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A B S T R A C T

Alzheimer’s Disease (AD) therapeutics based on the amyloid hypothesis have repeatedly failed in clinical trials.
Together with numerous reports that amyloid is present in brains from aged individuals without cognitive
dysfunction, this suggests that the association of amyloid with AD is collateral rather than causal. However, the
preeminence of the amyloid hypothesis has resulted in the ‘systematic …thwart[ing of] alternative approaches’ to
AD/dementia driven by a ‘cabal’ of amyloid acolytes who have effectively controlled the ideas funded and pub-
lished, which startups received venture investment and which programs were advanced in biopharmaceutical
companies where they consulted. As a result, dementia research is estimated to be 15–30 years behind where it
could be with conflicting data ignored in favor of the amyloid dogma and clinical trial failures being ascribed to
faulty design or inadequacies in the compound selection process including flawed animal models. Major concerns
regarding the precise diagnosis of AD/dementia and conflicting views on the validated status of fluid biomarker
assays have resulted in trials that included patients with unknown amyloid pathologies. With the failure of the
amyloid approach, emerging data on the role(s) of vascular, mitochondrial and synaptic network dysfunction,
infection, diabetes, sleep, hearing loss, the gut microbiome and neuroinflammation/ innate immune function as
dementia targets are driving research in new directions bolstered by recent findings on the genetic, omics and
systems biology associated with AD/dementia. In moving forward, lessons learnt from the amyloid debacle should
be used to enhance the objective identification of AD/dementia therapeutics as a multifactorial disease syndrome.

1. Introduction

Dementia, an age-related decline in the cognitive domains of behavior,
memory and thinking restricts the ability of an individual to effectively
perform the activities of daily living and, due to its incidence, is viewed as
“the greatest challenge for health and social care in the 21st century” [1].
Eighty percent or more of diagnosed cases of dementia have been
attributed to the form of dementia known as Alzheimer’s Disease (AD;
https://www.alz.org/alzheimers-dementia/what-is-alzheimers) reflecting
the ‘reframing’ of AD in 1976 from its original appellation as presenile
dementia [2] with “Alzheimer disease and senile dementia…[being]. a
single process…[that] should …. be considered a single disease” [3]. This
resulted in AD moving from relative obscurity [4] to “the 4th or 5th most
common cause of death in the United States” [3] in the late 1970 s creating
a public health crisis overnight [2].

While AD is historically viewed as a discrete, linear disease entity that
has acquired “the vernacular meaning of all dementia not attributable …
to other causes” [5], in the clinical research arena, it is no longer viewed

as synonymous with clinical dementia [6,7] but rather as a “multidomain
amnestic dementia” [8], “a polygenic and heterogeneous disorder with
multiple patterns of expression” [9] that may result from one or more
discrete diseases that involve “a complex cellular phase consisting of
feedback and feedforward responses of astrocytes, microglia, and
vasculature” requiring a “holistic understanding of the spatial, temporal,
and cellular aspects of the disease process” that also address the
“complex compensation mechanisms …that maintain almost normal
cognitive performance for decades” [10].

The complexity of multifactorial diseases like AD has resulted in
multiple theories of causality that are typically interdependent with one
usually dominating the field at any given point in time. This has
practical and ethical consequences for society in guiding research and
its funding as well as the prioritization of current approaches to disease
treatment, real and anticipated, and its management [11].

The multiple factors linked to the etiology of AD and related de-
mentias include age, vascular disorders, stroke, the
blood–brain-barrier, diabetes, infection, inflammation, synaptic,
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mitochondrial and innate immune system dysfunction, dysfunction of
the meningeal lymphatic system, sleep deprivation, chronic alterations
in circadian rhythm, and the gut microbiome, hearing loss, protein
misfolding and processing as well as environmental factors that range
from pollution to diet and exercise to educational and socioeconomic
status [1,12,13] together with a multiplicity of genetic factors [14,15].
These, to varying degrees, can impact brain function a decade or more
before overt cognitive dysfunction is apparent leading to this stage of
the disease being described as preclinical AD [16].

Few, if any, putative therapeutics targeting this broad range of causal
factors and their associated mechanisms have been assessed in clinical
trials for AD, extensively or otherwise, making it a challenge to validate
and prioritize their potential. In major part, this can be ascribed to the
preeminence of the amyloid hypothesis of AD [17] that postulates that
AD is caused by the accumulation of amyloid in brain, primarily in its
toxic amyloid-β42 (Aβ42) form, that can result in synaptic toxicity [18],
tau hyperphosphorylation and neurodegeneration [19] with a
resultant decline in cognitive function. The latter has been ascribed to
‘pathological tau’ with amyloid potentially subserving a permissive
function, facilitating the spread of tau and leading to the concept of AD
as a Aβ-facilitated tauopathy [20].

The neurotoxic effects of amyloid occur via multiple targets including
direct and indirect Aβ receptors [10,21], the relative importance of
which remains to be determined and that may have different roles in
different stages of the disease. Amyloid can also function as a
proinflammatory cytokine-induced DAMP (danger-associated molecular
pattern; [22]) to specifically activate the innate immune system [23] and
initiate inflammasome activation [24] along with other DAMPs and
PAMPs (pathogen-associated molecular patterns) [22] that may
accompany infections and that are potentially causal to AD pathology.

AD has become synonymous with the presence of amyloid plaques in
brain such that the 2018 NIA-AA Research ATN (β-amyloid deposition,
pathologic tau, and neurodegeneration) Framework [8] specifically
states that “although it is possible β-amyloid plaques and neurofibrillary
tau deposits are not causal in AD pathogenesis, it is these abnormal
protein deposits that define AD as a unique neurodegenerative disease”.
As a result, any agent that reduces brain amyloid, in humans, transgenic
animal models, or even in engineered cell lines, is considered a potential
therapeutic to treat AD/dementia. Aβ has occupied center stage in
research for therapeutics for AD and dementia research for the better
part of four decades [25] that has led to 52 anti-Aβ targeted
therapeutics, 31 of which have failed in the clinic to date [26] with none
reaching the point of being submitted for regulatory approval.

1.1. Physiological functions of amyloid

The amyloid hypothesis of AD designates amyloid as a toxic entity
and has historically overlooked, dismissed or ignored the large body of
evidence reporting the presence of brain amyloid in aged individuals
who show little or no evidence of cognitive impairment [27–30],
characterizing these individuals as ‘prodromal’ for AD or ‘asymptomatic
at risk for AD’ [5].

The hypothesis has also ignored the accumulating body of evidence
that amyloid in its various forms may subserve beneficial roles in brain
and other tissues [31–33] and have failed to objectively place the toxic
effects of amyloid in its myriad forms in the context of both their phy-
siological function and the impact of amyloid on disorders other than AD
[34]. These beneficial roles include: as a protective factor in recovery
from brain injury [31,35] promoting neurite outgrowth [36]; defending
against oxidative damage [37]; facilitating neural stem cell proliferation
and fate [38]; and, in the form of APP and its soluble secreted fragment,
APPsα [39], as a modulator of synaptic structure [40], activity [39,40]
- specifically GABAergic transmission [41,42] - and plasticity [43,44].
These findings are often not considered when interpreting the outcomes
from the numerous transgenic mouse models involving APP mutations
(see Section 6.3), where an observed loss of neuronal function and

cognitive performance could be as equally ascribed to synaptic
dysfunction secondary to APP misprocessing as to the invocation of
plaque formation and its sequalae. Indeed, these animal models are
engineered to overproduce amyloid, amplifying its toxic effects on brain
and other organelles, and potentially masking the hormetic effects of the
peptide [43]. As a host response mediator [33], amyloid can function as
an acute phase antimicrobial peptide (AMP [45]) to attenuate the effects
of infectious agents [46,47]. Amyloid has also been implicated in tumor
suppression and maintaining blood brain barrier function [31]. A failure
to appreciate the physiological role of amyloid also raises concerns in
terms of the long-term consequences of using putative therapeutics that
are designed to prevent or remove amyloid, especially when these are
used in the asymptomatic prodromal/ silent stage of AD.

The potential ‘bystander’ role of amyloid in AD has been elaborated
in the ‘airbag hypothesis’ [48]. This simile was based on the association
of activated airbags with automobile accidents but not with intact cars.
In the absence of any knowledge regarding its protective function, the
airbag could logically be considered as the cause of an accident, a
supposition reinforced by evidence that a small percentage of airbags
activate spontaneously due to manufacturing defects (aka airbag ge-
netics) and in doing so cause accidents. In accepting that airbags, e.g.,
amyloid causes accidents, then installing “an airbag deployment pre-
venter to hinder … experimentally induced airbag-associated car acci-
dents” would be akin to removing amyloid in AD and prevent the small
percentage of accidents caused by defective airbags. However, the
production of cars without airbags or removal of airbags from all ex-
isting cars would not decrease the number of auto accidents - an ob-
vious outcome if the real purpose of the airbag had been known. In a
similar vein, the presence of brain Aβ deposits may be the result of an
endogenous host protective response rather than being causal for AD
[33,46,47]; Aβ deposits, like the hypothetical scenario of accident
causing airbags, may be a consequence of other events that initiate the
pathogenesis of AD pathogenesis [48]. Missing in the resolution of the
precise roles of brain amyloid are confirmatory studies that better de-
fine the quantitative effects of the various forms of the peptide and
parent proteins and where concentration/dose response curves have
been rigorously used to assess the beneficial/neurotoxic spectrum of
effects [43] using the same experimental conditions especially ensuring
that physically characterized and authenticated forms of the peptide/
protein are used to avoid results that reflect differences in aggregation
state and content [21].

In addition, temporal, spatial and quantal issues exist with regard to
the presence of brain amyloid and AD incidence that have neither been
adequately addressed nor resolved [49]. These are addressed further in
Sections 5 and 6.

1.2. Shifting concepts in the definition of AD

The present Commentary comes at a point in the history of AD where
the field is undergoing a marked transition, the major premise of which is
that neither the semantics of the AD appellation and its qualified iterations
(see Section 2.1.) nor the blinkered focus on the amyloid hypothesis of AD
have resulted in the identification of therapeutics to treat dementia. At the
same time, the Commentary attempts to provide an objective assessment
of the various initiatives that drove the amyloid approach in AD with the
hope that what has worked - and what has not - can be used in the guiding
the next wave of targeted approaches to the treatment of AD/dementia.
Given the increasing precision with which AD is being described, e.g., the
“only unambiguous definition of AD is that it represents the combination
of neuritic plaques and NFT, no more and no less” [5], much of what is
referred to in the scientific literature as AD is actually dementia. For this
reason, the descriptor AD will be used as denoted in the cited literature or
as AD/dementia or dementia in order to maintain the intended scope of
the Commentary.

With the continuing clinical failures based on compounds developed
to address the amyloid hypothesis, shortfalls in the validation of urgently
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needed biomarkers for disease diagnosis and progression, semantic
debates regarding the precise designation of the disease, accumulating
evidence that tau may play a more prominent role in the etiology and
progression of AD than amyloid, and where the genetics of AD and, by
extrapolation dementia, are in constant flux, the impact of the
overwhelming focus on amyloid in AD drug discovery is complex. This is
addressed in terms of: the inconsistencies/relevance of amyloid as a
cause and as a biomarker for AD diagnosis and progression [50–52]; how
it, and the politically motivated conflation of senile dementia (SD) with
AD [2–5] have detracted from the exploration of alternative approaches
to treating AD/dementia; emerging nosological and semantic definitions
of AD [5,7,53]; and why, despite the numerous and repetitive clinical
failures for amyloid-based therapeutics, it has been, and remains, so
prominent in AD/dementia research [49] dictating funding, investigator
career paths and clinical trial conduct [54]. A key issue in reviewing AD
drug discovery efforts and taking a more objective view of progress is
how much of the published research on AD reflects the increasingly
narrow designation of the disease and how much is its generic use to
describe all aspects of dementia [5].

Before embarking on these topics in greater detail, some comment is
necessary regarding the recent unexpected change in the clinical status
of aducanumab [55–57], a human IgG1 monoclonal antibody that
dose-dependently cleared soluble and insoluble Aβ in patients with
prodromal or mild AD [58].

2. Aducanumab – The fall, the rise….

2.1. The futility analysis

In March 2019, the results of a futility analysis of the clinical data
collected through December 2018 [55–57] led the sponsor of
aducanumab to halt its development, adding yet another failure to the
long list of putative therapeutics that removed Aβ from the brain of AD
patients – so called amyloid plaque busters - without altering the
decline in their cognitive function. These included the humanized
monoclonal antibody, solanezumab which failed to affect cognitive
decline in three Phase III trials [59], the final trial of which was con-
ducted in mild AD patients [60], and the BACE-1 inhibitor, verubecestat
which reduced brain Aβ levels by 90% without changing the trajectory
of the disease in AD patients [61].

2.2. The resurrection

In late October 2019, the sponsor of aducanumab indicated that a
BLA (Biologics License Application) would be filed in early 2020 for
regulatory approval of the biologic to treat AD [56,57,62,63,64]. This
decision came as something of a seismic shock to the AD research
community and was based on the analysis of an additional 3months of
patient data following the futility analysis in the ‘opportunity to
complete’ population at the highest dose, 10mg of aducanumab, that
led the sponsor to note in an investor presentation that ‘sufficient
exposure to high dose aducanumab reduced clinical decline across
multiple clinical endpoints’ [56].

The post futility analysis showed that in EMERGE, one of two
identically designed Phase III trials, aducanumab dose-dependently met
its primary and secondary endpoints, the major effect being a slowing
of the rate of cognitive decline by 23% in the primary endpoint, the
CDR-SB (Clinical Dementia Rating Scale Sum of Boxes [56,62,63,64]
that has been estimated, based on the limited information shared by the
sponsor, to be 0.4 CDR-SB units [57,65]. Additional changes were
reported in the secondary endpoints - a 27% reduction in the ADAS
Cog-13 (Alzheimer’s Disease Assessment Scale–Cognitive Subscale 13
items) and a 40% reduction in the ADCS-ADL-MCI (Alzheimer’s Disease
Co-operative Study –activities of daily living inventory scale for Mild
Cognitive Impairment) [56]. However, a second, parallel Phase III trial,
ENGAGE that was initiated in August of 2015, one month prior to the

EMERGE trial, failed to show efficacy at the highest 10mg dose with a
trend towards worsening of the primary endpoint and lower doses
showing a slight slowing of the cognitive decline.

Nonetheless, the sponsor conducted an exploratory subgroup analysis
of 97 participants in the ENGAGE trial who had received 10 or more
consecutive high doses of aducanumab that “hinted at a slowing of the
decline on the CDR-SB similar to that seen in EMERGE” [64]. From these
two Phase III trials, the sponsor “frame[d] their analyses as showing one
positive trial and a second, negative trial in which a subset comparison is
offered as supportive of the positive trial…because the FDA might accept
such result as meeting its regulatory criteria for “substantial evidence of
effectiveness” [56]. An alternative view of the aducanumab re-analysis is
that it is an “artifact” [66] that “should be viewed as a
hypothesis-generating exercise” [65,67] that mandates that the sponsor
run a third Phase III confirmatory trial [65,66].

2.3. A contentious debate

The decision to resurrect aducanumab has been viewed by at least
one key opinion leader (KoL) in the AD area as a complete vindication/
validation of the amyloid hypothesis that would ‘open the floodgates’ to
amyloid-based therapeutics [68], despite the failure of the majority of
anti-Aβ therapeutics to date [2,25,26] with none having reached the
stage of regulatory submission prior to aducanumab. A multitude of
other researchers and observers in the AD area however have raised
concerns regarding the validity of the aducanumab decision among
which were:

• the inconsistent treatment effects observed for the EMERGE and
ENGAGE trials;.
• the flawed futility analysis that failed to include late protocol
amendments related to administration of the higher, 10mg dose;.
• whether the resurrection of aducanumab is a “Lazarus-like return”
or a “zombie that has been reanimated by chance and the selective
presentation of trial results”, the latter of which amounts to
“overselling of AD trial data’ [56];.
• the clinical relevance of the effect size (23% = 0.4 CDR-SB units
[57,65]) in EMERGE;.
• the possibility, despite the sponsor’s claim that “the positive results
in the EMERGE trial were driven by greater exposure to a higher
dose in the larger dataset, [that] the effect could just as easily been
due to a greater worsening in the placebo group” [64];.
• the potential contribution from unknown numbers of APOE4
subjects in control and treatment cohorts that may skew the out-
comes;.

