
VIEWS & REVIEWS OPEN ACCESS

Can Anti–β-amyloid Monoclonal Antibodies
Work in Autosomal Dominant Alzheimer
Disease?
Bruno P. Imbimbo, PhD, Ugo Lucca, MSc, and Mark Watling, MD

Neurol Genet 2021;7:e535. doi:10.1212/NXG.0000000000000535

Correspondence

Dr. Imbimbo

b.imbimbo@chiesi.com

Abstract
The dominant theory of Alzheimer disease (AD) has been that amyloid-β (Aβ) accumulation in
the brain is the initial cause of the degeneration leading to cognitive and functional deficits.
Autosomal dominant Alzheimer disease (ADAD), in which pathologic mutations of the am-
yloid precursor protein (APP) or presenilins (PSENs) genes are known to cause abnormalities
of Aβ metabolism, should thus offer perhaps the best opportunity to test anti-Aβ drugs. Two
long-term preventive studies (Dominantly Inherited Alzheimer Network Trials Unit Adaptive
Prevention Trial [DIAN-TU-APT] and Alzheimer Preventive Initiative–ADAD) were set up to
evaluate the efficacy of monoclonal anti-Aβ antibodies (solanezumab, gantenerumab, and
crenezumab) in carriers of ADAD, but the results of the DIAN-TU-APT study have shown that
neither solanezumab nor gantenerumab slowed cognitive decline in 144 subjects with ADAD
followed for 4 years, despite one of the drugs (gantenerumab) significantly affected biomarkers
relevant to their intended mechanism of action. Surprisingly, solanezumab significantly ac-
celerated cognitive decline of both asymptomatic and symptomatic subjects. These failures
further undermine the Aβ hypothesis and could support the suggestion that ADAD is triggered
by accumulation of other APP metabolites, rather than Aβ.
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Alzheimer disease (AD) is a chronic neurodegenerative dis-
ease with an insidious onset, which usually progresses with
increasing rapidity. It accounts for around 70% of dementia
diagnoses. There are 2 forms of AD: the most common is
called sporadic AD (SAD) because it is not caused by a spe-
cific gene, although genetic risk factors have been identified,
the most important being APOE, CLU, CR1, and PICALM.1

SAD generally appears after age 65 years, with most cases
occurring after age 80 years.2 It is very common, affecting
more than 50million people worldwide. The other type of AD
is quite rare (1%–3% of all AD cases) and has a genetic cause.
It is called dominantly inherited AD, familial AD, or autoso-
mal dominant AD (ADAD). ADAD is caused by mutations in
the amyloid precursor protein (APP) or presenilins (PSEN1
and PSEN2) genes that cause abnormalities in Aβ metabo-
lism. ADAD generally has an early onset (as young as age 30
years) but can occur at late ages.3 APP is the precursor of
amyloid-β (Aβ), and presenilin-1 is the protease element of
the γ-secretase enzyme complex responsible for the final re-
lease of Aβ from APP. ADAD bears neuropathologic and
biomarker features that are similar to those of SAD, but they
usually occur at a younger age4—it therefore offers a poten-
tially valuable setting in which to test the efficacy of drugs
targeting Aβ.

Pathophysiology and Anti-Aβ
Therapeutic Approaches to AD
The presence of intracellular neurofibrillary tangles and ex-
tracellular plaques in the brain is the histologic hallmark of
AD. Plaques are mainly composed of Aβ, a 40–42–amino acid
peptide with established roles in the mediation of neuronal
homeostasis. Neurofibrillary tangles comprise aggregated
hyperphosphorylated tau, a protein normally active in axonal
microtubular stabilization. Also recognized as histopathologic
markers are microglial dysfunction, astrocytic activation, and
neuritic dystrophy. The Aβ cascade hypothesis of AD asserts
that Aβ accumulation in the brain is the initial pathologic
event, starting 15–20 years before the disease presents clini-
cally. The autosomal dominant forms of AD arise following
point mutations of APP and the enzymes involved in its
processing (PSEN1 and PSEN2), which lead to altered Aβ
production. It is noteworthy that another specific mutation of
APP (A673T) is recognized to give protection against AD in
cognitively healthy elderly individuals.5 The altered amino
acid is close to the β-site APP cleaving enzyme-1 (BACE1)
cleavage site and reduces Aβ production in vitro by;40%. In

