyloid-related imaging abnormalities with oedema (ARIA-E)
and/or microhaemorrhages (ARIA-H) on brain MRI scans,'® with
an incidence of 35% and 36% in the two phase III studies, and 25%
of affected participants experiencing symptoms, particularly in
carriers of the APOE ¢4 allele.””

While the primary aim of the phase III studies was to provide
evidence for the clinical efficacy of aducanumab, the approval
now granted is based on proof of meeting the surrogate biomarker
end point of reducing Af plaques on PET. This accelerated approval
route chosen by the FDA for aducanumab is intended for drugs tar-
geting serious diseases, expected to have a significant added value
over the available therapy, even if there is residual uncertainty
about the ultimate clinical benefit.’® There must be substantial evi-
dence for efficacy on a surrogate end point reflecting the underlying
disease pathology, with no requirement for demonstration of any
clinical benefit. While biomarker evidence was sufficient for ap-
proval by FDA, the European Medicines Agency was unlikely to fol-
low the US decision, and the developer therefore withdrew the
marketing authorization application; approval for the marketing
of aducanumab will not be granted in the EU.*

Lecanemab (BAN2401) is the humanized version of murine
mADb158, raised against AP protofibrils harbouring the mid-Ag-
domain arctic-APP mutation.’®?* In vitro, A monomers rapidly
form protofibrils, and therefore some researchers view them as par-
ticularly important for driving downstream pathological changes,
potentially hinting at their superior therapeutic properties. On 27
September 2022, results were announced from CLARITY AD, a large
worldwide clinical trial with 1795 participants with early
Alzheimer’s disease, showing that lecanemab had achieved its
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Table 1 Defining trial characteristics of the three most recent mAbs directed against Ap tested in phase III trials

Monoclonal Trial name Number of Dosing Dose per CDR-SB PET centiloid  PET centiloid PET centiloid
antibody participants length month change® baseline visit® final visit® change?
(weeks) (mg)?

Aducanumab EMERGE 1643 78 1500 —0.39 (-22%) 85 25 —-60
ENGAGE 1653 78 1500 +0.03 (+2%) 91 37 -54

Lecanemab CLARITY-AD 1906 78 1500 —0.45 (-27%) 78 23 =55

Gantenerumab GRADUATE 1 984 116 1020 -0.31 (-8%) 92 34 -58
GRADUATE 2 975 116 1020 —-0.19 (-6%) 98 51 -47

ClinicalTrials.gov and sponsor data.
#Average cumulative dose in mg/month.

®Clinical Dementia Rating-sum of the boxes (CDR-SB) change between baseline and last visit compared to placebo.

°AB PET centiloid measurement in the lecanemab treatment group.
94AB PET change compared to baseline centiloid measurement.

primary end point, a statistically significant slowdown of clinical
disease progression on the CDR-SB.?? In this phase III trial the treat-
ment group received 10 mg/kg lecanemab intravenously every 2
weeks, with participants receiving either placebo or lecanemab in
a 1:1ratio. The inclusion criteria allowed patients to enter the study
with a wider range of concomitant diseases and co-medications
compared to the other anti-AB mAb trials. Over the 18-month study
period, both groups deteriorated on the CDR-SB and on other sec-
ondary clinical end points, as expected in Alzheimer’s disease.
However, clinical deterioration in the lecanemab group was 27%
slower compared to placebo after 18 months, resulting in a statistic-
ally highly significant difference (P < 0.0001).2 In the intent-to-treat
population, this translated to a treatment difference in CDR-SB
change of —0.45. The CDR-SB score is obtained by summing each
of the CDR domain box scores, with scores ranging from 0 to 18
(higher scores indicating more severe impairment); participants
in the lecanemab trial, however, had scores between 0.5 and 3. A
brief discussion on defining clinical meaningfulness is provided
in the Supplementary material. All secondary end points were
also met with statistically significant results compared to placebo
(P<0.01), including global cognition (-1.44 change on the
ADAS-cogl4; range, 0 to 90, with higher scores indicating greater
impairment)?® and activities of daily living (+2.0 change on the
ADCS-MCI-ADL,; range, 0 to 53, with lower scores indicating greater
impairment).?*?* Importantly, lecanemab also showed superior ef-
ficacy on measures of quality of life and caregiver burden compared
to placebo.