• the incidence (35%) of ‘amyloid plaque buster’ side effects, e.g.,
ARIA-E (Alzheimer's Related Imaging Abnormality-Edema) at the
10mg dose that may have unblinded the high dose treatment group
[64];.
• the unknown potential for reversibility of this side effect and the
resources in terms of trained medical personnel required to monitor
the incidence of ARIA-E and;.
• why the effects of aducanumab in clearing brain amyloid produced
positive cognitive effects while a multitude of other ‘amyloid plaque
busters’ proved to be ineffective [26].

.
The concern that outcomes reported to date on aducanumab reflect

an artifact of the use of post hoc subgroup analysis, echo those reported
for clinical trials with BAN2401 [69], an amyloid antibody from the
same sponsor that removes oligomeric cytotoxic soluble amyloid-β
protofibril in clinical trials. This antibody entered Phase II trials using
an adaptive Bayesian design and reported a “statistically significant
slowing of disease progression”, a 30% reduction in the rate of cogni-
tive decline, at 18months at the 10mg dose in the “bespoke AD-
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COMS… [AD Composite Score] … measure” [70] and a remarkable
“47% improvement in the rate of decline at 18months when the high
dose arm was measured by the standard ADAS-Cog test”. However,
reverting to “conventional statistical methods”, led to BAN2401 being
described as having “statistically significant clinical benefit as early as
6months” despite a previously negative readout using the Bayesian
approach [71] leading financial analysts to conclude that the study did
not meet “the regulatory threshold of substantial evidence of efficacy”.

A key caveat to an objective interpretation of the results made
available for aducanumab is that, like the data released for BAN2401,
they have not been subjected to peer review nor published other than in
the form of investor slide decks. This prompted one KoL to note that
there was ‘not enough information here to assess the validity of the
analyses”, a point that was apparently echoed by 20 other KoLs who
requested that their responses remain off the record [64].

Multiple questions remain that engender endless speculation and
data parsing, with one analyst noting that “filing will come to a
tortuous discussion of data, statistics, endpoints, exposure, treatment
effects and safety liabilities” [64]. An obvious question is whether the
FDA will approve aducanumab based on the dataset from the current
Phase III trials together with any additional data that may be generated
before the planned filing date in early 2020.

2.4. Regulatory outcomes

Several outcomes are possible from the submission of the
aducanumab BLA to the FDA and include:

• aducanumab being approved on the basis of a “substantial evidence of
effectiveness”, despite the lack of efficacy in the ENGAGE trial with the
EMERGE trial reflecting a debatably “adequate and well-controlled
study” and ENGAGE reflecting “additional confirmatory evidence”
[64]. This is the supposition of the sponsor who have noted in a
comment that that has been viewed as ‘fearmongering’ [65] - “Here’s
the decision FDA has to make. We can probably get Biogen to do
another trial. But it will take five years. How many people have to get
demented in that time period?” [65,72]. Reinforcing their conviction
that aducanumab will be approved, the sponsor has in-licensed a Phase
I casein kinase 1 inhibitor to address ‘sundowning’, the agitation,
aggression, anxiety, confusion, and/or restlessness that affects 20% of
AD patients at the end of the day [73].
• giving a conditional approval to assess whether aducanumab works
in the real world beyond the clinical trial setting or making the
biologic accessible to a restricted group of AD patients since
EMERGE only showed efficacy in mild AD.
• requiring a “prospectively defined” [65], confirmatory Phase III trial
that would eliminate the caveats associated with both the EMERGE
and ENGAGE trials and use this as an informed tie breaker for ap-
proval.

.
As to whether aducanumab, if approved, can be taken as validation

of the amyloid hypothesis of AD or is an outlier that is the result of the
retrospective reanalysis of patient subgroups [56,65], or a “reanimated
zombie” [56], remains a topic for further debate especially given the
overwhelming data discussed in the present Commentary that show
that amyloid-based therapeutics that remove or prevent the formation
of brain amyloid in the clinical setting have no effect on cognition. The
approval of aducanumab could also significantly complicate future
clinical trials of new therapeutics targeted for dementia, especially if
these produce their effect via non-amyloid mechanisms. If aducanumab
becomes the standard-of-care for treating AD, it will become the gold
standard for assessing the efficacy of new entities potentially increasing
both the number of study arms (aducanumab, aducanumab plus new
entity) and the number of patients to provide sufficient power to show

additional efficacy in combination with aducanumab or, at the very
least, non-inferiority to the gold standard [74], if indeed the EMERGE
trial results can be repeated.

At the primary care physician level, aducanumab will be used for all
forms of dementia - as happened with tacrine and other cholinergic
therapeutics - potentially increasing the societal costs of a biologic that
is already anticipated to be prohibitively expensive.

2.5. Beyond the science

An additional concern as aducanumab moves towards its proposed
early 2020 filing date, is that the science will inevitably become
secondary to the unmet medical need in the AD area with patients and
caregivers understandably demanding that it be made available.
Analysts estimate that if approved, annual sales of aducanumab will be
in the range of $3 billion by 2028 growing to $10 billion and above
with aducanumab having the potential to “become the biggest drug in
the world” [63], if health care providers, including Medicare, decide
that they will cover it. Whitehouse, a long-time skeptic of the core
premise of AD research [4] has however noted “What I'm really
concerned about is that we'll end up with a very expensive drug given to
a large number of people that does next to nothing” [75]. The high
likelihood that the AD community will exert pressure on the FDA up to
and including concerns of regulatory capture to approve aducanumab
(as some view the sponsor already doing [65,72]) will ensure that other
amyloid antibody therapeutics still in active trials, e.g. gantenerumab,
BAN2401, solanezumab and donanemab, will gain a new lease of life.
Nonetheless, skeptics have ample data (Section 5) to remain
unconvinced that the resurrection of aducanumab and its possible
approval de facto validates the amyloid hypothesis.

2.6. Tacrine reduxed?

A final point regarding the unmet medical need for effective AD
therapeutics in 2019 is its similarity to the situation in 1993 when the
cholinergic hypothesis of AD was in vogue and the cholinesterase
inhibitor, tacrine was approved after a contentious FDA advisory hearing
where AD caregivers were proactive participants. This compound, and the
related cholinesterase inhibitors, donepezil, galantamine and rivastigmine,
are widely used in patients with cognitive disorders with little
consideration for the cholinergic status of the patient and have proved to
have modest efficacy at best [76,77] with tacrine being finally withdrawn
in 2012 due to the liver toxicity that was a primary concern when it was
initially being considered for regulatory approval. Interestingly, despite
the disappointing record of cholinesterase inhibitors as AD therapeutics,
they remain an area of active research nearly 30 years after their in-
troduction [78,79].

3. Defining and diagnosing AD

3.1. Defining AD v.3?

The origins of the appellation, AD (v.1), date back to the early
1900 s to the work of Alois Alzheimer [2,4,5,49,75,80–85] with the
description of AD first appearing in the 1910 edition of Kraepelin’s
monograph, Psychiatrie. The appellation made by Kraepelin was viewed
as controversial with even Alzheimer asking “whether the cases of
disease which I considered peculiar are sufficiently different
clinically or histologically to be distinguished from senile dementia or
whether they should be included under that rubric” [84] while a
contemporary, Fuller noted “there was no good ground for supporting a
special pathognomonic process: that the cases were representative of a
senile psychosis – atypical senile dementia” [85]. Alzheimer had noted
that AD was associated with the presence of neuritic plaques and
neurofibrillary tangles (NFTs) in autopsies of the brain while
subsequent research showed amyloid and tau as the key constituents of
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plaques and NFTs, respectively [86] that could be correlated with the
degree of dementia [87].

For some 60 years after its designation in the form of v.1, AD was
generally considered “an obscure, rarely applied medical diagnosis”
[4,80], “an inevitable consequence of aging ….…. a hopeless and un-
treatable condition” [25]. In 1976, AD was conflated with SD as “a
single disease” to yield v.2 [3] for political [80,88] and social [89]
reasons. Reframing SD as AD (rather than vice versa), moved the latter
from relative obscurity to crisis status [3,4,88] resulting in a “trans-
formation in the conceptualization of senile dementia and normal
ageing” [90] as “Alzheimers became interchangeable with senility”
[75] leading to the creation of the ‘Alzheimer’s disease movement’ [80].
The reframing has been characterized as the myth of AD with the
“social forces at work in the AD field” creating “a multibillion-dollar
industry …driven by the pharmaceutical industry and by some aca-
demic experts and others who use the exaggerated characterization of
AD entrepreneurially to promote maximum concern for dementia and
therefore maximize research support of the disorder and sustain the
clinical empire….built around it” [4]. As SD became synonymous with
AD, the latter in turn became synonymous with the presence of amyloid
[17,91] and, to a lesser degree, brain tau [8,19,49,92] such that the
amyloid hypothesis dictated, to a very major extent, the direction of AD
research [12,25]. In 2018, this resulted in the NIA-AA Research ATN
Framework [8], announcing another highly contentious reframing of
AD that asserted that a “strong argument can be made that any amyloid
or pathologic tau detected by a biomarker is abnormal regardless of
age, and thus age-norming biomarker cut points is inappropriate” [8].
This been viewed as a “commitment to keeping both the amyloid
hypothesis and the amyloid removal concept of AD treatment in the
forefront of the research agenda, rather than as the new approach the
field awaits” [49].

More recently, AD - the “single disease” [3] that subsumed SD - has been
the subject of a nosological/semantic campaign to stratify and resolve the
several distinct meanings of AD that have been ‘operationalized’ as: a
clinicopathologic entity with derivative vernacular meaning; a postmortem
pathobiological entity; and an antemortem pathobiological model [5].
These in turn have been used differentially to inform clinical diagnoses such
that AD could, can and is described as ‘probable’, ‘definite’, ‘atypical’;
‘prodromal’; ‘silent’; ‘asymptomatic at risk for AD’;‘AD clinical syndrome’;
‘degenerative dementia/dementia of the Alzheimer type’; and used for ‘cases
of amnestic dementia lacking another obvious etiology’. This has led to
several conclusions: the “only unambiguous definition of AD is that it
represents the combination of neuritic plaques and NFT, no more and no
less” [5]; “dementia is not synonymous with Alzheimer’s disease” [6] (a
complete reversal of the 1976 edict that AD and dementia were ‘a single
disease’ [3]): and that “”Alzheimer's disease“ is neither ”Alzheimer's clinical
syndrome“ nor ”dementia“[53]. These distinctions are of interest given that
the ATN Framework had noted the need to avoid “terms that have any
reference to AD because of historic controversies associated with these
terms” and reporting a biomarker profile, e.g. “A+T+(N)+ instead of
AD” [8]. As parsing the complexity of the current nosology for AD requires
diagnostic skill sets in cognitive disorders that exist “almost exclusively in
major research centers” and “would be subjected to very little validation in
the experience of a typical nonspecialist practitioner” [5], AD is accordingly
used as a catch-all term for dementia with the mainstream media routinely
reinforcing the confusion by conflating reduction of amyloid in an animal
model of amyloid overexpression with ‘curing’ AD [54].

Furthermore, this amyloid-focused debate begs the question as to
whether AD is really “the cause of 80% or more of diagnosed cases of
dementia” as the Alzheimer’s Association has proclaimed or whether
the incidence of AD per se is much lower which would make the
putative association of amyloid with AD/dementia a rarer event and,
with the presence of amyloid in the brains of aged individuals lacking
signs of cognitive impairment, less of an anomaly. This and the clinical
failure of amyloid targeted therapeutics to date, may lead the reader to
agree with Fuller that “there was no good ground for supporting a

special pathognomonic process” for Alzheimer’s findings [85]. The
reader might also conclude given putative diagnoses like prodromal AD
and asymptomatic at risk for AD and suggestions that “prophylactic
intervention… [is]…the best hope” [93], that advocates of the amyloid
hypothesis, the so-called amyloid cabal [54], are totally convinced that
AD is, like aging, an inevitable consequence of living and that a
diagnosis of AD is rarely an ‘if’ but a ‘when’ [91], substituting dogma for
data and logic [94].

3.2. Diagnosing AD

The semantic confusion regarding the definition of AD has
inevitably resulted in flaws in diagnostic criteria leading to a high
probability that patients without AD will be included in patient cohorts
for biomarker studies (section 4), genome wide association (GWAS) and
transcriptomic studies (Section 7), as well as in clinical trials of new
therapeutics, decreasing the signal to noise ratio and yielding results
that are confusing, misleading, non-reproducible or uninterpretable.
Setting aside for a moment the recent ATN Framework criteria [8] and
the obtuse semantics of AD nosology [5,6,53] and instead using more
traditional clinical and neuropathologic diagnostic criteria, sensitivity
estimates (the likelihood of the patient having AD) vary between 41 and
100%, while specificity (the likelihood the patient does not have AD)
ranges from 37 to 100% [95].

An analysis of 1198 AD patients at NIA AD Centers, mostly university
medical centers in urban areas, who had subsequently died and been
autopsied provided a sensitivity and specificity of approximately 75%
and 60% respectively, varying slightly depending on the diagnostic cri-
teria used. This was after the exclusion of 279 subjects who either did not
meet a clinical definition of demented (notably not a criterion for the
ATN Framework guidelines) or who had incomplete data (the two
categories are not differentiated), so these values could actually be lower.
Note that this is the best-case scenario – the gold standard autopsy
confirmation of AD pathology and clinical characterization at leading AD
Centers in the US. Real world diagnosis of living patients by physicians
and hospitals is likely to differ significantly. Of 526 patients diagnosed
with probable AD [95], 88 subjects (17%) lacked the necessary histo-
pathological severity to confirm the diagnosis upon autopsy. Of these, 17
were still regarded as AD, 15 had tangle-only dementia or argyrophilic
grain disease, another 15 suffered from frontotemporal lobar degenera-
tion, 10 had cerebrovascular disease, 9 had Lewy body disease, 9 had
hippocampal sclerosis, and 3 had progressive supranuclear palsy (PSP)
while the remaining 10 had other miscellaneous neuropathological
diagnoses. This context is important when considering the confounds of
AD drug development to date, especially when addressing alternative
non-amyloid approaches to AD, since the underlying genetics and
mechanisms of other, distinct neurodegenerative disorders probably
differ from AD, such that the inadvertent inclusion of such patients in AD
studies – particularly when searching for rare genetic variants – would
complicate the interpretation of the outcomes.

3.2.1. AD co-morbidities
It is well recognized that while aging increases the prevalence of

multiple medical conditions, patients with dementia appear particularly
prone to co-morbidities frequently having “five or more health condi-
tions and more prescription usage than those without dementia” [96].
The most common of these include hypertension, connective tissue
disease, depression, cerebrovascular disease, diabetes and chronic
pulmonary disease, the severity of which worsened AD-specific quality-
of-life measures [97]. Aside from co-morbidities with other systemic and
psychiatric disorders, a mix of pathologies of different neurodegenerative
diseases can coexist in AD patients [98]. For example, TDP-43 deposits,
normally associated with amyotrophic lateral sclerosis (ALS) and fron-
totemporal lobar degeneration with TDP-43-positive inclusions, are
present in 19–57% of AD brains [99]. Up to 60% of AD patients exhibit
some Lewy-body type synucleinopathies and deposits of α-synuclein
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[100], showing overlap with Parkinson’s disease and dementia with
Lewy bodies, although curiously the combination of AD with another
tauopathy appears quite rare [98].