late-onset SAD, faulty Aβ clearance and/or increased BACE1
activity are held responsible for Aβ accumulation. Such accu-
mulation has also been linked to the APOE4 allele, making it
the most leading genetic risk factor for SAD. Broad acceptance
of the amyloid hypothesis has driven the intensive research
efforts of the last 20 years to develop compounds that counter
Aβ accumulation—an objective mainly pursued through 2
approaches: either the reduction of Aβ production by in-
hibition of the enzymes (BACE1 and γ-secretase) that cleave
APP to generate Aβ or the enhancement of Aβ clearance by
active or passive immunotherapy. Neither of these approaches
has been shown to have therapeutic effects in patients with AD,
even in the very early stages.6

Prevention Studies in Patients
With SAD
Over the last 10 years, the scientific community has realized
that the mild-to-moderate or even early stages of AD are too
late for anti-Aβ drugs to reverse or halt disease progression.
About 25% of subjects enrolled in clinical trials in which AD
diagnosis was based on neuropsychological and clinical testing
do not have objective evidence of Aβ brain deposition.7 New
AD diagnostic criteria were proposed to define AD-related
dementia based on biomarker evidence of brain amyloidosis,
thus enabling the identification of preclinical stages of AD and
allowing studies of earlier pharmacologic intervention.8

However, to date, prevention studies with anti-Aβ drugs have
failed to show lower rates of cognitive decline in cognitively
normal subjects at risk of developing AD (table 1). These
prevention studies tested 2 BACE1 inhibitors (atabecestat
and umibecestat), and an active anti-Aβ vaccine (CAD106) in
different, cognitively unimpaired populations. The EARLY
study, which studied atabecestat, enrolled 557 cognitively
normal subjects at risk of developing AD because of positive
family history of dementia, signs of brain Aβ accumulation, or
having an APOE4 gene. The study was initially terminated
early because of serious liver enzyme elevations—
subsequently, however, it was revealed that the drug had
worsened cognitive performance compared with placebo.9

Two large studies (Generation 1 and Generation 2) both
tested umibecestat (a selective BACE1 inhibitor) and
CAD106 (an active Aβ immunotherapy) in 1,626 cognitively
normal subjects without evidence of Aβ brain deposition but
carrying 2APOE4 alleles.10 In July 2019, the umibecestat arms
of the 2 studies were prematurely interrupted because of

Glossary
AD = Alzheimer disease; ADAD = autosomal dominant AD; AICD = APP intracellular domain; API = Alzheimer Preventive
Initiative;APP = amyloid precursor protein;APT = Adaptive Prevention Trial;BACE1 = β-site APP cleaving enzyme-1;DIAN-
TU = Dominantly Inherited Alzheimer Network Trials Unit; IgG = immunoglobulin G;NfL = neurofilament light;OCIAD1 =
ovarian carcinoma immunoreactive antigen domain containing 1; OR = odds ratio; SAD = sporadic AD.
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worsening cognitive function, and in December 2019, the
CAD106 vaccine arms were also stopped.11

This leaves 3 major preventive trials ongoing in SAD. The first
is the antiamyloid treatment in asymptomatic AD (A4) study
of solanezumab in cognitively normal elderly subjects with
signs of amyloid accumulation. This trial, which started in
2014, is not scheduled to complete until late 2022, reflecting
the prolonged follow-up required in this stage of AD de-
velopment. Recently, 2 other prevention studies with leca-
nemab (BAN2041) were launched in cognitively normal
individuals with intermediate (AHEAD 3 study) and elevated
(AHEAD 45 study) levels of brain Aβ deposition (table 1).