Lowering A on PET, the main biological secondary end point
measured in a subset of 698 patients, also favoured lecanemab
over placebo (P <0.01). After 18 months, the mean Ap level in the le-
canemab group was reduced by 55.48 centiloids compared to a re-
duction of 3.64 centiloids in the placebo group, resulting in an Ap
level below the threshold for positivity.?® These findings support a
positive relationships between the magnitude of A lowering and
the degree of clinical benefit, as already suggested for other mAbs
(Fig. 1), and underline the importance of lowering A level below
the positivity threshold. All biomarkers of tau pathology and neuro-
degeneration in CSF and in plasma also favoured lecanemab over
placebo, except for neurofilament light chain, strongly supporting
the assumption of disease modification. On 6 January 2023 the
FDA approved lecanemab under the accelerated approval pathway
as the second drug ever for the treatment of Alzheimer’s disease.”

Similar to the treatment with other mAbs directed against Ap,
side effects also occurred during treatment with lecanemab. Of par-
ticular importance were ARIA-E and ARIA-H, with an overall inci-
dence of ARIA-E of 12.6% in the lecanemab group and 1.7% in the

placebo group, whereas the incidence of symptomatic ARIA-E was
2.8% in the lecanemab group, and no symptomatic cases were de-
tected in the placebo group. The ARIA-H rate was 17.3% in the leca-
nemab group and 8.7% in the placebo group, with an incidence of
symptomatic ARIA-H of 0.7% in the lecanemab group compared
with 0.2% in the placebo group. For isolated ARIA-H (i.e. cases with
no ARIA-E at the same time), there was no imbalance between leca-
nemab (8.8%) and placebo (7.6%). Overall, ARIA under lecanemab
treatment appear to be less frequent compared to other mAbs, con-
tributing to a more favourable benefit-risk ratio, but direct compar-
isons may be misleading due to differences in study design, patient
characteristics and mAb properties. Three reported cases of fatal
brain haemorrhage may be associated with lecanemab and con-
comitant anticoagulant treatment,?>*° suggesting that patients on
anticoagulants may not be eligible for anti-Af mAb treatment until
further safety data are available.?* ARIA may lead to functional un-
blinding of study participants; therefore, different raters assessed
clinical efficacy and safety, and efficacy raters remained blinded to
ARIA assessments. Furthermore, removing data from participants
who developed ARIA-E from the analyses did not change the efficacy
results, suggesting the positive findings were not due to inadvertent
unblinding of participants.? However, no similar analyses were per-
formed for more common infusion-related reactions (26.4% for leca-
nemab versus 7.4% for placebo), raising the possibility of bias.

Gantenerumab has a conformational epitope targeting both
N-terminal and mid-domain A-epitopes in plaques, with only lim-
ited binding of soluble AB.>? Previously, subcutaneous application
of gantenerumab was tested in two phase III trials (SCarlet RoAd
and Marguerite RoAd) in patients with AB pathology confirmed by
CSF randomized to either 105 or 225 mg/month.>® However, the
study was terminated prematurely due to futility after 50% of par-
ticipants had reached the 104-week time point. In the high-dose
group, compared to baseline only a 4.8% reduction of Ap on PET
was observed. Subsequently, both trials were converted to open la-
bel extension studies evaluating safety and efficacy of higher doses
of gantenerumab up to 1200 mg/month subcutaneously. Of 81 pa-
tients enrolled, 40 met criteria for high-dose analysis, showing
three times the PET A change observed at the 225 mg dose, with
one-third of participants showing AB levels below the cut-
off point for positivity at Week 52.> Following those promising
results, two new phase III trials in patients with early Alzheimer’s
disease were launched with gantenerumab doses titrated up to
1020 mg/month subcutaneously.
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Figure 1 Association between Ap plaque burden reduction (in PET centiloids) and preserving of clinical function (on CDR-SB) across different antibody trials.
Iustrative depiction of the A plaque reducing effect of different mAbs in relation to their clinical efficacy across phase I, phase II and phase III clinical trials
(including trials with early termination). Multiple dose levels for select drug candidates are presented. The trend line across the different trials indicates the
approximate relationship. There appears to be an association between Ap plaque reduction and preservation of clinical function, which however is not en-
tirely consistent across the different trials. Lowering PET centiloids below the positivity threshold for AB may be a more important indicator of clinical effi-
cacy. Moreover, soluble Ap species may be more relevant than plaques measured by PET. Source: FDA?® and developer data.