Cerebrovascular disease and cerebral amyloid angiopathy occur in
80–90% of AD brains [101,102]. As these mixed pathologies were
identified at autopsy, they may represent a later stage of severe disease,
but while the impact on disease initiation and progression,
symptomology and differential clinical presentations, has not been
determined, it is apparent that the term “AD”, as discussed above, is a
generalized one and is not routinely used to describe a specific homo-
geneous disease state [5].

3.2.2. Relevance of AD diagnosis - limitations and co-morbidities
The purpose of this preamble is to place the subsequent sections on

biomarkers and the evolving genetics of AD into perspective. When
assessing genomic changes using GWAS or whole genome sequencing
that might underlie disease susceptibility, or the specificity of a
biomarker, the extent to which the “cognitively normal” control group
are equally matched both for size and for co-morbid conditions such as
hypertension, diabetes, lung disease, etc. might be important in dis-
tinguishing traits relevant to AD. The issue is exemplified by the
identification of different gene loci comparing AD patients with and
without hypertension [103]. If mixed neurodegenerative pathologies
are commonplace, but only identifiable at autopsy, to what extent do
they muddy conclusions about AD-specific genes in patient studies?
Since many of the genetic variants identified in GWAS are relatively
rare, how can researchers be assured that they relate specifically to AD
per se? Also, in the absence of a broader ability (or interest) to diagnosis
a patient in terms of their cognitive dysfunction, especially given the
increasingly narrow focus of the ATN Framework, will the actual
treatment needs of the individual patient remain secondary to pre-
scribing amyloid-targeted drugs solely to ablate amyloid?.

4. Amyloid and tau as biomarkers for AD

The diagnosis of AD has historically depended on a variety of
behavioral batteries (e.g., Alzheimer’s Disease Assessment
Scale–Cognitive Subscale (ADAS-Cog), Mini-Mental State Exam
(MMSE), CDR-SB (Clinical Dementia Rating Scale Sum of Boxes) etc.,
etc.) that can assess memory impairment and functional abilities, and
identify changes in behavior together with magnetic resonance imaging
(MRI) to identify anatomical changes in the brain. Both are agnostic to
the causality of the disease. Atrophy of medial temporal areas is a valid
diagnostic marker for mild cognitive impairment (MCI) with atrophy
rates of whole-brain and hippocampus being sensitive markers of
neurodegeneration [104]. These tests can however, be confounded by
the co-morbidities already discussed and the inevitable potential for
subjective assessment of the patient on the part of investigators and
clinicians.

While biomarkers for AD that can objectively measure the presence
of the disease in a manner analogous to the metric of blood glucose in
diabetes will facilitate the early diagnosis of the disease and also aid in
the identification and development of disease-modifying therapeutics
(DMTs) for dementia and AD, especially with respect to clinical trial
enrollment, stratification and disease progression as well as the diag-
nosis and treatment of patients in the general population. Ideally, an AD
biomarker should reliably and selectively measure a biological analyte,
changes in which are specifically involved in disease initiation and
progress or represent a well-established and validated surrogate mea-
sure of these events [105,106].

However, caution is required as “Defining disease on the basis of
biomarkers alone is a very large step towards the approval of
treatments on the basis of effects on those biomarkers, rather than on the
basis of demonstrable benefits to patients” [107] and risks creating “a
situation where vast numbers of asymptomatic adults could be treated
for their biomarkers with no real idea of actual benefit or harm” [7].

4.1. AD biomarkers

Developing AD biomarkers has been the subject of considerable effort
for the better part of 30 years with the major focus, given the priority on
the amyloid hypothesis of AD [17], being on reliably measuring brain
amyloid load and, albeit it to a lesser extent, the other key hallmark
protein of AD, brain tau [8,19,91], either in the brain or indirectly in
biological fluids including CSF and blood/plasma
[50,51,52,108,109,110]. This has resulted in the development of assays
with increasing sensitivity as the technologies for isolating and mea-
suring analytes are improved. All biomarker assays however require
objective validation and standardization based on: the initial patient
diagnosis criteria which often involved discovery cohorts that are
frequently underpowered and unbalanced in cohort numbers and require
additional validation; the antibody epitopes used, e.g., some Aβ 42
antibodies target the first and last amino acids of Aβ42, others a
mid-domain epitope and others a mid-domain epitope combined with an
end terminal specific epitope, none of which was found to be superior in
determining their utility [110]; the analyte species and stability ex vivo;
the wide spread availability of reliable and sensitive detection meth-
odologies; and solutions to the various methodological, reagent and
reporting inconsistences that lead to the marked inter-patient and inter-
center assay variability that results in an inability to reliably differentiate
the process of normal aging from AD.

4.2. Brain amyloid PET as an AD biomarker

Brain amyloid and tau can be measured directly either via post-
mortem tissue analysis or antemortem by the use of brain amyloid and
tau imaging agents. The former is maximally invasive with no benefit to
the patient while the latter is expensive requiring access to specialized
centers, isotopic probes and infrastructure that are necessarily limited
in real time availability especially given the demographics and antici-
pated size of the dementia population [111,112], the lack of qualifi-
cation by the FDA for use across development programs [113] and a
lack of coverage by insurers and health care programs.

Positron emission tomography (PET) imaging agents for amyloid
include [11C]- Pittsburgh compound B (PiB), [18F]-florbetapir, [18F]-
flutemetamol and [18F]-florbetaben, the use of which is controversial
given the questionable evidence for clinical utility and cost-effective-
ness in the diagnosis or treatment of dementia or neurodegenerative
disease [114], especially given the evidence that amyloid can occur in
the absence of the cognitive and behavioral changes associated with AD
[27–30].

The use of positive amyloid PET imaging as the gold standard for
diagnosing the presence of AD in the absence of any cognitive impair-
ment rather than the traditional brain histopathology at autopsy has
been addressed in the Amyloid Imaging Taskforce guidelines [28]
which “concluded that an amyloid PET report will not constitute and is
not equivalent to a clinical diagnosis of AD dementia.” These guidelines
specifically state that PET imaging cannot be used to determine de-
mentia severity or when/if a patient will develop AD, or differentiate
AD from Lewy body disease or from cerebral amyloid angiopathy
(CAA). Instead amyloid PET imaging is used primarily as a binary
readout – positive or negative – based on comparing image intensity in
a target region expected to have amyloid deposits such as the frontal
cortex with another region that lacks amyloid, often the subcortical
white matter [115]. Using PET imaging as a quantitative marker, for
example to relate amyloid levels to cognitive performance or follow
patients longitudinally, is far more challenging [116]. Furthermore, the
FDA approval for amyloid PET imaging agents is to exclude dementia
patients lacking measurable brain amyloid deposits from inclusion in
clinical trials for amyloid-based therapeutics, not as a diagnostic for AD
[113]. A shortage of infrastructure, e.g., brain imaging devices and
trained personnel, to screen, diagnosis and image AD patients, espe-
cially those with suspected mild cognitive impairment (MCI), both in
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the US [111] and Europe (France, Germany, Italy, Spain, Sweden, and
the United Kingdom) [112] has made the search for more cost effective
biomarkers to indirectly assess brain amyloid load a high priority
[50–52].

4.3. CSF amyloid as an AD biomarker

A fluid-based biomarker for AD would greatly facilitate earlier di-
agnosis of the disease especially during the asymptomatic, prodromal
stage of the disease. While accessing CSF samples is far from being
minimally invasive, extensive efforts have focused on measuring Aβ
levels in CSF. These resulted in the finding that decreased CSF con-
centrations of Aβ42, the toxic form of amyloid, correlated with brain
Aβ deposits [109,117]. A meta-analysis of 18 studies in AD patients
conducted from 1995 −2003 showed that CSF Aβ42 levels were de-
creased in AD patients on average by 43% (Table 1; [118]) while 35
studies showed that CSF total tau levels were elevated 171–327% in AD
patients with phospho-tau being elevated by 158–419% (Table 2). Data
from a more recent automated assay [119] reported a 60% decrease in
CSF Aβ42 levels (Table 1) and increases of 84 and 107% in CSF t-tau
and P-tau, respectively (Table 2).

The reduction in Aβ42 concentrations in CSF from AD patients is
assumed to reflect the aggregation of Aβ into brain plaques [50] while
AD-related increases in CSF tau and its phosphorylated form(s) may reflect
synaptic/neuronal injury, cell death, and/or neurofibrillary tangle (NFT)

formation [120], more specifically increases in neuron-specific N-224 tau
[121]. By extrapolation, an effective amyloid-targeted therapeutic would be
anticipated to increase Aβ42 concentrations and decrease total and
phosphorylated tau in CSF. Despite these efforts, a Cochrane Library meta-
analysis of 17 published studies in 2014 concluded that “CSF Aβ levels
cannot be recommended as an accurate test for Alzheimer’s disease” [108].
A 2019 assessment of methodological issues also noted “there is still in-
sufficient evidence to promote the use of candidate CSF biomarkers for AD
in …routine clinical practice” [122], such that the use of amyloid CSF as a
biomarker remains a topic of active debate and concern [123].

4.4. Blood/Plasma amyloid as a biomarker for AD

Given the invasive nature of CSF sampling, the logical next step has
been to develop blood/plasma-based AD biomarkers that conceptually
could provide an inexpensive, non-invasive and widely available
biomarker for population-based screening for AD [50–52,124] Mea-
suring plasma Aβ42 has yielded inconsistent results with some studies
[125–127] reporting no change in plasma Aβ42 in AD patients
compared to controls that may result from the generally low and
variable levels of Aβ42 in plasma (10–45 pg/ml; Table 1) that are
viewed as “dangerously close to the limit of detection’’ [128].

The ability to accurately measure plasma amyloid is a function of
several factors that include: Aβ transport across the blood–brain barrier
into venous blood [129]; degradation of brain amyloid species via non-

Table 1
AD-related changes in amyloid levels in CSF and plasma.

Total Aβ42 values – pg/ml/ ** pAβ42 ng/L Aβ42/Aβ40 ratio/#AβX42/AβX40 ratio/*Aβ40/Aβ42 ratio

Study Control AD % Change
from
control

Control AD % Change
from
control

CSF
Sunderland et al., 2003 [118] 491±245 (n=72) 183±121 (n= 131) −63
Sunderland et al., 2003 [118] –

Meta-analysis$
979± 419 (n=427) 554±300 (n= 849) −43

Fagan et al., 2007 [125] 567±207 (n=90) 412±134 (n= 16) −12 *18.75±8.6 (n= 90) *26.89±14.3 (n= 16) *−43
Shaw et al., 2009 [415] 206±55 (n= 114) 144±41 (n= 100) −30
Jandelidze et al., 2016 [131] 604.7± 172 (n= 200) 291.3±105.4 (n= 53) −48 0.141±0.023 (n= 200) 0.067±0.018 (n= 53) −48
Paterson et al., 2018 [417] 953.0 (771.0–1199.0)#

(n= 30)
310.5 (218.0–451.5)#

(n= 142)
−67 0.107 (0.092–0.114)#

(n= 29)
0.043 (0.036–0.053)#

(n= 117)
−60

Verberk et al, 2018 [143] 1,128± 187 (n= 191) 676±101 (n= 57) −40
Palmqvist et al., 2016 [418] 238±25 (n= 160) 135±21 (n= 167) −43
Palmqvist et al., 2019 [119] 1665±596 (n= 366) 671±415 (n= 64) −60 0.091±0.016 (n= 366) 0.037±0.009(n= 64) −59
Schindler et al, 2019 [136] 1,272± 531 (n= 112) 771±297 (n= 40) −39 0.134±0.016 (n= 105) 0.077±0.0.016 (n=40) −43
Chen et al., 2019 [144]

Discovery cohort
950.4± 212 (n= 9) 384.0±130.3 (n= 25) −60

Chen et al., 2019 [144]
Validation cohort

947.0± 193.3 (n= 41) 433.4±84.7 (n=23) −54

Ewers et al., 2019 [419] 1527±311 (n= 100) 552±166 (n= 64) −64
Jandelidze et al., 2020 [145] 598 (549–817) (n= 26) 276 (209–361) (n=38) −54

Plasma
Fagan et al., 2007 [125] 36± 29 (n= 65) 36±37 (n= =16) 0 *8.64±8.6 (n= 65) *9.25±7.0 (n = 16) *7
Jandelidze et al., 2016 [131] 20.1 ±5.4 (n= 200) 12.9± 7.1 (n= 53) −64 0.076±0.026 (n= 200) 0.057±0.023 (n= 53) −25
Lövheim et al., 2017 [126] 44.6±12.5** (n= 339) 43.6± 13.1** (n=339) −2 0.331±0.129 (n= 339) 0.325±0.131 (n= 339) −2
Nakamura et al., 2018. [416]

Discovery Site NCGG***
0.431 (0.410–0.453)
(n= 121)

0.289 (0.264–0.314) −33

Nakamura et al., 2018. [416]
Validation Site AIBL****

0.347 (0.332–0.362) (n =
46)

0.291 (0.281–0.301) −16

Verberk et al, 2018 [143] 10.11± 1.84 (n= 191) 9.2± 1.59 (n= 57) −9 49.5±6.8 (n= 191) 43.5± 5.5 (n= 57) −12
Palmqvist et al., 2019 [119] 32.8±4.9 (n= 366) 23.3± 8.2 (n= 64) −29 0.068±0.007 (n= 366) 0.062±0.010 (n= 64) −9
Schindler et al, 2019 [136] 0.128± 0.009 (n= 115) 0.115±0.006 (n= 43) −10
Thijssen et al., 2020 [127] 21.5±6 (n=38) 19.7± 7 (n= 35) − 8 0.09±0.0 (n= 35) 0.08± 0.00 (n= 35) −11

The literature on amyloid biomarkers is extensive and this table includes representative data. With the exception of reference [416] the data is limited to studies documenting
actual Aβ42 values. These are shown chronologically with empty spaces indicating that data was not provided in the original publication.
$Data from Table 2 Sunderland et al., [118].
**Conditional logistic regression – pAβ.
***NCGG – Japanese National Center for Geriatrics and Gerontology.
****AIBL – Australian Imaging, Biomarker and Lifestyle Study of Ageing.
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specific protease activity in the blood; binding of Aβ42 to a variety of
plasma proteins that mask the epitopes responsible to accurately detect
its presence [130] and the confounding presence of amyloid species that
arise from a variety of peripheral tissues due to the presence and meta-
bolism of APP in skeletal muscle, pancreas, kidney, liver, vascular walls,
lung, intestine, skin and platelets [50]. Indeed, one metanalysis [110]
concluded that “plasma Aβ levels reflect peripheral Aβ generation more
than they reflect Alzheimer’s disease brain pathology”. Furthermore,
increased plasma levels of Aβ species have been associated with ischemic
heart disease, hypertension, cerebral small vessel disease, white matter
lesions, cerebral microbleeds, diabetes and the consumption of
antihypertensive/ cardioprotective medications [131].

Overall, the magnitude of the decreases in plasma amyloid levels as
measured using the Aβ42/Aβ40 ratio (a more reproducible measure
than total Aβ42 [132,133] for reasons that are not entirely obvious) in
AD patients were modest – ranging from 2 − 25% (Table 1) – markedly
less than the range for CSF amyloid levels suggesting that the window
for the prediction of total amyloid changes in plasma that are associated
with AD is small and may not be useful in the broader patient setting
[128,134]. Additionally, the lack of a clearly defined context of use
(COU) and a similar lack of methods standardization, particularly in
terms of blood collection procedures that are not applicable to standard
clinical laboratory practice, as well as numerous failures to reproduce
findings limit blood biomarker assays to clinical trial applications ra-
ther than primary care physicians [122,135].