Prevention Studies in PatientsWith Autosomal
Dominant AD
In 2008 and 2011, 2 international network of research centers,
the Dominantly Inherited Alzheimer Network (DIAN) and
the Alzheimer Preventive Initiative (API), were launched to
establish international, multicenter registries of individuals
with ADAD and to facilitate recruitment to observational and
therapeutic studies on these subjects. The DIAN-TU-APT
trial was set up to test solanezumab (a humanized immuno-
globulin G1 [IgG1] monoclonal antibody that recognizes
soluble monomeric form of Aβ) and gantenerumab (a fully
human IgG1 monoclonal antibody that mainly recognizes
fibrillary forms of Aβ) in presymptomatic subjects with
ADAD. The API-ADAD trial was set up to test crenezumab (a
fully humanized IgG4 monoclonal antibody selective for
oligomeric and fibrillar forms of Aβ) in cognitively normal
subjects with ADAD (table 2).

The DIAN-TU-Adaptive Prevention Trial
The DIAN-TU-Adaptive Prevention Trial (APT) trial was a
double-blind, placebo-controlled study intended to in-
vestigate whether gantenerumab or solanezumab could slow
cognitive decline in presymptomatic or mildly symptomatic
subjects who carried ADAD genetic mutations (PSEN1,
PSEN2, or APP).12 The study started in 2012 and followed
subjects for an average of around 5 years (maximum 7 years).
Subjects were expected to develop symptoms within 15 years
of enrollment based on the time of disease onset in their
parents or already had mild symptoms of cognitive decline/
memory loss at study entry. The trial was undertaken in
Australia, Canada, France, Spain, the United Kingdom, and
the United States across 24 sites. Originally, the study was a
2-year biomarker target engagement trial, but was later
modified to be a full efficacy study measuring a cognitive
primary end point following at least 4 years of treatment. In
summer 2017, midway through the trial, the dose of gante-
nerumab was increased fivefold from 225 to 1,200 mg sub-
cutaneously every 4 weeks, whereas the dose of solanezumab
was increased fourfold from 400 to 1,600 mg IV every 4
weeks. The primary outcome measure of efficacy was the
DIAN Multivariate Cognitive Endpoint, a composite com-
prised of the delayed recall score from the International
Shopping List Test (episodic memory), the Logical Memory
delayed recall score from the Wechsler Memory Scale–
Revised (executive functioning), the Digit Symbol Coding
test total score from the Wechsler Adult Intelligence Scale–
Revised (processing speed), and the MMSE total score
(global mental status). These measures were selected because
of their advantageous psychometric characteristics, namely

Table 1 Anti-Aβ Prevention Studies Conducted in Sporadic Alzheimer Disease

Compound
Main
sponsor

Acronym/
study code Subject population

No. of
subjects

Treatment
duration

Primary
outcome
measure

Study
completion/
interruption/
start

Atabecestat Janssen EARLY/
NCT02569398

Cognitively normal individuals at risk
of developing Alzheimer disease

557 54 mo PACC Interrupted May
2018

Umibecestat
CAD106

Amgen
Novartis

Generation
S1/
NCT02565511

Cognitively normal individuals with 2
APOE4 genes

481 60 mo APCC Interrupted July
and December
2019

Umibecestat Amgen
Novartis

Generation
S2/
NCT03131453

Cognitively normal individuals with 2
APOE4 genes

1,145 60 mo APCC Interrupted July
2019

Solanezumab Eli Lilly A4/
NCT02008357

Cognitively normal elderly individuals
with brain Aβ deposition

1,150 240 wk PACC Planned
completion July
2022

Lecanemab
(BAN2401)

Eisai AHEAD 3 Cognitively normal individuals with
intermediate levels of brain Aβ
deposition

400 216 wk Aβ-PET Started in July 2020

Lecanemab
(BAN2041)