On 13 November 2022, the results of the GRADUATE 1 and 2 trials
were announced, indicating that gantenerumab failed to meet the pri-
mary end point of a 20% reduction of clinical disease progression. The
drug had been under development since 2010 in nine clinical trials
with 4135 patients with early Alzheimer’s disease, and only slowed clin-
ical decline by 8-9% in the two pivotal phase III trials after 27 months
treatment on the primary end point CDR-SB (treatment difference in
CDR-SB change of 0.24-0.34); secondary end points consistently showed
a numerical slowing of decline by 9-12%. Biomarkers of tau pathology
and neurodegeneration in CSF favoured gantenerumab over placebo
underscoring the ability of disease modification also for this antibody.
AP reduction of 21.1-24.1 centiloids at Week 54 and 46.8-57.6 at Week
116 was lower than anticipated. Interestingly, the placebo groups deterio-
rated by 3.2-3.9 points on the CDR-SB, about twice as much as the placebo
groups in the aducanumab and lecanemab studies, possible due to re-
quired substantial episodic memory impairment at inclusion. Also, the
frequency of ARIA under gantenerumab was higher than in the lecane-
mab, but lower than in the aducanumab, phase III trials (overall
ARIA-E: 23.9-25.8% and 1.7.-3.8 in gantenerumab and placebo, respect-
ively, symptomatic ARIA-E: 4.8-5.2% and 0.0-0.4%; ARIA-H: 22.0-23.7%
and 12.2.-12.4%), and discrepant to the relative lack of Ap removal on PET.

Reasons for differences in efficacy of select
antibodies

Differences in clinical efficacy between the different mAbs directed
against AP suggest that biological properties and trial design

characteristics may play important roles, even though all consid-
ered agents target the AB protein. Taking gantenerumab as an ex-
ample of a negative but well executed clinical trial to develop a
DMT for Alzheimer’s disease, the following explanations are
plausible:

(i) The dose (or amount of antibody) of gantenerumab was too low to meet
the primary end point. It is known that only a small fraction of a system-
ically administered IgG antibody arrives in the patients’ brains,** a hy-
pothesis supported by the lower than anticipated reduction of fibrillar
AB on PET in the first gantenerumab phase III trials. Hence, the antibody
dose in the GRADUATE trials was increased substantially after the initial
studies, accepting a higher incidence of ARIA. However, the amount of
antibody applied in the gantenerumab (1020 mg/month) and aducanu-
mab trials (on average 750 mg/month) was still lower compared to leca-
nemab (on average 1500 mg/month). The subcutaneous administration
of gantenerumab may have further led to lower peak concentrations of
circulating antibodies compared with the intravenous application of le-
canemab and aducanumab.

3
=
=

Patients in the gantenerumab trials may on average had a more advanced
stage of disease, leading to a more rapid clinical decline: this difference in
key cohort characteristics or other aspects of the inclusion and exclusion
criteria may have impacted negatively on treatment-placebo difference
on the study end points. In patients with more advanced disease, the abil-
ity of mAbs to show clinical efficacy may be limited. The cohort of patients
treated with lecanemab had a higher proportion of multimorbidity than
those in the gantenerumab or aducanumab trials, but differences between
highly selected trial cohorts and the general population are likely even
more pronounced® and it remains to be seen how those difference will af-
fect the efficacy of any new approved DMT.
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Figure 2 Schematic comparison of different antibodies directed against different aggregation states of Ap. Source: Developer data

(i) Gantenerumab may lack specificity for the assumed optimal treatment
target: in contrast to lecanemab, directed specifically against Ap fibrils
and protofibrils, gantenerumab mostly targets Ap deposits (i.e. plaques)
and to some extent soluble AR monomers. It is not entirely clear how im-
portant this difference in the specificity of the antibody is; however, all
first generation mAbs (solanezumab, crenezumab and bapineuzumab)
were directed against ABp monomers, and they all failed to show signifi-
cant clinical efficacy, supporting the hypothesis that Ap (proto)fibrils
are a promising treatment target (Fig. 2).