4.4.1. A breakthrough?
Despite these various considerations the most recently reported plasma

amyloid assay that used immunoprecipitation and liquid chromato-
graphy–mass spectrometry to measure amyloid (IPMS; [136]) was heralded
as “highly accurate” [137] and viewed by the amyloidocentric KoL coterie
as “great” - a major breakthrough in facilitating AD diagnosis and treatment
– with blood biomarkers described as “coming along quickly” [91] with
“blood amyloid peptide ratios reflect[ing] brain amyloid load” [138].
Others expressed concerns about the lack of correlation between different
Aβ42 immunoassays [128,134] that potentially reflect methodological is-
sues, particularly antibodies [110] or different forms/pools of plasma Aβ
[128]. In this context, a ‘round robin’ project run by the Global Biomarkers
Standardization Consortium [134] assayed plasma samples containing the
same amount of Aβ42 and Aβ40 in 11 different plasma assays at different
sites. For Aβ42, the correlations between the assays was poor and was not
improved by using the Aβ42/Aβ40 ratio. These issues with reproducibility
that could be ascribed to ‘difficult matrix effects’ in plasma were further
complicated, especially given the small differences total plasma Aβ42 be-
tween controls and AD patients, by associated co-mordidities/biological
phenomena like high blood pressure, diabetes, hypoxia and lifestyle, e.g.
exercise [128]. This raised the potential for individuals initially diagnosed as
positive for brain amyloid – and hence stigmatized with the ‘tragedy dis-
course of dementia’ [139,140] - having their plasma Aβ42/Aβ40 ratio being
negative on retest [134], an outcome that is neither conducive to patient
and caregiver well-being nor clinical trial conduct and outcomes.

Table 2
AD-related changes in tau levels in CSF and plasma.

Total tau – pg/ml/tau /NT1 pg/ml** Ptau= pg/ml

Study Control AD % Change
from
control

Control AD % Change
from
control

CSF
Sunderland et al., 2003 [118] 224 ± 145 (n= 72) 587 ± 365 (n= 131) 262
Sunderland et al., 2003 [118]

Meta-analysis*
212 ± 122 (n= 1054) 534 ± 317 (n= 2284) 252

Fagan et al., 2007 [125] 342 ± 174 (n= 90) 606 ± 303 (n= 16) 177
Shaw et al., 2009 [415] 70 ± 30 (n= 114) 122 ± 58 (n= 100) 174 25 ± 15 (n= 114) 42± 20 (n= 100 168
Paterson et al., 2018. [417] 303.5 (189.0 –402.0)

(n= 30)
674.5 (439.0–973.5)#

(n= 117)
222 0.048 (0.039–0.065)#

(n= 30)
0.086 (0.059 –0.112) #

(n= 156)
181

Verberk et al, 2018 [143] 267 ± 33 (n= 191) 518 ± 363 (n= 57) 194 44.3 ± 18 (n = 191) 70.1 ± 45 (n= 57) 158
Palmqvist et al., 2016 [418] 58 ± 24 (n= 160) 115 ± 52 (n= 167) 198 29 ± 130 (n= 160) 54 ± 25 (n= 167) 186
Palmqvist et al., 2019 [119] 209 ± 62 (n = 366) 384 ± 143 (n= 64) 184 17.5± 5.3 (n= 366) 36.3± 16.3 (n=64) 207
Schindler et al, 2019 [136] 177 ± 60 (n= 112) 302 ± 111 (n= 40) 171 15.7 ± 5.6 (n=112) 29.7 ± 13.1 (n= 40) 189
Ewers et al., 2019 [419] 186.6 ± 33.3 (n = 100) 386.9 ± 113.5 (n=66) 207 16.4 ± 2.95 (n=100) 39.9 ± 13.5 (n= 66) 243
Chen et al., (2019) [144]

Discovery cohort UCL
282.1 ± 78.5 (n= 9) 921.2 ± 480.1 (n=25) 327

Chen et al., (2019) [144]
Validation cohort UCL

245.6 ± 104.4 (n= 41) 641.8 ± 222.3 (n = 23) 261

Chen et al., (2019) [144]
Discovery cohort UCL
tau NT1**

66.50 ± 6.98 (n= 9) 213.2 ± 34.3 (n= 25) 321

Jandelidze et al., 2020 [145] 308 (238–394) (n=26) 572 (424–732) (n= 38) 186 93 (78–137) (n= 26) 390 (268-492) (n=38) 419

Plasma
Verberk et al, 2018 [143] 3.14 ± 1.02 (n=191) 3.18 ± 1.07 (n= 57) 101
Mielke et al., 2018 [142] 5.9 ± 1.9 (n= 172) 7.2 ± 2.8 (n = 40) 122 6.4± 6.4 (n=172) 11.6 ± 4.1 (n=40) 181
Palmqvist et al., 2019 [119] 16.6 ± 4.7 (n = 366) 16.7 ± 6.0 (n=64) 101
Chen et al., (2019) [144]

Discovery cohort UCL
tau NT1**

2.07 ± 0.40 (n=9) 5.12 ± 0.33 (n= 25) 247

Jandelidze et al., 2020 [145] 1.3 (0.9–2.4) (n= 26) 4.4 (3.3–6.4) (n= 38) 338
Thijssen et al., 2020 [127] 2.4 ± 3 (n= 69) 8.4 ± 4 (n=56) 350

The literature on fluid biomarkers for total tau and phospho-tau is far less voluminous that for amyloid (see Table 1). This table shows tau values that correspond to
studies reported in Table 1for amyloid with references cited in order pf appearance in the text or chronologically. Empty spaces indicate that data was not provided in
the original publication.
Data from reference [144] report CSF Total tau from Discovery and Validation cohorts from the UCL collection and NT1 in Simoa - single molecule assays.
*Data from Table 2 Sunderland et al., [118].
**NT1 Simoa assay.
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4.5. PET, CSF and blood-based biomarkers for tau

While efforts to develop PET imaging agents and CSF and blood-
based assays to measure tau have been eclipsed by those focused on
amyloid, a large number of first- (18F]THK5317, [18F]THK5351,
[18F]AV1451, [11C]PBB3) and second-generation ([18F]MK-6240, [18F]
RO-948; [18F]PI-2620, [18F]GTP1, [18F]PM-PBB3, [18F]JNJ311, [18F]
JNJ-067) have been developed, the latter to reduce the off target
binding of the first-generation probes [141]. In addition to being tar-
geted for use as brain imaging agents for AD, these PET ligands can also
be used for other tauopathies including progressive supranuclear palsy
(PSP), corticobasal degeneration (CBD), Down’s syndrome (DS), Par-
kinson’s disease (PD) and dementia with Lewy bodies (DLB). Efforts to
develop CSF assays for tau have successfully provided robust data sets
that show increases for both total (0.74 – 2.2-fold) and phospho-tau
(p-tau; 0.6 – 3-fold) biomarkers with a generally acceptable signal to
noise ratio (Table 2).

However, a blood-based assay to measure total and phospho-tau like
those for blood amyloid, has been plagued by low plasma levels of total
and phospho-tau with one study [142] reporting total tau changes si-
milar to those seen in CSF while another showed no change [143]
potentially reflecting a poor correlation between the tau forms in CSF
and blood. For plasma p-tau, the increases associated with AD ranged
from 0.58 to 3.2-fold (Table 2).

Different antibodies detect different forms of tau, e.g., full-length
tau cannot be detected in CSF using a traditional ELISA assay but can be
detected using an ultrasensitive Simoa (single molecule array) assay
[144]. An N-terminal assay (NT1) requiring a minimal antigenic
sequence of 6–198 tau can detect a 1.5-fold increase in plasma tau in
AD (Table 2; [144]) although the actual levels of NT1 tau remain low.

Since elevated p-tau corelated with CSF p-tau and predicted positive
tau PET scans [145] elevated plasma tau has been embraced as
noninvasive diagnostic and prognostic biomarker of AD. Its utility
however, is limited by a significant overlap between normal aging and
AD especially in non-demented patients such that its potential use as a
stand-alone biomarker for either AD [146] or preclinical/prodromal AD
[147] is not supported. Furthermore, while higher plasma tau levels
occur in AD patients, this was poorly correlated with changes in the CSF
such “that elevated tau alone, both in plasma and CSF, cannot be
considered a specific biomarker for AD” [148]. Furthermore, a meta-
analysis of the CSF p-tau/Aβ ratio for AD diagnosis [149] concluded
that the “insufficiency and heterogeneity of research to date primarily
leads to a state of uncertainty regarding the value” of this metric.

In addition to the technical aspects of these biomarker assays
(antibodies and tau species, the latter including phosphorylated forms),
the specificity of increased CSF and blood tau for AD remains to be
established with elevated CSF and plasma tau being associated with
Creuzfeldt-Jacob disease, non-AD tauopathy [150], acute and chronic
traumatic brain injury [151–153], acute ischemic stroke [154],
multiple sclerosis [155], and the effects of anesthesia and surgery
[156]. Clearly there is considerable additional work to be done to
establish whether “a desired but elusive Alzheimer's disease biomarker”
[124], using amyloid, tau or other plasma analyte is feasible.

4.6. If amyloid (and tau) is a definitive biomarker for AD, why the
continued search for new biomarkers?

Given the mixed findings and opinions to date as to the utility of
either CSF or plasma amyloid biomarkers and the evolving evidence
that amyloid is more likely a collateral not causal factor in AD etiology
[2], proteomic studies are being widely used to identify other proteins
in plasma that may have the potential to accurately and reliably reflect
brain amyloid burden [157–159]. In 2015, approximately 40 plasma
protein candidate biomarkers for AD in addition to amyloid and tau had
been documented [158] with a 2018 review reporting 18 candidate
biomarkers [52]. Additional studies [158,159] identified a wide array

of proteins associated with a diagnosis of AD that have yet to be linked
mechanistically to current theories of disease causality. For instance Shi
et al., [160] using an ‘agnostic, unbiased proteomics’ approach showed
a relationship between prostate-specific antigen complexed to
α1-antichymotrypsin and pancreatic prohormone to the diagnosis of
AD and further identified a panel of 13 proteins that included: placenta
growth factor, interleukin-17, fibronectin, fibronectins FN1.3 and
FN1.4, secretory leukocyte protease, epithelial cell kinase, prolactin,
C–C motif chemokine, calcium/calmodulin-dependent protein kinase
type II subunit a, separase, pancreatic prohormone and coagulation
factor XI that were associated with predicting the incidence of AD. A
deep ‘undepleted’ human serum proteome profile (serum being the
liquid remaining after the blood has clotted while plasma is that
remaining when clotting is prevented by an anticoagulant) of 30,506
peptides from 4,826 proteins using sera from a very limited cohort of 5
controls and 6 AD patients [161] identified consistent changes in 30
proteins in AD, of which 12 were clustered to a mitochondrial-related
pathway. Among other biomarker candidates for AD that do not reflect
current knowledge related to the ‘core pathology of AD’ are CSF neu-
rofilament light protein (NfL), neuron-specific enolase (NSE), visin-like
protein (VLP-1), a 40 kDa inflammation-associated glycoprotein, YKL-
40, heart fatty acid binding protein (HFABP) [104] and neurogranin
[162]; the extracellular serine protease, kallikrein-8 (KLK8) [163] and
blood–brain barrier (BBB) breakdown [164] where older adults
(≥45 years of age) with early cognitive dysfunction exhibited hippo-
campal neurovascular dysfunction as measured by brain capillary da-
mage and BBB breakdown. These events were independent of Aβ and/
or tau biomarker changes, suggesting that BBB breakdown could be an
earlier biomarker of cognitive dysfunction. In an EOAD study [165],
serum and CSF NfL were found to be elevated in presymptomatic fa-
milial AD, with serum NfL levels, being predictive for the rate of cor-
tical thinning and cognitive changes in this patient cohort. While
having potential utility of as a biomarker, the specificity of serum NfL
for AD, like that of serum tau, remains to be determined [166] as does
its utility in the sporadic AD population.

The emerging cornucopia of novel, putative AD biomarkers (which
if the progress with amyloid biomarkers is any indication will take
several decades to reproduce and validate [167]) and the enthusiasm,
subject to standardization [128,134,135], of the currently available
plasma assays for amyloid – raises the question as to why is the AD
biomarker field so avidly searching for additional biomarkers while
ignoring the need to properly validate and standardize the CSF and
blood biomarker assays for amyloid? Is it because detecting changes in
amyloid in the CSF and plasma is a biomarker for amyloidosis, not for
AD in its various permutations? Or is the modest signal to noise ratio in
plasma insufficiently robust to have applicability outside the clinical
trial setting? Part of the answer appears to be in the potential COU of
these putative biomarkers that is viewed as enabling a systematic pre-
cision strategy in defining AD and other dementias [52] that may in
time lead to iterations on the ATN Framework as already outlined in the
original framework [8] e.g., ATVN (ATN vascular), ATVSN (ATN vas-
cular synuclein) and so on that in adding further nuance and complexity
to AD diagnostics potentially magnifies issues with specificity and se-
lectivity and serves to justify the need for additional research funding
while exponentially increasing the size of the AD biomarker literature
and concommitantly diluting its value.

5. The amyloid hypothesis – Amyloid as a collateral rather than
causal presence in AD

Since the amyloid hypothesis formalized in the early 1990s by
Hardy and Higgins [17] is indeed a hypothesis, it requires experimental
validation with the outcomes from the studies being used to agnosti-
cally inform, modify and refine the hypothesis and move it forward.
The aggregate outcomes of validation efforts for the amyloid hypothesis
objectively have produced more questions than answers, with some
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wondering whether ‘the amyloid cascade hypothesis has been so
modified over time it is now impossible to confirm or deny” [168].
Similarly, in their seminal 2018 review on the definition, etiology and
diagnosis of AD, Morris et al., [49] concluded that “a holistic view of
the available data does not support an unequivocal conclusion that Aβ
has a central or unique role in AD” and resulted in the following
‘principles to consider’ regarding the amyloid hypothesis of AD that are
expanded further in Table 3:

• A significant body of new data on the role of amyloid “leads to
questions surrounding…. the perceived centrality of its role in all
AD. Considering this, it is incorrect to perpetuate the idea Aβ causes
disease or accurately defines it as a priori fact’.
• The amyloid hypothesis does not account for the complexity of AD.
Accordingly “research into treatment, prediction, diagnosis and
aetiology should work to incorporate the contribution of many
disease risk factors in an unbiased manner”.
• Efforts to relate Aβ biomarkers to AD risk have “not yet been met by
studies of other possible biomarkers, such as neuroinflammation,
vascular factors and synaptic/neurodegeneration markers”. While
this situation is evolving as outlined in detail in Section 4, amyloid
remains center stage in AD biomarker research even though CSF and
plasma/blood biomarker assays have neither been adequately vali-
dated nor standardized despite the urgent need for fluid biomarkers
to facilitate clinical trials [124] and to enable longitudinal and co-
hort studies.
• “AD dementia may… be a synaptic disorder. The field must consider
the mechanistic pathways to synapse dysfunction and loss are many
and varied”.
• A caution to avoid “….over-interpretation of clinical trial data as
definitive proof of the validity of any hypothesis of AD aetiology. In
particular, extrapolating results from studies in autosomal dominant
AD cohorts to the wider AD spectrum”. This particular caution is
exemplified in the resurrection of aducanumab (see Section 1.1.)
and the optimism regarding BAN2401 [68,91].
• “…understanding the subtleties and complexities of cognitive
decline. Integrating the neuroscience and psychology of learning
and memory, systems physiology, cardiovascular biology and
endocrinology, immunology and more into the field could
revolutionise our understanding of disease. As eloquently relayed
[1], considering the person as a whole is critical to successful in-
tervention, a view we reiterate could be extended to disease no-
sology, aetiology and diagnosis.”.