Eisai AHEAD 45 Cognitively normal individuals with
elevated levels of brain Aβ deposition

1,000 216 wk PACC5 Started in July 2020

Abbreviations: APCC = Alzheimer’s Prevention Initiative Composite Cognitive; PACC = Preclinical Alzheimer Cognitive Composite; PACC5 = Preclinical Alz-
heimer Cognitive Composite, version 5.
From ClinicalTrials.gov (clinicaltrials.gov/). Last accessed: March 27, 2020.
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their reduced ceiling and floor effects, relatively low variability,
sensitivity to subtle declines occurring before clinical di-
agnosis, and face validity as indicators of the cognitive phe-
notype of AD. The DIAN-TU composite is purported to be
sensitive to decline and to produce feasible sample size re-
quirements to detect the appropriate effect sizes. For example,
with 60 actively treated mutation carrier subjects and 40
placebo-treated mutation carrier participants, the power to
identify a 30% slowing in disease progression at 4 years would
be 0.90 using the ADAD disease progression model, while
permitting participants to continue in the study until the last 1
reaches 4 years.12 To enlarge the placebo data set, the trial had
included natural history data from 49 mutation carriers en-
rolled in the DIAN observational study, which is collecting
comparable progression data as the DIAN-TU-APT.

Full results of the DIAN-TU study were presented at the
Alzheimer’s Association International Conference 2020 (July
26–30, Amsterdam).13,14 One hundred forty-four mutation
carriers were enrolled in the study: 52 on solanezumab, 52 on
gantenerumab, and 40 on placebo. Compared with baseline,
treatment with solanezumab significantly increased CSF lev-
els of Aβ42 but did not significantly affected brain Aβ load, as
determined by Pittsburgh compound B –PET. Surprisingly,
the drug significantly increased CSF concentrations of neu-
rofilament light (NfL), a marker of neurodegeneration. Im-
portantly, solanezumab treatment significantly accelerated
cognitive deterioration in the ADmutation carriers compared
with placebo (cognitive progression ratio = 1.255, 95% con-
fidence interval: 1.136–1.376).13 The detrimental effects were
visible both in asymptomatic and symptomatic subjects.
Compared with baseline, gantenerumab treatment signifi-
cantly lowered brain amyloid burden and increased CSF Aβ42
levels. The antibody treatment significantly decreased CSF
levels of total tau, p-tau181, and NfL, effects considered
positive, but which did not translate to a cognitive benefit
(cognitive progression ratio = 1.063, 95% confidence interval:
0.949–1.180).14 The failure of high doses of gantenerumab to
produce cognitive benefit in asymptomatic or symptomatic
subjects with ADAD, despite significant effects on central AD
biomarkers, may be ascribed to the late introduction of the

substantially higher dose levels, an insufficient observation
period (4 years), or to a limited sample size. On the other
hand, recent animal work has demonstrated that deficiency of
p-tau205 is sufficient to impair memory function in the ab-
sence of Aβ pathology,15 raising key questions about the
contribution of tau phosphorylation to the development of
AD. The significant detrimental effects on cognition caused
by treatment with high doses of solanezumab could be explain
by the high affinity of this antibody for monomeric Aβ that
could have physiologic role as opposed to the high affinity of
gantenerumab for Aβ aggregates or oligomeric species. On the
other hand, looking at the lower 95% confidence interval of
the primary end point of the trial (0.949), we should not
expect to see breakthrough positive effects of gantenerumab
in these subjects.

The API-ADAD Trial
The API-ADAD trial started in 2013 and is being conducted
in cognitively normal individuals (aged 30–60 years) living in
Antioquia, Colombia, and bearing the PSEN1 E280A muta-
tion that leads to early cerebral Aβ deposition followed at
around age 50 years by a progressive decline in cognition and
clinical function.16 In the API-ADAD trial, 169 PSEN1 mu-
tation carriers are receiving crenezumab (undisclosed dose)
or placebo as fortnightly subcutaneous or monthly IV injec-
tions for at least 5 years. In addition, 83 unrandomized non-
carriers are blindly receiving placebo to protect study
participants from knowledge of the presence of the patho-
genic mutation. The study is scheduled to complete in early
2022.