(iv)

For a full appreciation of the benefit-risk ratio, safety and tolerability as-
pects must be considered in detail. Infusion-related reactions occurred in
7.4% of patients under placebo and in 26.4% under lecanemab. For aduca-
nemab, similar data were not reported.® ARIA are typical substance-
specific adverse events of anti-Ap antibodies, observed on brain MRI
Hence, patients unable to undergo MRI cannot be treated safely with
anti-AB mAbs. The biological mechanisms of ARIA have yet to be eluci-
dated, but they may be caused by increased cerebrovascular permeability
owing to increased clearance of Ap neuritic plaques and associated satur-
ation of perivascular drainage, paired with direct mAb interaction with
deposited vascular Ap and weakening of the vessel wall. The first reports
of cerebral vasogenic oedema and microhaemorrhages associated with
anti-AB mAb therapy were observed following bapineuzumab treatment
in a phase Il multiple ascending dose trial.*® ARIA were also observed in
clinical trials of several other anti-Ap mAb therapies, including gantener-
umab, donanemab, lecanemab and aducanumab.?” Most cases of ARIA
are transient. The lower overall incidence of ARIA under lecanemab as
compared to aducanumab appears clinically important, but the reasons
for those differences are yet to be found. Clinical vigilance for ARIA
should be highest after treatment initiation, and routine surveillance
MRIs need to be supplemented with ad hoc scans in patients with new-
onset symptoms indicative of ARIA. Approximately 25% of ARIA are
symptomatic, potentially leading to a considerable load of MRI monitor-
ing.’® In patients with ARIA, the radiographic and clinical findings must
be carefully assessed when deciding about further dosing. Weakening of
the vessel wall as the common hypothesized event for ARIA may interact
unfavourably with anticoagulants.®®

Preparing healthcare systems for anti-Ap antibody
uptake

The World Health Organization’s 2017 dementia plan sets priorities
for global action across seven areas, including improved dementia
diagnosis, treatment and care.>® However, healthcare systems are
not prepared to detect cognitive decline effectively, to diagnose
early-stage disease accurately, and to identify the best intervention
or deliver DMT in the future.*® While knowledge about dementia

and its causes is increasing rapidly, healthcare systems remain
ill-equipped to detect cognitive decline in the early stages of neuro-
degenerative diseases such as Alzheimer’s disease. Improving the
identification of early changes in the population is a prerequisite
for dementia prevention and providing future disease-modifying
treatments for individuals most likely to benefit. MCI may indicate
early Alzheimer’s disease, and in conjunction with an Alzheimer’s
disease-typical biomarker profile, the risk of further cognitive de-
cline increases significantly.** Offering cognitive evaluations to in-
dividuals with MCI may therefore open a window of opportunity for
early intervention. Community and primary care medicine-based
efforts are needed to increase the number of accurately identified
subjects with early Alzheimer’s disease, who will initially be eli-
gible for treatment with the new DMTs. At present, no effective sys-
tem for the identification of early symptomatic Alzheimer’s disease
cases is in place anywhere in the world, precluding efforts to
detect Alzheimer’s disease in large parts of the population.
Supplementing the assessment of cognitive complaints by self-
administered cognitive tests and blood-based Alzheimer’s disease
biomarkers may offer a feasible approach for effective and cost-
efficient case finding programmes, potentially in newly established
brain health clinics, preparing the healthcare systems for the tar-
geted delivery of new DMTs.*? However, the added value of the dif-
ferent strategies has yet to be determined.*®