.
The ATN Framework Guidelines for biomarker use in AD specifically

indicate that “any amyloid or pathologic tau detected by a biomarker is
abnormal regardless of age and thus age-norming
biomarker cut points is inappropriate” [8]. Discounting age as a major
contributing factor in diagnosing AD and its etiology while designating
the presence of amyloid as abnormal - period - ignores the substantial
evidence for the presence of brain amyloid in aged, non-cognitively
impaired individuals [27–30]. Additionally, the ATN Framework notes
that AD “refers to an aggregate of neuropathologic changes and thus is
defined in vivo by biomarkers and by postmortem examination, not by
clinical symptoms” making the ATN Framework as challenging to un-
derstand, implement, interpret and practically use as the still to be va-
lidated biomarkers. An additional complication is the substantial body of
data that indicates tau tangle accumulation in brain is more closely as-
sociated with cognitive decline than amyloid [20,49,92,169–171].

A recent study [172] confirmed the predominant role of tau in AD
with total tau levels in the brains of AD patients assessed using PET
predicting the degree of degeneration occurring some 15months later.
Moreover, local patterns of tau accumulation predicted brain atrophy in
the same locations with greater than 40% accuracy with baseline
amyloid-PET scans predicting only 3% of future brain degeneration.

An assessment of the utility of the ATN Framework in 480 in-
dividuals without dementia, 92% of whom were ‘mostly cognitively
normal’ [173], reported a dominant association of memory decline with
amyloidosis but only in combination with tauopathy, neurodegenera-
tion, or both. As a result, the authors revisited the concept that cogni-
tive decline associated with AD may be driven by pathological tau not
amyloidosis such that any pathogenic role for amyloid could be
considered permissive, facilitating the spread of tau supporting the
concept that AD is an Aβ-facilitated tauopathy [20]. An alternative
interpretation of this data set would be that amyloidosis has nothing to
do with AD causality. In this regard, while an argument has been made
for the inclusion of biomarkers for vascular dysfunction in the ATN
Framework [174], the rationale for which being that “vascular
dysfunction is a prominent and early feature in prodromal AD… [that]
… may allow for earlier diagnosis of AD in some patient subsets”, this is
not considered a core feature of the disease [53]. Indeed Jack et al.,
[173] noted that up to 60% of cognitively unimpaired individuals over
80 years old would fall within the AD spectrum proposed in the ATN
Framework, many of whom would never develop clinical symptoms
questioning both the scientific logic and practical utility of the ATN
Framework.

An additional confound in the use of amyloid as biomarker for AD is
that amyloid deposition in the brain is well established as not being
specific for AD, but occurs in a variety of neurodegenerative disorders
including chronic traumatic encephalopathy, Down’s syndrome, cere-
bral arteriosclerosis, traumatic brain injury, cerebrocerebellar arteriolar
amyloidosis, postencephalitic Parkinsonism, post-stroke syndrome,
HIV-, Lewy body-, and syphilitic-dementia and lead poisoning
[49,75,175] reinforcing the evidence that amyloid has a broad
homeostatic physiology well beyond its putative neurotoxic role in AD
that is frequently overlooked [31–44]. Depletion of amyloid via the
administration of amyloid-targeted therapeutics has been associated
with an increased rate of infection, cerebral microhemorrhage and
meningoencephalitis. AD patients treated with the γ-secretase inhibitor,
semagacestat had at least double the risk of developing skin cancer
compared to patients receiving placebo [176] that while supporting a
possible role of γ-secretase in tumor suppression [31] is more probably
related to an off-target effect on Notch signaling [177].

A failure to acknowledge the physiological role of amyloid can lead
to the somewhat fallacious argument that if amyloid is present in the
brain or is decreased in the CSF of an aged individual with no mea-
surable cognitive impairment, this is not evidence of: the production of
amyloid as part of the normal aging process; the physical remnants of
resistance [178], cognitive resilience [179] or a protective response
[48]; cognitive reserve [180; 181]; or a SuperAger [182]. Rather, such
individuals are automatically assumed to be in the asymptomatic/
prodromal stage of AD and will, if the patient lives long enough,
eventually be affected by dementia.

More recently, lower scores for the personality trait of agreeableness
(characterized by trustful, cooperative and altruistic tendencies that
underpin a tendency for establishing interpersonal relationships
without aggressiveness) and higher scores for openness (the inclination
to experience and appreciate new situations and thoughts with a cur-
ious, imaginative, and creative attitude) have been associated with a
reduced volume loss in brain as assessed by amyloid PET imaging in a
cohort of elderly white non-Latinos of mixed European descent living in
Geneva and Lausanne, the majority of whom were Swiss [183]. A lower
agreeableness score was associated with a lower loss of volume in the
hippocampus, entorhinal cortex, amygdala, mesial temporal lobe, and
precuneus bilaterally while a higher openness score, was associated
with a lower volume loss that was restricted to the left hippocampus.
Together, these measures were considered to be an independent
predictor of better preservation of brain volume in areas vulnerable to
neurodegeneration.

Interestingly, high levels of openness have been associated with
beneficial effect on cardiovascular adaption and stress homeostasis
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Table 3
A checklist for the amyloid hypothesis.

Topic Logic supporting the amyloid hypothesis[91,138] Unresolved issues/evidence against

Amyloid Hypothesis of AD • Amyloid accumulation initiates the disease process and is
sufficient to predict dementia.

• Amyloid found in high percentage of cognitively normal aged
individuals [27,28,29,30]..

• Putative therapeutics that remove amyloid or prevent its formation do
not improve cognitive symptoms [25,26].

• Amyloid localization does not match with clinical symptoms
[49,420,421] and may reflect prion-like propagation of Aβ [422] and of
tau [423].

• Temporal disconnects remain unexplained [49].• “Aβ plaques appear at the wrong time in the wrong places with respect
to the clinical dementia” [420].

• No quantitative aspect or threshold to precipitate disease [49].• ATN clinical study showed no correlation with amyloid presence [173].

• Mechanism linking amyloid to cognitive dysfunction still lacking
despite four decades of research [10,21].

• Physiological role of amyloid poorly iunderstood often ignored [31–44].• Tau more closely linked to cognitive dysfunction than amyloid
[20,49,92,169,170,171,172].

• Evidence for AD being a Aβ-facilitated tauopathy [20].

• Other causalities for dementia are independent of amyloid [13,49].
• Amyloid species highly toxic in model systems. • Multiple forms of amyloid exist that have varied effects that are

dependent on in vitro systems and may be artifacts of reductionistic
systems and use of synthetic peptides [21,49,187,188]. These change
depending on the postulated reasons for the latest clinical failures and
the quotidian [189,257].

• Effects of amyloid dose dependent, physiological at low doses, toxic at
high doses [43].

• Concentration of in vitro effects related to brain levels of amyloid in
diagnosed AD unknown.

• Effects of amyloid species in in vitro systems do not model the complexity
of the brain.

• Transgenic animal models are of amyloidosis not AD [218].

• Marked differences between mouse brain, wild and transgenic, and
human (Section 6.3.1).

• Non-human primate models of AD evolving but have limitations (see
Section 6.3.3.).

• All known genetic causes of AD are tightly linked to amyloid
accumulation (APP, PS1, PS2 mutations; Down syndrome.

• EOAD and LOAD are different disease states [14,49,290].

• APP, PS1, PS2 explain less than 10% of cases of EOAD [14,290].

• Multiple other genetic associations (seeSection 8).• Down’s syndrome is considered an atypical dementia with the observed
effects on cognitive decline and amyloid deposition being independent
of APP [424].

• A673T mutation of APP reduces amyloid generation and confers
protection [137,190].

• Original finding in Icelandic cohort [190] “extremely rare in US
cohorts and does not play a substantial role in risk for AD in this
population … [and]…may be primarily restricted to Icelandic and
Scandinavian populations” [196]. The A673T mutation is
questionably relevant, questionably reproduced.

Biomarkers for amyloid
and tau

• PET a useful, accurate and validated AD diagnostic. • Expensive, limited access and availability, not reimbursed and cannot
be used for longitudinal evaluations other than in the clinical research
setting [111,112]. Use of PET controversial given questionable
evidence for clinical utility and cost-effectiveness in the diagnosis or
treatment of dementia or neurodegenerative disease [115].

• Amyloid PET “will not constitute and is not equivalent to a clinical
diagnosis of AD dementia” [28].

• Re ATN: Concern that use of poorly validated biomarkers to define
disease will lead to their use as efficacy endpoints to patient detriment
[107].

• CSF and blood amyloid markers KOLs
o ‘coming along quickly’ [68].
o ‘great’ [128,134].
o ‘highly accurate’ [137].

.

• 2014 - “CSF Aβ levels cannot be recommended as an accurate test for
Alzheimer’s disease” [108].

• 2019 - “there is still insufficient evidence to promote the use of
candidate CSF biomarkers for AD in …. routine clinical practice” [122].

• Blood plasma Aβ42 low and variable levels (10–45 pg/ml) “dangerously
close to the limit of detection” [128,134].

• “plasma Aβ levels reflect peripheral Aβ generation more than they
reflect Alzheimer’s disease brain pathology” [110].

• Tau biomarkers. • Tau PET imaging is not specific to AD – tau associated with progressive
supranuclear palsy (PSP), corticobasal degeneration (CBD), Down’s

(continued on next page)
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[184] while a higher level of agreeableness in old age is associated with
impaired executive performance and neurocognitive functions
[185,186].

6. Why is the amyloid hypothesis immune to the high failure rate
in clinical trials?

Given the increasing body of evidence that questions the role of
amyloid in AD, a major challenge for dementia researchers is how to
avoid making the same mistakes again by evaluating how the amyloid
hypothesis reached its current scientifically agnostic status.

6.1. Hubris in the face of data

While the clinical trial outcomes for AD therapeutics provide con-
vincing evidence of their failure, it is often unclear whether those
conducting the trials and sponsoring companies ever formally dis-
continue them. Much of the communication regarding the fate of
compounds that have unequivocally failed in advanced stage clinical
trials is in the form of obtuse and often upbeat company press releases
or in business analyst reports both of which are colored by vested

interests. Compound sponsors in lamenting the clinical trial outcomes,
offset the negative with excessive enthusiasm for the steps underway
with ‘promising’ subgroup evaluations, hoping that the next data set
will redeem the compound a la aducanumab or that the failed com-
pounds will quietly be forgotten by their investors and shareholders as
they move to select the next putative AD therapeutic which by defini-
tion will be obviously better than the previous one. Analysts, on the
other hand, tend to delight in the schadenfreude attendant from their
unique insider vision and consistently negative predictions [65], the
latter of which when ultimately proved correct enhance their reputa-
tions.

Examining these failures, the common theme appears to be that they
not only fail to inform subsequent clinical activities but encourage re-
newed efforts by amyloid acolytes to promote yet another form of
neurotoxic amyloid [187–189] such that it often appears that “invisible
molecules target invisible structures” [168] or naïvely urge the use of
prophylactic treatment for suspected prodromal AD before there is any
evidence of disease [93]. In the context of the invincible amyloid li-
turgy of AD, an article [91] written in the aftermath of the initial de-
cision to halt the development of the human IgG1 monoclonal antibody,
aducanumab (see Section 1.1.) and a slide presentation from a Keynote

Table 3 (continued)

Topic Logic supporting the amyloid hypothesis[91,138] Unresolved issues/evidence against

syndrome (DS), Parkinson’s disease (PD) and dementia with Lewy
bodies (DLB) [146].

• “elevated tau alone, both in plasma and CSF, cannot be considered a
specific biomarker for AD” [148].

• Specificity of CSF and plasma tau uncertain – also associated with
Creuzfeldt-Jacob disease, non-AD tauopathy [150], acute and chronic
traumatic brain injury [151,152,153], acute ischemic stroke [154],
multiple sclerosis [155], and the effects of anesthesia and surgery [156].

• Meta-analysis of CSF p-tau/Aβ ratio for AD diagnosis - “insufficiency and
heterogeneity of research to date primarily leads to a state of uncertainty
regarding the value” of this metric.[149].

Genetics • EOAD pathologically indistinguishable from LOAD. • APP processing just one genetic loci identified in GWAS meta-analyses.

• Mutations in EOAD risk genes (APP, PSEN1, PSEN2) not found in LOAD
patients.

• 25–29 genetic loci harboring∼ 200 diverse risk genes identified to date
(14,15,295, 296).

• APP subserves important physiological roles in synaptic function,
independent of amyloid [27,28,29].

• Transcriptomic and proteomic datasets do not highlight amyloid as a key
factor in AD [311,312,327,328].

Prominence of the
Amyloid Hypothesis

• ‘the enormous amount of genetic, neuropathological,
experimental and pre-symptomatic biomarker data gathered by
independent laboratories and clinics worldwide makes it highly
unlikely that Aβ accumulation has nothing to do with the
development of AD symptoms” [91].

• Amyloid hypothesis has been so prominent in AD/ dementia research
its proponents, the amyloid cabal dictate funding, investigator career
paths and clinical trial conduct [25,54,75,391].

• “the amyloid cascade hypothesis has been so modified over time it is
now impossible to confirm or deny” [389].

• delayed needed advances in the dementia field from “10–15 years” [54]
to 30 years or more [75].

• “overwhelming biological evidence that progressive
accumulation and aggregation of Aβ in brain regions that are
involved in memory and cognition is a very early feature of the
Alzheimer process makes this first explanation unlikely.” [91].

• Amyloid cabal controlled ideas funded and published, which startups
received venture investment and which programs were advanced in
biopharmaceutical companies where they consulted [54].

• Translational initiative Part the Cloud Gates 2020 Partnership (https://
www.alz.org/partthecloud/overview.asp) focused on innovative
approaches to AD, not amyloid ADDF similarly highlighting novel
approaches: i) Inflammation, immunology and microglial function,ii)
Membrane contact site biology; iii) Mitochondrial dynamics, and; iv)
Synaptic physiology and structure (https://theddfund.com/investment-
strategy/).

Resilience/genetic
modifiers of disease

• Age of symptom onset in “EOAD” attributed to mutations in
amyloid genes varies widely (∼20–80 years of age) [380].

• ApoE2 genotype [383] or Christchurch mutation of apoE3 gene [384]
delays disease onset – independent of brain amyloid status.

• Resiliency genes identified in 5X FAD mice with mutations in APP
and PSEN1.

• Various resiliency genes identified in the pre-symptomatic mouse model
utilizing cognitive performance [229,387]. Dependence on amyloid
unclear – e.g. whether decreased amyloid deposition or unconnected to
amyloid levels; and if also observed in non-amyloid models.
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Presentation at the December 2019 CTAD (Clinical Trials on Alzhei-
mer’s Disease) meeting [138], both from amyloid acolytes, are of in-
terest.

In the article [91], the author, a prominent, long-standing amyloid
KoL noted that one possible conclusion from the aducanumab failure is
that “the “amyloid hypothesis that we have been working on diligently
for over 30 years is scientifically incorrect”. He then argues that “the
enormous amount of genetic, neuropathological, experimental and pre-
symptomatic biomarker data gathered by independent laboratories and
clinics worldwide makes it highly unlikely that Aβ accumulation has
nothing to do with the development of AD symptoms” and further notes
that “the overwhelming biological evidence that progressive accumu-
lation and aggregation of Aβ in brain regions that are involved in
memory and cognition is a very early feature of the Alzheimer process
makes this first explanation unlikely.”.