Reconsidering the Pathologic Role of
Familial AD Mutations
ADAD is linked to specific mutations of APP and presenilins,
whereas no mutations of BACE1 are known to cause AD.
Figure provides a schematic illustration of the main metabolic
pathway of APP and aminoacidic positions of main APP
mutations linked to ADAD. α-Secretase cleaves the α-site of
APP releasing N-terminal fragments sAPPα and the

Table 2 Anti-Aβ Prevention Studies Conducted in Autosomal Dominant Alzheimer Disease

Compound
Main
sponsor

Acronym/
study code Subject population

No. of
subjects

Treatment
duration

Primary
outcome
measure

Study
completion

Gantenerumab
and
solanezumab

Hoffmann-
La Roche
and Eli Lilly

DIAN-TU-APT/
NCT01760005

Cognitively normal individuals with
amyloid precursor protein or presenilin-
1 or presenilin-2 Alzheimer-causing
gene mutations

144 208 wk DIAN
Multivariate
Cognitive
Endpoint

Completed
February
2020

Crenezumab Genentech
and
Hoffmann-
La Roche

API-ADAD/
NCT01998841

Cognitively normal individuals with
presenilin-1 E280A gene mutation

252 260 wk API-ADAD
composite
cognitive
Test

Planned
completion
February
2022

Abbreviations: API = Alzheimer Preventive Initiative; APT = Adaptive Prevention Trial; DIAN-TU = Dominantly Inherited Alzheimer Network Trials Unit.
From ClinicalTrials.gov (clinicaltrials.gov/). Last accessed: March 27, 2020.
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C-terminal fragment C83. The γ-secretase complex then
cleaves C83 releasing p3 extraneuronally and APP intracellular
domain (AICD) intraneuronally. BACE1 cleaves APP at the
β-cleavage site (Met671-Asp672) releasing the N-terminal
fragment sAPPβ596 and the C-terminal fragment C99
(CTFβ). sAPPβ596 is secreted, whereas C99 is cleaved by the
γ-secretase complex releasing Aβ extraneuronally and AICD
intraneuronally. BACE1 is also known to cleave APP at a less
well-characterized β9-cleavage site (Tyr681-Glu682). Cleavage
of APP at the β9-cleavage site generates C89 and sAPPβ606.
sAPPβ606 is secreted, and C89 is subsequently cleaved by
γ-secretase to generate truncated Aβ11–40/42.

17 In the normal
physiologic state, α-secretase cleaves ≥90% of APP, and the
remainder is cleaved by BACE1. The major products in this
APP metabolic pathway are thus sAPPα, C83, p3, and AICD
(which is rapidly degraded)—Aβ is normally a minor product.
The mutations found in familial AD, especially presenilin
mutations, may thus affect the formation and processing of a
variety of products. These pathogenic mutations cluster near
the α-secretase, BACE1, and γ-secretase cleavage sites
(figure) and cause accumulation of APP C-terminal
fragments18–20; such accumulation has also been found in
SAD.21 Furthermore, mutations in presenilin, the proteolytic
element of the γ-secretase complex, reduce γ-secretase
activity.22–26 These studies indicate that ADADmutations can
cause complete loss of presenilin-1 function in vivo. Clinically,
presenilin mutations are almost always present in a hetero-
zygous state implying that γ-secretase activity is not com-
pletely lost. However, some authors have shown that PSEN1
mutations interfere with γ-secretase activity in a dominant-
negative manner,27 suggesting that clinical presenilin muta-
tions may produce familial AD through a loss-of-function

mechanism. The fact that all the hundreds of presenilin fa-
milial AD mutations cause production of a transcript with a
full-length open reading frame strongly indicates that the
mutant presenilin proteins have a dominant activity that is not
simply a haploinsufficiency effect.28 The rare cases of homo-
zygosity for PSEN1 familial AD mutations involve alleles that
do not have complete loss of γ-secretase function, thus pre-
serving Notch signaling29 that is essential for embryonic
development.