Similar to CSF** and PET* markers of Alzheimer’s disease, ap-
propriate use scenarios for blood-based biomarkers (BBBM) must
be developed to maximize patient benefit. According to the recent
Alzheimer’s Association guidelines,*® only symptomatic indivi-
duals assessed in specialist centres should undergo BBBM testing
as a supporting diagnostic tool to supplement detailed clinical as-
sessments, never as a standalone test. Relevant cut-off points for
abnormality and the impact of confounding conditions must be es-
tablished before BBBM can be offered in routine care, and results
should be confirmed whenever possible by PET/CSF. There is evi-
dence that phosphorylated-tau in particular can identify
Alzheimer’s disease pathology and predict clinical worsening in
MCI and differentiate Alzheimer’s disease dementia from other
neurodegenerative disorders in memory clinic populations.”” A
staged approach may be most appropriate, with negative BBBM re-
sults used to rule out individuals with a very low likelihood of
Alzheimer’s disease pathology, and only those with a positive re-
sult (and higher likelihood of underlying Alzheimer’s disease) being
referred for confirmatory CSF or PET. In an alternative scenario,
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Figure 3 Proposed diagnostic pathway for early Alzheimer’s disease case finding, diagnosis and treatment. Proposed model of a care pathway to iden-
tify older individuals with minor cognitive complaints/deficits in primary care, followed by an exclusion of subjects with very low likelihood of
Alzheimer’s disease pathology in secondary care (e.g. by using blood-based biomarkers) and subsequent diagnostic confirmation by a dementia spe-
cialist (e.g. by using PET and CSF markers) as well as initiation of DMT treatment after careful evaluation of potential risks and benefits, including mon-
itoring of side effects. Individuals can also move backwards in this model if they do not meet criteria for progression to the next stage (e.g. negative

blood-biomarker for Alzheimer’s disease).

three risk groups could be identified, including low-risk for
Alzheimer’s disease individuals with no requirement for further as-
sessments, intermediate-risk individuals referred for CSF or PET
and high-risk individuals immediately eligible for DMT therapy
after careful consideration of potential risks and benefits.

The high proportion of missed dementia diagnoses is a global
problem, and particularly pronounced in low-resource regions.*®
Therefore, case finding in primary care must be improved urgently,
but the evidence on performance of BBBM in identifying
Alzheimer’s disease in those settings is sparse. Findings from spe-
cialist clinics cannot be extrapolated to primary care since
Alzheimer’s disease prevalence is much lower and populations
are more heterogeneous in terms of co-pathologies and co-
morbidities compared to memory clinics. Routine use of BBBM to
identify individuals most likely to benefit from DMTs is therefore
a more distant hope.

Conclusion

Whether and to what extent the statistically significant clinical
effects of a drugin a clinical trial translate to a significant benefit
for individuals outside of the controlled study environment can
ultimately only be determined under real-world conditions after
the approval of a mAb directed against Ap. Aducanumab is un-
likely to provide the comprehensive data required due to the lim-
ited approval and coverage in the US, but other agents, including
lecanemab, offer a more realistic option to gain valuable insights.
Since the current generation of anti-Af mAbs will likely only re-
tard disease progression, rather than stop neurodegeneration,
further research into key Alzheimer’s disease pathomechanisms
is warranted. A combination of drugs targeting different biologic-
al mechanisms (e.g. A, tau, inflammatory) may be most promis-
ing, including compounds with symptomatic effects. Having one

component of such an approach now means that trials of drug
combinations have a firm basis from which to start, potentially
facilitating the development of effective combinations. With a
DMT for Alzheimer’s disease on the horizon, the healthcare sys-
tems globally will have to adapt to the changing environments,
healthcare pathways have to evolve to allow for wider drug up-
take and different key players must collaborate more closely, in-
cluding primary, secondary and specialist care. Initially, DMT
treatment should only occur in specialized centres such as brain
health or memory clinics, experienced in Alzheimer’s disease
diagnosis and care, with access to advanced resources such as
PET. Certification of those centres may help to set the appropriate
standards, and the processes will vary by country. Restricting
DMTs to specialist settings will not only ensure optimal care,
but also allow clinicians to gain experience in effectively identi-
fying patients who would benefit most and are at a lower risk of
side effects, and to learn how to best initiate, evaluate and stop
treatment (Fig. 3).
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