This viewpoint might lay claim to vindication of the amyloid hy-
pothesis with the resurrection of aducanumab (Section 1.1.) despite
previous rationalizations for the perceived failure based on inclusion of
patients too advanced in the disease process, or aducanumab being
deemed inappropriate as it does not clear the critical amyloid-soluble
Aβ oligomers considered to be synaptotoxic and microglia stimulating,
or the necessity to use amyloid clearing strategies in combination with
other, unspecified therapies. The resurrection of aducanumab has also
led to the claim that new and improved anti-amyloid drugs could now
be found [68] as though aducanumab was the first therapeutic in this
drug class while ignoring the dozens of previous failures of drugs tar-
geting amyloid [2,25,26,49], in effect “making 'me too' drugs when
none of them are proven“ [75].

The slide deck [138] used in part as the basis for Table 3, is once
again from a prominent, long-standing amyloid KoL provides a similar
perspective, arguing that “The amyloid hypothesis will yield effective
therapies” since it “remains by far the most compelling basis for disease-
modification therapy” with amyloid accumulation beginning the dis-
ease process and being sufficient to predict dementia; amyloid species
being highly toxic in many model systems; all known genetic causes of
AD being tightly linked to amyloid accumulation (APP, PS, PS2 muta-
tions; Down syndrome); and the Icelandic APP A673T mutation, a rare
variant (frequency= 0.45% in the general population; = 0.8% in
cognitively intact subjects aged 85 or older), reducing amyloid gen-
eration and conferring protection against AD by inhibiting BACE1
cleavage of APP [190].

While the questionable validity of several of these arguments is dealt
with elsewhere in this Commentary and in Table 3, the A673T mutation
finding, which was the subject of considerable interest when published in
2012, requires further comment. The finding was reportedly reproduced
in a Finnish population where, in a cohort of 515 patients, only one
(0.19%) had the APP A673T mutation [191]. This individual had low
amounts of neocortical Aβ and died at the age of 105 years with de-
mentia that was ascribed to hippocampal sclerosis. While this finding
was taken as support for “the view that the mutation, indeed, protects the
brain from β-amyloid accumulation”, it was more a summer swallow
than a definitive confirmation of the original finding. The APP A673T
variant was also found in 1 of 3,487 individuals in a Danish population
[192], again another swallow, but was absent in 1674 late-onset AD
cases and 2,644 elderly control subjects in the ‘North American Whites’
cohort [193], 8,721 Asian individuals [194] and in Chinese populations
of 1,237 healthy longevity subjects (mean age 96.9 years) and 1,404
matched younger controls (mean age 44.2 years) [195]. A follow up
study in 8,493 US AD cases, 10,840 cognitively normal controls, 62
Swedish AD cases, and 707 Swedish cognitively normal controls identi-
fied 3 US individuals heterozygous for the A673T mutation, 1 AD case
and 2 controls, while the Swedish cohorts resulted in the identification of
3 controls as heterozygous for A673T [196]. This led to the conclusion
that the “A673T variant is extremely rare in US cohorts and does not play
a substantial role in risk for AD in this population … [and]…may be
primarily restricted to Icelandic and Scandinavian populations” [196]. In

light of these findings, the contribution of the APP A673T variant as
support for the amyloid hypothesis remains a scientifically challenging
interpretation of the data available.

6.1.1. AD clinical trial shortcomings. Clinical trials for AD are extremely
challenging

Large numbers of patients have to be followed for many months (or
years) as the outcomes are nuanced - to arrest or delay disease
progression - rather than outright reversal. Given the complexities of
patient diagnosis, the identification, application and interpretation of
robust and selective biomarkers, the use of semi-quantitative endpoints
of cognitive performance, compounds for AD have frequently advanced
into late stage clinical trials without adequate – if any - supporting proof
of concept [197–200], instead relying on the enabling rationale that
amyloid is fundamental to the disease so that the amyloid hypothesis
always trumps data and the historical rigor of the established, drug
discovery and development process that pertains to all new therapeutics,
can be circumvented when it comes to AD [91].

6.2. A low hurdle for clinical entry and advancement?

An analysis of approximately 10,000 compounds advanced to clinical
trials over the 20-years from 1996 to 2016 reported that 83% were
discontinued after a single failed trial with only 2% undergoing an ad-
ditional five or more trials before being abandoned [201]. In contrast, in
AD trials, four Aβ-targeted clinical candidates failed an average of 23
times each before being discontinued [202], a number 5-fold greater
than that of the 2% entering five or more trials in the meta-analysis [201]
suggesting an unusually low barrier to initiating clinical trials in AD,
poor criteria for advancing a compound through the development pro-
cess, and an abundance of gut intuition/wishful thinking [203].

6.2.1. Dimebon
Wishful thinking was undoubtedly a major driver for the unbridled

enthusiasm for the nonselective antihistamine, dimebon (latrepiridine)
as a treatment for AD, ‘a drug with no plausible mechanism that
emerged from an incomprehensible series of screens' [204], which
while having shown positive improvements in behavior, cognition,
daily and global function over 6months in a Phase II clinical trial in
Russia had no effect in a subsequent multinational Phase III trial.

6.2.2. Oligomannate (GV-971)
Oligomannate, a putative AD therapeutic derived from seaweed

received conditional approval in China in 2019. based on a “multi-
center, randomized, double-blind, placebo-controlled, parallel-group,
36-week study involving 818 patients with diagnosed mild to moderate
Alzheimer’s disease Phase III trial” [205,206]. In animals, GV-971
“remodels gut microbiota and suppresses gut bacterial amino acids-
shaped neuroinflammation to inhibit Alzheimer's disease progression”
[207] the latter as measured by effects on amyloid production in the
5XFAD mouse model via mechanisms, controversial, exaggerated or
unknown [206,208,209]. The reported signal for clinical efficacy ap-
peared to be a sudden, marked and unexplained decline in cognition in
the control group between weeks 24 and 36 [205,206,210]. In addition,
a previous Phase II trial of GV-971 showed efficacy trends at the highest
dose tested, but these were not significant [211]. Other concerns with
the Phase III trial were its duration, 36 weeks as opposed to the 2 years
that is the norm in the AD field, regulatory and reproducibility issues
within the sponsor organization, inconsistencies in the initial pre-
clinical publication, a lack of any peer reviewed publication of the
clinical data used for the conditional approval in China [208,212] along
with a perception of opaqueness regarding the degree of involvement of
the Chinese Academy of Sciences in the activities of the sponsor [213].
The sponsor is planning another global Phase III study to submit GV-
971 for regulatory approval outside of China, a process that is estimated
will take 5 years.
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6.3. Animal models of AD – Confounding the human disease with the
genetic construct

A critical facet of the translational process in drug discovery is as-
sessing the potential efficacy of lead compounds in animal models to
prioritize them for advancement and to aid in the designing of human
trials especially with regard to dosing and the frequency of adminis-
tration [214]. Animal models of human disease are generically fraught
with issues related to their relevance to the human disease state [215]
and for CNS diseases, their face, construct and predictive validity
[216,217]. This is especially true with animal models of dementia
[217], specifically the nearly 200 transgenic mouse models that have
been engineered as models of AD [218] to overcome the fact that ro-
dents do not naturally present with amyloid plaques or tau-neurofi-
brillary tangles, that mice with amyloid-β plaques often do not develop
tau tangles [219] and fail to show the age-related temporal and spatial
disease trajectory and the substantial neuronal and synaptic loss seen in
the human disease [220,221].

The majority of the transgenic models of AD are based on the au-
tosomal dominant gene mutations associated with the familial, early
onset form of AD (EOAD), APP, PSEN1 and PSEN2 [222], and are
generally not considered as models of the more common, sporadic late
onset form of AD (LOAD) for which approximately 25 [14,15] genetic
susceptibility loci have been reported, each containing multiple po-
tential causative risk genes. However, rather than being animal models
of AD, the overwhelming majority of transgenic AD models are models
of amyloid overexpression [218]. As a result, the value of these models
in predicting clinical efficacy is frequently overestimated, especially
when a single transgenic mouse model of AD is assessed for effects in a
single behavioral paradigm, the latter of which cannot be reproduced
for a variety of reasons that include small effect sizes, an absence of
blinding and randomization, bias in data analysis and reporting and
inadequate controls. This can be overcome by the use of multiple
models by running additional cognition tests in one model and, if the
efficacy is robust, in another distinct model [218].

6.3.1. Limitations of mouse models in AD
Another major concern with current animal models of AD is whe-

ther the use of the mouse as a transgenic host limits the translatability
of preclinical findings to the clinic due to construct validity limitations
[223,224]. While the mouse is used predicated on genetic and phy-
siological similarities with humans, marked differences do exist. Brain
regions that are highly developed in humans are poorly developed or
absent in mouse [223]. Furthermore, while gene networks in mice and
humans have similar node numbers, their connectivity and the gene-
phenotype relationship differ as may the genotype-disease relationship
leading to the conclusion that “mice are problematic models for un-
derstanding human disease” [224].

Howe et al., [225] addressed these concerns in ameta-analysis of the
‘back-translatability’ of 40 clinically effective neuropsychiatric drugs to
their efficacy in mouse behavioral assays and concluded that “these
[mouse] assays can detect the entirety of a representative set of clini-
cally effective neuropsychiatric drugs”. While an interesting analysis,
the key issue with translational efficacy in drug discovery is its low
predictive value [203]; validating mouse models via a “back-translat-
ability” analysis does not address this shortcoming.

The need for caution in translating mouse results to human is fur-
ther complicated by the recent single-cell transcriptomic analysis of
the middle temporal gyrus (MTG) in human brain to characterize cel-
lular diversity between human and mouse [226]. This study showed
that while the cellular architecture of the MTG is largely conserved
between the two species, there were major differences in the expression
of neurotransmitter receptors (specifically 5HT and glutamate), ion
channels, extracellular matrix elements and the cell-adhesion molecules
involved in neuronal signaling and connectivity that are “certain to
cause many differences in human cortical circuit function” with the

divergence of gene expression for 5HT receptors “challenging the use of
mouse models for many neuropsychiatric disorders that involve ser-
otonin signalling”.

Additionally, there are often uncontrolled and/or unknown tech-
nical issues that add to the variability in the behavioral outcomes from
mouse models. These include: issues with transgene insertion that may
be random, altering or destroying the host gene loci, or unstable,
leading to genetic drift and the loss of the transgene phenotype; mul-
tiple copies of the disease-causing gene; differences in regional speci-
ficity of gene expression both in the brain and periphery; develop-
mental adaptation; physiological compensation;, systems redundancy;
gender differences; adaptive host homeostasis and passenger gene
mutations [218,227,228].

The strain background of the transgenic host can also markedly
affect the functional readout of the gene construct. A study assessing the
behavior of the F1 offspring of 5XFAD mice crossed with 28 different
mouse strains from the BXD genetic reference panel showed that the
majority of F1 animals had an accelerated impairment of working
memory [229]. However, there were differences in the size of the
5XFAD effect depending on the genetic background of the mouse strains
with some instances where the F1 5XFAD gene manipulation resulted in
an improvement in working memory rather than impairment, high-
lighting the importance of the strain background in creating AD models.
Finally, the presence of the autosomal recessive allele, rd-1 in the mouse
strain background can lead to photoreceptor degeneration that results
in blindness confounds outcomes of behavioral testing [230].

6.3.2. A meta-analysis of translational efficacy
The various concerns regarding animal models of AD provided the

context for a meta-analysis of the translational value of animal models
to predicting efficacy in actual AD clinical trials [231]. In this study,
208 preclinical animal studies involving 63 different spontaneous, in-
duced and genetic animal models to support the translation of 20
therapeutic interventions to clinical trials were assessed in 7 different
species, 91% of which involved rat or mice. Cognitive efficacy was
measured in the Morris Water Maze, passive avoidance, novel object
recognition and T/Y maze alternation tests. The preclinical studies
showed a 58% correlation with the clinical trial results, an outcome
that was skewed somewhat by the 72% predictivity of the cholinergic/
glutaminergic compounds. Four of the 20 therapeutics, the cholinergic/
glutaminergic modulators, donepezil, galantamine, memantine and
rivastigmine, were approved by regulatory authorities while the re-
maining 16 that were divided into amyloid/tau (5), neuroinflammatory
(9) and anxiety/depression (2) approaches to AD, failed. The amyloid-
targeted therapeutics were bapineuzamab, solanezumab, gammagard
(IVIG/iv immunoglobulin), semagacestat, AN1792, tarenflurbil and
tramiprosate.

The overall reasons for the low translational efficacy were germane
to the issue of animal models for AD and reflected their poor external
and internal validity, since animal models of AD do not fully re-
capitulate the cognitive aspects of the human disease [221,232] and
that outcomes vary depending on the design, execution, analysis and
reproduction of the data. This posits the question as to what the ideal
preclinical model for AD might be, the answer to which changes de-
pending on whether the question is driven by biochemical, histological
or behavioral considerations [223], whether amyloid expression has
any causal relevance to AD and whether new approaches to under-
standing dementia that are amyloid agnostic will require the char-
acterization of novel compounds in totally different animal models. For
example those involving Type 1 diabetes, innate immunity, mitochon-
drial dysfunction, etc, etc., that have yet to be evaluated for robust
dementia-related behavioral outcomes. An additional concern is the
possibility of collateral damage resulting from amyloid overexpression
in mouse models where organs and systems beyond those specifically
involved in brain function are affected. One example is the sustained
rarefaction of pial collaterals and the associated inflammation-induced
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accelerated aging of collateral wall cells that increase stroke severity
[233].

6.3.3. Non-human primate models of AD
Given the shortcomings of the genetically engineered rodent models

of AD, an obvious area to explore in order to improve on/replace these
is to assess the utility of using other species. A variety of species have
been reported as having age-associated amyloid deposits in brain that
include non-human primates (NHP) including baboons, chimpanzees,
cynomolgus monkeys, lemurs, marmosets, rhesus monkeys, stump‐-
tailed macaques and vervet/African green monkeys [234], cats [235]
and dogs [236] the latter of which are often discussed as potential
models of AD in addition to a plethora of less obvious more exotic
species that include horses, cattle, pigs, deer, elephants, camels, sheep,
dolphins and sea lions [237] and have hierarchical and practical lim-
itations in AD research.

NHP models of AD are of especial interest since they offer the ability
to study longitudinal age-related aspects of AD in the absence of genetic
modification and thus can better model LOAD. NHPs show extensive
conservation with humans across the complete systems biology spec-
trum, from a highly conserved genomic sequence and humanoid
anatomy to molecular and phenotypic pathways that allow the assess-
ment of complex physiological and behavioral traits that cannot be
approximated in rodents. However, while the aging NHP brain shows
structural and biochemical changes that parallel those seen in the aging
human brain [238], it does not develop the full spectrum of AD-related
pathologies with inconsistent findings of AD-like tau pathology and
amyloid-associated cognitive dysfunction [239,240]. This has led to the
suggestion that NHPs “are remarkably resistant to the classic behavioral
and pathologic phenotype that defines AD in humans” such that NHPs
“with abundant cerebral Aβ deposition are protected from tauopathy
and dementia” [240]. A vervet model of AD has been developed using
the NIA-AA Guidelines [241]. This model reported age-associated Aβ-
deposition and tau immunoreactivity in brain that were reflected in
reductions in brain volume and glucose metabolism, and abnormalities
in behavior, in this instance gait speed, a complex integrated behavior
that is an early indicator of risk for cognitive decline, AD, and other -
dementias [242]. The vervet AD model is recognized as having lim-
itations [241] in that while fibrillar tau can be detected biochemically,
aged vervet brain does not typically exhibit widespread NFTs or pro-
minent human-like tauopathy nor does the observed amyloid-related
reduction in brain volume correlate with widespread neurodegenera-
tion. Additionally, the amyloid-associated changes in behavior and
cognition do not result in ‘frank dementia’ leading to the conclusion
that it is a model of early amyloid pathology [241]. Transgenic models
of AD in NHPs while technically feasible to create have yet to be de-
veloped but will no doubt end up in same rabbit hole as the rodent
models unless the amyloid causality bias that has plagued AD research
is reassessed using a more objective, agnostic approach.