A decrease in the catalytic capacity of γ-secretase, which
would lead to an increase in APP C-terminal fragments, fa-
cilitates the pathogenesis in familial AD30,31—thus familial
AD should be considered a disease characterized by a primary
accumulation of C-terminal fragments of APP, in addition to
an accumulation of Aβ. The therapeutic approach of using
BACE1 inhibitors would result in accumulation of C83
C-terminal fragment, whereas presenilin dysfunction would
result in accumulation of the C99 C-terminal fragment. It is
widely recognized that C99 accumulation induces neuronal
toxicity.32 Neuropathologic studies in patients with AD have
shown that C99 accumulates in vulnerable neurons, and its
levels correlate with the degree of cognitive impairment in
patients having AD. In contrast, Aβ levels are increased in
both vulnerable and resistant brain areas.33 C99 is consistently
detected much earlier than Aβ, suggesting that this APP
metabolite could be an early contributor to AD pathology.34

C99 accumulates principally within endolysosomal and
autophagic structures, where it is accompanied by C99-
derived C83 accumulation within the same intracellular or-
ganelles. Both these C-terminal fragments of APP dimerize,
leading to the generation of higher molecular weight

Figure Scheme of the Structural and Functional Relationships of APP

Asterisks indicate pathogenic APP mutations that
have been identified in familial AD, which cluster
near the α-secretase, β-secretase (BACE1), and
γ-secretase cleavage sites. AD = Alzheimer dis-
ease; APP = amyloid precursor protein; BACE1 =
β-site APP cleaving enzyme-1.

Neurology.org/NG Neurology: Genetics | Volume 7, Number 1 | February 2021 5

http://neurology.org/ng


species.34 In AD animal models, increases in C99 provoke the
upregulation of cholesterol internalization and its delivery to
the endoplasmic reticulum, which in turn result in the loss of
lipid homeostasis and the appearance of AD signatures, such
as higher production of longer forms of Aβ.35 The therapeutic
use of γ-secretase inhibitors mimics the malfunctioning of
presenilin in patients with ADAD with an accumulation of
C99.36 Overall, these observations would explain why γ-sec-
retase and BACE1 inhibitors have both produced detrimental
effects on cognition6 and behavior37 in patients with AD. It is
interesting to note that the E682K Leuven mutation of APP
appears to drive AD by inhibiting cleavage at the β9-cleavage
site of APP.38 The inhibition by BACE1 inhibitors of this
alternative β9-cleavage site may be another reason why
BACE1 inhibitors worsen cognition in clinical trials.

Similarly, monoclonal antibodies specifically directed at Aβ
would not work because they do not ameliorate the patho-
logic accumulation of the C-terminal fragments of APP.39

However, because Aβ is included in the C99 fragment, there is
the theoretical possibility that some anti-Aβ antibodies may
react also with C99. Is should be interesting to verify whether
monoclonal antibodies, which have shown some hints of
clinical efficacy in AD, like aducanumab and lecanemab
(BAN2401),40 show cross-reactivity against C99.