That aged NHPs show extensive amyloid deposits with questionable
evidence for tau-associated sequalae and AD-like cognitive dysfunction
makes them more similar to the cohort of aged humans that have evi-
dence of amyloid deposition but lack cognitive impairment
[27,28,29,30]. Indeed, the suggestion that NHPs are “protected from
tauopathy and dementia” [240] may reflect unique aspects of AD pa-
thophysiology that are reflected in humans and NHPs but are absent
from rodent AD models further reinforcing the questionable utility of
the latter [218].

Canine cognitive dysfunction syndrome (CDS) is a spontaneously
occurring phenomenon similar to AD that occurs in aged dogs
[236,237] and is characterized by memory loss, a poor or complete loss
in the sense of orientation and changes in behavior and confusion. Data
from CDS dogs reportedly has an inconsistent relationship with age-
associated amyloid accumulation while NFTs have only rarely been
identified in dogs with CDS-related dementia, similar to the disconnects
between amyloid and tau in NHPs discussed above.

The practical challenges with the use of NHPs, CDS dogs and cats as
AD models include their cost and for NHPs, relative scarcity that to-
gether with ethical considerations can lead to underpowered studies
with results that are not amenable to reproduction [241].

6.3.4. ‘too late in the disease process’
The mantra, “too late in the disease process” has been widely cited

over the past decade as a potential cause for the repetitive failures in
AD clinical trials and appears to be uniquely applicable (like many
things in AD research) to amyloid and replaced the naïve expectation
that removing amyloid from the brain would ‘cure’ AD, that led to an
analogy that the removal of tombstones (amyloid plaques) would be
unlikely to result in the dead (the brain) being raised from the grave.
Not that testing compounds earlier in the AD process has improved the
efficacy of the numerous failed amyloid-targeted compounds one iota.

If the “too late in the disease process” mantra were extended to
other putative drugs for AD that had mechanisms of action distinct from
amyloid, these too may have worked if administered earlier in the
disease. One specific example is the NSAID, indomethacin which epi-
demiological studies in patients taking the drug for rheumatoid arthritis
showed was inversely correlated with the incidence of AD [243]. Nu-
merous clinical trials to assess the utility of indomethacin and other
NSAIDs while giving inconclusive results have still indicated that
chronic NSAID exposure may be associated with a reduced risk of AD
[244] suggesting that additional NSAID trials are warranted especially
given the accumulating evidence for neuroinflammation being a major
causal factor in AD [245,246]. Nonetheless, in a trial involving 2-year
chronic treatment with the NSAID, naproxen. a cohort of asymptomatic
individuals with a high risk of AD failed to affect cognition (and in fact
may have worsened the primary outcome, the Alzheimer Progression
Score (APS)) while producing significant NSAID-related side effects
[247]. The trial was considered as underpowered raising the possibility,
a la amyloid plaque busters, that another trial with a different naproxen
dose, a different NSAID or a different high- risk group might have dif-
ferent outcomes [248]. Ethical concerns regarding the significant side
effects associated with NSAIDs appear to preclude this strategy, none-
theless it is highly reminiscent of the ‘never say die’ attitude that has
sustained the amyloid approach to AD.

6.4. Energizing the amyloid bunny: The incentivization of research on the
amyloid hypothesis

The continued laser-like focus on the amyloid hypothesis in AD
research despite the multiple clinical failures and the repetitive finding
dating back to the early 20th century that amyloid deposits can occur in
the brain of aged individuals without cognitive impairment leads to two
important questions – i) “why” and - ii) how can dementia research be
effectively and productively moved towards alternative concepts and
mechanisms?.

6.4.1. Why?
The reason why why researchers continue to work on the amyloid

hypothesis of AD and ignore the need to reassess and revalidate the
hypothesis in the light of new findings [91,138] can be considered as
two-fold. The first is that the hypothesis has become less an avenue for
objective, productive scientific research and more a religion with its
own belief systems and rituals that have become progressively immune
to logic. The recognition that the amyloid hypothesis was becoming a
religion nearly 20 years ago led Perry, Smith et al., to dub it the Church
of the Holy Amyloid [94]. This was inevitably ignored as the political
momentum of the amyloid hypothesis continued to subsume the de-
mentia research landscape [2,54,75,80], in the process becoming “too
big to fail… [with] …. too much personal and financial investment”
[249]. Thus, the amyloid hypothesis and its “scientist-priests” were
archetypes consistent with Horrabin’s restatement of Hesse’s Glass Bead
Game [250] that described modern biomedical research as an
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“internally self-consistent universe with little contact with medical
reality”. Over time however, the increasingly religious overtones of the
amyloid hypothesis were recognized with Khachaturian, a key figure in
NIH funding activities for AD in the late 20th century [25], noting that
“amyloid partisans….came to permeate drug companies, journals, and
NIH study sections….Things shifted from a scientific inquiry into an
almost religious belief system, where people stopped being skeptical or
even questioning” [54]. The continued “focus on the model and not the
disease” dominated federal funding and academic science, leading to
easily measurable outputs such as publications and citations, “on which
careers are built and millions of dollars spent” [25] bringing “backers of
the dominant idea accolades, awards, lucrative consulting deals, and
well-paid academic appointments.” [54].

The second is the continued funding of amyloid-based AD research
in the face of the repetitive failures. As the success rate remained at 0%,
NIA funding for amyloid-based approaches while decreased from 27%
of the budget in 2008 to 18% in 2017 [251] was probably not decreased
due to a threefold increase in the total NIA budget in 2017.1 Amyloid
was the major focus of the 2011 National Alzheimer’s Project Act
(NAPA), the goal of which was to accelerate the development of
treatments that would “prevent, halt or reverse the course of AD …. by
2025”, the latter a contentious, politically-driven timeline that was
generally considered wildly overoptimistic [252] that “may not have
been based on scientific principles of the disease research or the reali-
ties of drug development”. And when additional federal funding be-
came available this was used to expand already funded clinical activ-
ities for amyloid targeted biologics. With grants being reviewed in the
context “that it was a waste of money to fund any Alzheimer’s-related
grants that didn’t center around amyloid” [54], Castellini [249] has
additionally wondered “how many doctoral careers of the most talented
young researchers were usurped in the last 15–20 years by a gun barrel
focus on amyloid beta and all of its infinite interactions”, a point re-
inforced by Perry who noted that “scientists with alternative ideas
“became roadkill on the highway to nowhere,” ….their careers stalled
or worse.” [54]. The consequences of thinking outside the amyloid box
e.g., infection as causal for AD [54,253,254], resulted in proponents of
such hypotheses having difficulty in getting funded, gaining tenure,
getting speaking slots at scientific conferences and having papers
published in top journals in the field, a vicious cycle that effectively
stifled competing ideas [54].

Collateral damage from the evolving 21st century crisis in biome-
dical research funding [255] has been the need to conform to the
mainstream orthodoxy in AD research to gain grants and establish a
career path that has only served to encourage and enable the “insati-
able” demands of the ‘amyloid cabal’ culture to the detriment of AD and
dementia research and patients. Hand-in-glove is the role of journals
(and the mainstream media) that help propagate the idea that AD is
synonymous with amyloid as journals show a marked preference for
positive results. Thus, the study of an amyloid reducing agent in a
transgenic model of amyloid overexpression has a high likelihood of
generating “positive” data, regardless of its bearing on the clinical
condition. Even when a novel mechanism of disease is proposed, it is
often subject to ‘validation, in a transgenic amyloid model that is
misrepresented as a model of AD, with the collusion of journal re-
viewers, editors and grant review bodies.

6.4.2. Directing dementia research to new concepts and mechanisms
Documenting the issues with the lack of productivity in AD research

is a facile – albeit a somewhat nihilistic exercise [256] - as compared to
identifying a constructive path forward to facilitate success in the
search for effective therapeutics. A mandatory first step is that,

aducanumab aside, the field accept the fact that all amyloid-based drug
candidates have failed in clinical trials to date instead of ignoring these
outcomes while continuing to nuance the amyloid species theme
[168,187,188,189,257] - “it’s really another amyloid species, it’s the
oligomers, it’s the soluble oligomers” [188], etc. The clinical failures
strongly suggest that the current amyloid hypothesis is wrong and
mandates major modifications to accommodate and incorporate alter-
native roles of amyloid and acknowledging amyloid as a physiological
modulator (Section 1.1.) Accordingly, amyloid based approaches to AD
urgently need both re-evaluation and re-prioritization, especially the
clinical trials conducted with poorly characterized compounds
[198,199] that have consumed large amounts of biopharma and federal
taxpayer ‘treasure’ (https://www.nia.nih.gov/sites/default/files/
2019–07/FY21-bypass-budget-report-508.pdf), and consistently lack
objective go/no go decision points [200] or rely on endless subgroup
analyses to tease out trends [62,64,67] . Until there is a convincing
breakthrough on the amyloid front, this again being distinct from the
resurrection of aducanumab, at the current time an outlier in the
amyloid genre and hoping that the next compound is sure to work
because it overcomes the identifiable flaws of the previous ones, the
newly available funding can be used to explore and develop new ap-
proaches to AD and dementia.

6.5. Beyond amyloid - a newer appreciation and newer approaches to
dementia

Given that AD, and by extrapolation dementia, is now widely
viewed as “a polygenic and heterogeneous disorder with multiple pat-
terns of expression” [9], it is no doubt reflective of a family of de-
mentia-related neurodegenerative disease states which have different
origins and etiologies but are linked by chronological age, and some
form of either acute or chronic brain trauma, which result in similar
phenotypic outcomes and histopathologic features.

6.5.1. Tau
Tau is well-established as a key player in the putative genesis of AD

[20,92,258] being a major component of neurofibrillary tangles (NFTs)
– the ‘T’ in the ATN Framework [8]. While often viewed as downstream
in the disease process to amyloid, especially by those working on
amyloid, tau pathology has been repeatedly found to correlate better
with cognitive impairment than Aβ accumulation
[20,170,171,172,258,259,260] and there is accumulating evidence
[261] that tau pathology in AD can occur independently of amyloid.

With the equivocal enthusiasm and suspect scientific evidence for
amyloid causality, therapeutics directed towards tau-related ap-
proaches may be anticipated to be more aggressively pursued with the
expectation that attenuation of tau protein misfolding/modification
will be a more effective approach to AD treatment than Aβ clearance
especially given the interplay of tau with innate/adaptive immune re-
sponses [262] making tau, by default, the obvious heir apparent to
amyloid.

The six isoforms of tau vary in length from 352 to 441 amino acids
[263] and are encoded by 11 exons, of which exons 2, 3 and 10 can be
alternatively spliced to generate six CNS isoforms [264] that have
multiple sites for acetylation, methylation, O-glycosylation, phosphor-
ylation, ubiquitination, sumoylation and proteolytic cleavage [265].
These, together with the splice variants, have the potential to yield
hundreds of post-translationally modified forms that may exhibit dif-
ferent localization and functional specialization, an interactome suffi-
cient to keep basic researchers engaged for decades to come [266]
while running the risk of repeating the prolonged amyloid history.

Antibodies that bind and inactivate tau [267] or antisense oligo-
nucleotides that target tau formation [268], reduce all forms of tau
thereby overcoming the need to discern the critical pathologic form,
unless tau is found to subserve an important physiological function such
that the wholescale reduction of all tau forms is poorly tolerated, which

1 Assigning actually dollar numbers to the percentage of the NIA budget used
to fund AD research efforts is challenging given a lack of clarity in the several
public databases.
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clinical evidence to date suggests is not the case [269].
Humanized anti-tau antibodies are under clinical evaluation in a

variety of neurogenerative diseases including progressive supranuclear
palsy (PSP), a “pure tauopathy” that is facile to diagnose and used as a
surrogate for AD and early stage AD/MCI. Trials for anti-tau antibodies
in PSP have been discontinued following a futility analysis [270] or
failed [271] with ongoing trials in AD continuing [270,271]. These
failures and the earlier failure of the still controversial small molecule,
LMTM (hydromethylthionine), approach to inhibition of tau aggrega-
tion [272], suggests that tau-based therapeutics may be equally chal-
lenging to identify and develop as therapeutics as those targeting
amyloid despite expectations to the contrary especially given the
spectrum of neurodegenerative tauopathies [273].

Other approaches to treating AD and dementia are based on evi-
dence that approximately 35% of dementia can be attributed to a
combination of nine risk factors: education to a maximum of age
11–12 years, midlife hypertension, midlife obesity, hearing loss, late life
depression, diabetes, physical inactivity, smoking, and social isolation
[1]. These, as well as infections and vascular disorders alone, or in
combination with myriad networks of genetic and environmental fac-
tors [274], can lead to common endpoints that collectively/sequentially
result in neuronal network and synaptic dysfunction and neuronal
death that leads to the generic age-related cognitive impairment and
decline in brain function. Preventing brain infection and its con-
sequences [46,47], reducing the risk of diabetes-associated and obesity-
induced metabolic changes [1,275,276,277], addressing the role of
cerebrovascular disease [101,102,131,174,278,279] and hearing loss-
associated [280] effects on brain function as well as controlling the
many disease states that result in chronic, systemic brain inflammation
involving the innate immune system are alternative/complimentary
targets to amyloid (and tau) for AD therapeutic development.

Additional proposed targets/interventions associated with the pos-
sible prevention of AD and dementia include the impaired removal of
neurotoxic protein(s) associated with sleep deprivation and alterations
in circadian rhythm [281], dysfunction of the glymphatic/meningeal
lymphatic system [282] and the BBB [164,283] and aspects of gut
microbiome function/ dysfunction [284,285] the latter of which has
been implicated in the questionable efficacy of GV-971 (see 7.2.2.
[208]).

7. Recent developments in the Genetics, Omics and Effector/
Signaling pathways of AD and dementia

For researchers, companies, venture investors and industry key
decision makers a genetic underpinning to a human disease and disease
target not only provides a compelling rationale for pursuing that target,
but often has become a mandatory requirement. This helps explain (to a
certain extent) why the amyloid hypothesis has been so enduring, since
the early onset form of AD (EOAD) is associated with mutations in the
principal genes involved in amyloid formation and metabolism, and
while clinically and pathologically EOAD cannot be distinguished from
LOAD (apart from patient age), it has been assumed that the same
mechanisms must somehow be at work even if the associated genetic
mutations cannot be demonstrated. In contrast, mutations in the MAPT
gene that lead to the production of pathologic forms of tau [263,286]
have been identified in patients with progressive supranuclear palsy
(PSP) and frontotemporal dementia (FTD), but not AD [287], indicating
that genetics might not provide the complete answer.

Homozygotic twin studies indicate the inheritability of AD is ap-
proximately 58% [288]. The first-degree relatives of patients with AD
have a greater than 2-fold risk of developing AD [289], although dif-
ferences related to ethnicity have been noted. While EOAD has been
linked to mutations in the amyloid precursor protein (APP), presenilin
1(PESN1) and presenilin 2 (PSEN2) genes, implicating Aβ as the un-
derlying mechanism of disease, the hundreds of mutations described in
these genes explain less than 10% of the cases of EOAD [14,290]. The

apolipoprotein E4 gene was identified as a risk factor for LOAD in 1993
[291] prior to the advent of large scale GWAS, and remains the stron-
gest genetic risk factor identified, confirmed in multiple studies across
different ethnicities [292] and where each apoE4 allele carries a 4–5-
fold increase in risk and reduces the age-of-disease onset by 7 years
[293].