Recent Studies Suggest Culprits Other
Than Aβ as the Initial Cause of AD
Several recent studies have suggested that an increase in brain
Aβ concentration may be not the initial step of the AD process.
A neuropathology study in 5,007 subjects has shown that the
APOE2/2 allele is significantly associated with an exceptionally
low AD dementia risk odds ratio (OR) compared with both
APOE2/3 (OR = 0.34) and APOE4/4 (OR = 0.004).41 An-
other important brain imaging study in 489 subjects showed
that APOE«4 is associated with increased tau-PET uptake in
the entorhinal cortex and hippocampus, independent of its link
with Aβ accumulation.42 A recent case report described a
PSEN1 mutation carrier who did not develop mild cognitive
impairment until her seventies, 3 decades after the expected age
at clinical onset.43 The individual had 2 copies of the APOE3
Christchurch (R136S) mutation, high brain amyloid levels, and
limited tau and neurodegenerative biomarkers. Although the
Christchurch mutation may have protected the PSEN1 carrier
from Aβ-induced dysfunction through an unidentified as yet
mechanism, collectively, these findings indicate that APOE
may be implicated in the pathogenesis of AD through an effect
on tau and that this effect is mediated by microglia.

A recent neuropathology study has shown that necroptosis, a
programmed form of necrosis characterized by assembly of
the necrosome complex composed of phosphorylated pro-
teins (pRIPK1, pRIPK3, and pMLKL), is associated with
neuronal loss in the AD brain.44 Another study has shown that
a mutation (rs72824905-G) in the PLCG2, the gene encoding

for Cγ2 (a phospholipase involved in the transmembrane
transduction of immune signals), reduces the risk of AD.45

Another study has found that the ovary-orientated protein
ovarian carcinoma immunoreactive antigen domain contain-
ing 1 (OCIAD1) is a neurodegeneration-associated factor for
AD.46 High levels of OCIAD1 were found in vulnerable brain
areas and dystrophic neurites and correlated with disease se-
verity. This study suggests that OCIAD1 contributes to
neurodegeneration in AD by impairing mitochondria func-
tion, leading to neuronal vulnerability and synaptic damage.
Collectively, these studies suggest that neuronal death in AD
may be linked to Aβ-independent mechanisms.

A recent study in 1,289 cognitively normal participants has
shown that subjects with untreated diabetes displayed greater
tau pathology than both treated patients with diabetes and
subjects with normal glycemia and that they progressed to
dementia at higher rates than the control group (hazard
ratio = 1.602)47—suggesting that abnormal glucose metab-
olism may drive AD pathogenesis.48

Finally, a recent study found that DNA from various Gram-
positive and Gram-negative bacteria results in tau misfolding,
especially DNA extracted from certain bacterial species pre-
viously detected in the brain, CSF, or oral cavity of patients with
AD.49 These findings indicate that microbial DNA may play a
previously overlooked role in the propagation of tau protein
misfolding and AD pathogenesis. They strengthen the hy-
pothesis that compromised blood-brain and intestinal barriers
represent an important source of microbial DNA in the CNS,
opening novel opportunities for therapeutic interventions.50

Although these studies did not establish whether Aβ is the
inciting event of neuronal injury and that multiple mechanisms
can occur simultaneously, they point out that the initial cause of
AD may be more complex than was initially thought. Given
this, the clinical question is whether anti-Aβ antibodies still
work in patients with the disease? We believe that potent anti-
Aβ drugs, including anti-Aβ antibodies, should at least slow the
initially subtle cognitive decline that can be detected by so-
phisticated composite cognitive scales in asymptomatic or
presymptomatic patients at risk of developing AD—but this
has not been the case up to now, as studies listed in tables 1 and
2 clearly show. It is essentially contradictory that high doses of
solanezumab in the DIAN-TU study significantly accelerated
cognitive decline in both asymptomatic and symptomatic
subjects with ADAD, the prototypical clinical condition to test
the Aβ hypothesis of AD. This is not the only trial in which
worsening of cognition has been seen after anti-Aβ therapy6

and such findings should tell us that something is wrong in our
understanding of the AD pathophysiology process.

Conclusions
The Aβ hypothesis has dominated AD research since 1991.51

It proposes that brain accumulation of the Aβ peptide triggers
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the formation of tau aggregates, which kill neurons causing
neuroinflammation and ultimately leading to dementia.
ADAD is caused by mutations in APP or PSENs genes, both
implicated in the generation of the Aβ peptide. Studies from
families with ADAD have been considered critical to sup-
porting the amyloid cascade hypothesis that underpins the
current development of amyloid-based disease-modifying
therapies in SAD. In the last 5 years, many pharmaceutical
companies have abandoned targeting Aβ to treat AD as a
consequence of a long series of major setbacks in clinical
studies, both at early and mild-to-moderate stages—
alternative targets such as tau accumulation, neuro-
inflammation, or microbioma are now being pursued.

A fully successful DIAN-TU study in subjects with ADAD
would have revived the Aβ hypothesis of AD and spurred
interest in prevention studies in cognitively normal people
without pathologic genetic mutations but at high risk of de-
veloping AD—whether through carriage of a risk-associated
allele of the APOE4 gene, parental or family history of AD, or
biomarker evidence of brain deposition in the brain. This,
however, has not occurred, and the mixed results raise more
questions than they answer.

The long list of negative anti-Aβ trials in AD,6 including ap-
parently this last one in the genetic form of the disease, sug-
gests the alternate hypothesis that the observed
overproduction of Aβ in AD might simply reflect a form of
synaptic plasticity attempting to compensate for neuronal
dysfunction. Aβ has important physiologic roles in brain
function, including synaptic plasticity, memory formation,
and neurogenesis.52 The idea that Aβ overexpression is a
compensatory mechanism is in line with observations that
anti-Aβ drugs like BACE1 and γ-secretase inhibitors may
induce or worsen cognitive performance and psychiatric dis-
turbances in patients with AD even during the early stages of
the disease.9,53

Another fascinating hypothesis generated by experimental,
genetic, and epidemiologic data is that amyloidogenesis in the
AD brain could be linked to the antimicrobial role of Aβ and
that innate immune-mediated inflammation propagates neu-
rodegeneration.54 Amyloid deposition is normally countered
by microglial phagocytosis, which clears the amyloid, cellular
debris, and dead neurons. In the long term, microglia may
switch function and kill neurons as amyloid induced tau ag-
gregation and tangles accumulate. This reactive gliosis and
neuroinflammation results in debilitating neural damage and
dementia. In 2008, Bertram et al. reported the first gene as-
sociated with neuroinflammation in AD, CD33.55 When
highly expressed, CD33 turns the microglial response from
protective to pathologic, creating the runaway inflammation
that is a distinguishing characteristic of AD. Subsequent re-
search has shown that CD33 inhibits microglial uptake of
Aβ56 and that triggering receptor expressed on myeloid cells 2
(TREM2) is working downstream of CD33 to control neu-
roinflammation.57 Studies in a tauopathy mouse model have

shown that APOE, the strongest genetic risk factor for AD,
regulates neurodegeneration predominantly by modulating
microglial activation.58 The discovery of these innate immu-
nity genes associated with AD suggests that the innate im-
mune response could work for decades before symptoms arise
in people who carry genetic risk factors for the disease.

The failure to achieve the primary end point of the DIAN-TU
study necessitates a reconsideration of the role of APP and
PSENs mutations in familial AD. It may be hypothesized that
these mutations trigger AD pathogenesis through abnormal
APP metabolism and accumulation of APP C-terminal frag-
ments rather than Aβ production and Aβ plaque formation.
The overproduction of Aβ could be nonspecific, whereas
other metabolites of APP (i.e., C99 and C83) could be the real
culprits in neuronal death and, as such, should be targeted.
Indeed, all attempts to develop Aβ-targeting drugs to treat AD
have ended in failure, and recent findings indicate that the
main factor underlying the development and progression of
AD could be tau, not Aβ. Therefore, AD could be a disorder
that is triggered by impairment of APP metabolism and
progresses through tau pathology, not Aβ. Aβmay just be one
character in a complex story that has been too simplistically
interpreted for too long. It is now time to reconsider this story
from a different perspective to fit all the clues into a coherent
and plausible representation.
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