Multiple GWA studies on LOAD patients have been conducted in
attempts to identify other important gene loci that might underpin the
disease. As of November 1, 2019, the GWAS Catalog (https://www.ebi.
ac.uk/gwas/) listed 96 publications related to AD since 2007, where
several of the early studies could not be reproduced due mainly to an
underappreciation of the size of the patient cohorts necessary to iden-
tify the signals. LOAD is considered a multifactorial and polygenic
disease, where most of the genetic mutations linked to susceptibility -
with the exception of apoE4 – are relatively rare and account for only a
small proportion of the disease. These risk genes can also have pleio-
tropic effects that depend upon context, cell-type and other factors, so
interpretation defaults towards expected disease mechanisms limiting
their value as unbiased interrogations of disease associations. The
complementary use of next generation sequencing [NGS] methods such
as whole genome sequencing or whole exome sequencing, coupled with
the trend towards larger and larger cohorts of patients, family-based
approaches, and meta-analyses of these multiple datasets, has led to the
identification of some 25–29 loci linked to disease susceptibility, im-
plicating over 200 causative genes [294,295,296] that invoke biolo-
gical pathways connected to changes in both the innate and adaptive
arms of the immune system, lipid metabolism, synaptic function, and
endocytosis. Recently two meta-analyses of GWAS in LOAD were pub-
lished involving 35,274 patients/59,163 controls [296] and 71,880
cases/383,378 controls [295] where the latter included 47,793 “AD-by-
proxy” subjects based on parental AD diagnosis, and 328,320 controls,
all from the UK Biobank. As indicated in Section 2, accurately defining
the phenotype is challenging in AD, but critical since phenotypic het-
erogeneity reduces the power of any omic analyses [297].

The causal mutation of a disease is unlikely to be identified directly
by GWAS, but the SNP serves as a marker allele for a haplotype con-
taining the causal variant. As indicated, identified loci often contain
multiple genes where it is unclear if only one or several of the genes
contribute to disease risk. Alternatively, there may be an omnigenic
effect where disease risk is due to the combined effects of a large
number of variants spread throughout the genome that themselves have
no direct relevance to the disease in question, but their effects are
propagated through regulatory networks to a small number of key
genes with direct effects [298]; or by convergence of multiple genes,
each with a small effect, on common pathways or networks involved in
the disease that overall result in a pronounced effect. Over 80% of the
GWAS signals occur in non-coding and potentially gene regulatory re-
gions of the genome that include enhancers, promoters, introns, un-
translated regions, and histone marks [14], so likely influence multiple
genes not yet recognized. Indeed, current speculation over the identity
of causal genes could be suspect due to impacts on enhancer elements
and regulatory regions that could affect remote rather than adjacent
genes. These enhancer sites regulate cell-specific responses, so the
source of samples is important.

GWASs only indicate an association not causality, so by themselves
have limited value. Attempts to determine the significance of the ge-
netic variants identified utilize various databases to categorize certain
features including: heritability; sentinel variants and those with which
they are in high linkage disequilibrium; likely regulatory variants; the
functional annotation of identified SNPs and other genes functionally
linked via eQTL (expression quantitative trait loci) in various brain and
blood tissue types; expression of all candidate genes in brain tissue and
aged human microglia; and the association of gene sets to infer the
pathways affected [295,296]. In general, the sparsity of relevant tissue
from an appropriate region (e.g. prefrontal cortex) of a well-char-
acterized AD patient cohort in sufficient numbers for detailed
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comparisons has resulted in only a limited number of associations
linking the genetic variants with changes in gene expression in a re-
levant tissue, resulting in poor reproducibility across datasets.

The LOAD GWAS meta-analyses [295,296] included functional an-
notation using eQTL analysis but without agreement on many of the
most prominent associations, rather just broad functional areas such as
synaptic function and neuroinflammation. It is worth mentioning that
there are many analytical tools available to annotate the genetic data
that can yield different results and conclusions. For example, Jansen
et al [295] used four different strategies where one, genome-wide gene-
based association analysis, identified 97 genes linked to AD, but only 16
of which were identified by all four methods. Of the 16 genes, seven –
HLA-DRA, HLA-DRB1, PTK2B, CLU, MS4A3, SCIMP, and RABEP1 - are
not located in the APOE locus and therefore considered “of high interest
for further investigation”, suggesting it is necessary to seek confirma-
tion using multiple analytical methods and not rely on just one.

7.1. GWAS and omic interpretations viewed through the amyloid prism

The recent GWAS meta-analyses [295,296] are notable for several
detailed interrogations and novel findings, and rather uniquely for
LOAD, identified APP metabolism and Aß formation using pathway
analysis as one of the four functional clusters. To better evaluate the
APP/Aß pathway enrichment Kunkle and colleagues [296] analyzed a
set of 355 curated genes previously defined as related to APP metabo-
lism [299], and concluded that there was significant enrichment of this
gene set. However, this gene set is populated by a variety of genes that
subserve critical cellular functions that could include effects on APP
metabolism but where that is certainly not the only, or even primary,
function. For example, it includes genes such as BECN1 (beclin 1) and
ATG7 (autophagy gene 7) that are key to lysosomal-autophagic func-
tion, and while a major role of this pathway is the removal of ag-
gregated or misfolded proteins such as Aß [300], this does not imply a
causal relationship since the lysosomal-autophagy pathway is con-
sidered the “garbage recycling center” critical for cell function and
survival [301]. Another gene, SORT1, is implicated in targeting of a
pathological protein to the lysosomal pathway for removal and reg-
ulation of extracellular vesicles, but has multiple roles in the immune
system [302] and is also involved in lipid metabolism, atherosclerosis
and cardiovascular disease [303] – frequent co-morbidities in AD.

The APP-related curated gene set [299] includes several genes linked
to microglial activation, including several for cytokines and chemokines
as well as CR1 (complement receptor 1), ABCA7 (ATP-Binding Cassette,
sub-family A, member 7) and GRN (progranulin). While microglia have
been implicated in the removal by phagocytosis of Aß deposits
[304,305,306], microglial function and activation of the innate immune
system, primed by underlying genetic variants, can affect brain function
and potentially contribute to LOAD independent of any effect on Aß
[302,307], although most studies seem compelled to justify the role of
microglia primarily through effects on Aß resulting in often contra-
dictory interpretations and ambiguity (see Section 7.7.). In addition, the
validity of the findings is checked in mouse models of amyloid
overexpression, inappropriately posited as models of AD, further dis-
torting interpretation of the data. In the following brief overview of
genomics to transcriptomics to proteomics in AD studies conducted on
human tissues are emphasized and the results explained in the context of
systems biology and signaling pathways not defined by transgenic mouse
models (see Section 6.3.).

7.2. Omics and co-morbidities in AD

The shared genetic architecture between LOAD and 792 human
diseases, traits and behaviors was analyzed by Kunkle et al., [296],
confirming previously identified associations with measures of educa-
tional achievement, cardiovascular health (hypertension, heart disease)
and diabetes, thereby adding additional evidence that the use of anti-

hypertensives and diabetic medications may decrease the risk of AD.
The meta-analysis of Jansen et al., [295] also found a protective effect
of cognitive ability and educational achievement, together with height,
on the risk for AD.

Integrating publicly available databases that included the GWAS
catalog, the US National Hospital Discharge Survey (1979–2006) and
three independent RNA expression datasets to determine the overlap of
susceptibility genes across human disease, on the basis that “co-mor-
bidity of disease can indicate shared genetic susceptibility and this is
more apparent at the level of pathways than individual genes” indicated
a strong overlap between AD and diseases of the immune system, in-
cluding multiple sclerosis, rheumatoid arthritis, systemic scleroderma
and psoriasis [308]. The JAK-STAT pathway was identified as the most
prominent cause of this overlap with genes in this pathway found to be
dysregulated in the blood and post-mortem brain tissue of AD and MCI
patients, and proposed as a new target to treat AD.

7.3. Functional genomics and transcriptomic changes associated with AD

While GWAS can be performed on readily accessible patient samples
such as blood or saliva, transcriptomics is cell-specific and requires the
study of relevant cells and tissues. Although AD affects discrete regions
of the brain culminating in neurodegeneration and neuronal loss, an
early consideration is defining what are the relevant cells and tissues to
study in order to distinguish disease initiation and early development
from the downstream consequences. This issue becomes a common
refrain throughout this section as technologies are developed that allow
for a deeper and broader analysis of changes at the cellular level, par-
ticular when studying complex, multigenic diseases. For example, if
immunological mechanisms contribute early on in the process, then
immune cells in the blood and peripheral hematopoietic tissues such as
the spleen and liver might be pertinent to consider in addition to brain
microglia. With regard to the brain, the limited availability of post-
mortem brain tissue from clinically well characterized AD patients,
limits the number of readily available samples that are required to
overcome the statistical burden of multiple comparisons, with ensuing
concerns over the reproducibility of any findings [14]. Attempts to
overcome the unease that post-mortem tissue likely reflects late-stage,
more advanced disease (where it is difficult to dissect pathogenic
mechanisms from protective responses or even bystander changes),
have been broached by correlating transcriptomic changes with disease
severity, with the result that even less samples are available for each
cohort. Additional complicating factors include samples taken from
different regions of the brain, the post-mortem interval and storage
conditions, and the finding that 20–50% of RNA transcripts identified
using RNA sequencing are functionally unannotated [309].

Despite the foregoing caveats, a number of differentially expressed
genes have been identified and mapped to functional pathways in-
volved in the immune response, lipid metabolism, energy metabolism,
cellular proliferation, neurite differentiation and synaptic function,
thereby corroborating some of the broader GWAS findings [306]. A key
goal is to define network hubs or nodes with multiple connections that
could have a more pronounced effects than a singular component of a
pathway. For example, TYROBP (TYRO Protein Tyrosine Kinase
Binding Protein) is upregulated in the AD brain, is a binding partner of
TREM2, and functions as a key hub of immune/microglial networks
linking genetic variants in TREM2, MS4A4A, MS4A6A and CD33 [310],
although the importance of this pathway to AD susceptibility remains
unclear.

Gene expression is dynamic, regulated by epigenetic modifications
as well as networks of transcription factors, co-factors and signaling
molecules, and is not uniform across the brain. A weighted gene
co-expression network analysis has been used to identify selective
vulnerabilities of particular parts of the AD brain [311], comparing 19
brain regions in 125 AD patients of differing severities, and concluded
that the primary area of vulnerability was the temporal gyrus. Although
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analytical enrichment of the genetic signal was based, in part, on
amyloid pathway genes, the authors concluded that “…several modules
were closely linked to cognitive compromise with lesser association
with traditional measures of neuropathology.”.

7.4. Single cell RNA-seq in the AD brain

The advent of single cell genetic and transcriptomic technologies is
proving revolutionary in redefining cell biology, and allowing the
identification of signals not recognized previously. It opens up tre-
mendous possibilities regarding new ways of looking at diseases, while
simultaneously increasing the complexity of such evaluations many-
fold as multiple cell types and both regional and longitudinal changes
need to be considered. For example, transcriptomic assessments made
in brain tissue samples largely reflect the predominant cell types that
make up the tissue [312] and mask potentially important effects in less
abundant cell types. There can also be changes in cellular composition –
e.g., loss of neurons and increase in inflammatory cells in AD brains
compared to cognitively normal subjects – that obfuscate any observed
changes and their interpretation. Single cell transcriptomic analysis
using RNA-seq can address some of these limitations to reveal gene
regulatory network plasticity across cells [313]. Separation of six major
brain cell-types – excitatory neurons, inhibitory neurons, astrocytes,
oliogodendrocytes, oligodendrocyte precursor cells, and microglia -
from the frontal cortex of 48 AD subjects with varying severities of
pathology identified transcriptionally distinct subpopulations [314].
The gene signatures involved regulators of myelination, inflammation
and neuronal survival, and large-scale changes occurred before the
subjects developed severe disease pathology. Gene transcription
changes associated with later stages of disease occurred across multiple
cell types and were primarily involved in the global stress response
(such as upregulation of proteostasis pathways), while during the de-
velopment phase of the disease it was concluded that “myelination-
related processes were recurrently perturbed in multiple cell types,
suggesting that myelination has a key role in Alzheimer’s disease
pathology” [314]. This pathway was not identified by GWAS
or transcriptomic profiling of AD brain tissue, so awaits independent
confirmation as the size of the patient cohort was small. Also of note is
that human microglial subpopulations revealed AD-associated gene
expression profiles distinct from those previously reported in mouse
models of neurodegeneration using CK-p25 [315] and Tg-AD mice
[316].

7.5. Transcriptomics to proteomics to multi-omics

While mRNA levels are an important determinant for protein
abundance, overall there is a poor correlation between the two mea-
sures in human tissues [317]. There are several potential reasons for
this disconnect. Wang et al. [317] highlight technical limitations where
the wider dynamic range of proteomic analyses that cover eight orders
of magnitude variation compared to only a four-order variation in RNA
data limits the protein sampling depth such that low abundance pro-
teins might be missed. Additionally, there are biological considerations
such as the relative stability of proteins compared to the faster de-
grading mRNA that can lead to a temporal disconnect between protein
and transcript levels, while post-translational modifications of proteins
can also alter their half-lives [318]. Protein production by high abun-
dance transcripts often appears proportionately larger than expected
due to cellular economies where the genes for important proteins pro-
duced at scale also encode regulatory elements that promote translation
efficiency [319]. Alterations in ribosome density and activity can also
markedly affect protein levels [320].

Changes in ribosomal function appear particularly relevant in the
setting of AD since normal and pathological forms of tau bind to ribo-
somes to decrease mRNA translation broadly, but also the synthesis of
specific ribosomal proteins in both tau transgenic models and human

brain tissue [321,322], to further reduce translation; and also impair
synthesis of the synaptic protein PSD-95 suggested to contribute to the
synaptic dysfunction associated with the disease [323]. Tau interacts
with and prevents the phosphorylation of S6 - a key regulator of ribo-
somal biogenesis and activity – resulting in marked reductions in
translation, particularly of 5′-terminal oligopyrimidine (TOP) mRNAs
that encode for elongation factors and eIF3 subunits involved in in-
itiation and termination of mRNA translation [324]..

While generally tau decreases mRNA translation, this is not a non-
specific process since expression of many proteins is actually increased.
There are approximately 80 ribosomal proteins many of which have yet
to be evaluated for potential interactions with tau. Although several
proteomic analyses of brain tissue from AD patients have been con-
ducted, a review by Moya-Alvarado et al., [325] concluded that re-
producibility across studies was low.

In studying brain proteomic changes in AD patients, one approach is
to analyze differentially expressed proteins in the context of Braak
stages of tau that follow a predictable spatial progression as the disease
advances [326], to relate differential protein expression to disease se-
verity, in particular trying to differentiate early, possibly contributory
signals to later, potentially responsive ones. In two such studies
[327,328], AD was diagnosed post-mortem based on brain neurofi-
brillary pathology, and there is no information on the related cognitive
status of these patients prior to death. One concern is making conclu-
sions regarding mechanisms, regional vulnerabilities and temporal se-
quences based on a small number of patient samples without knowledge
of reproducibility of the findings. For example, Mendonça et al., [327]
examined four distinct brain regions in 103 post-mortem samples from
17 “healthy” controls and 27 patients subdivided into early Braak
(stages I-III, n= 13) or late Braak (stages IV-VI, n= 14), such that
there were 5–12 samples per brain region. Martinnen et al., [328] ac-
cessed temporal cortical brain samples from 71 subjects of which 25
were used for both microarray and proteomic analyses and divided
according to seven Braak stages (0-VI), resulting in 0–6 samples per
group. However, both studies found differentially expressed proteins
indicative of synaptic and mitochondrial dysfunction as an early event.
Mendonça et al., [327] also found that 18 ribosomal subunits and 4
translation initiation factors were reduced, comparable to previous
observations made with tau in vitro [321,322,323], while some of the
differentially expressed proteins associated with AD had previously
been reported in patients with Parkinson’s or Huntington’s disease,
indicating there may be some convergence on mechanisms of neuro-
degeneration.

Comparing differentially expressed RNA, proteins and phospho-
proteins from post-mortem cortical brain samples showed little overlap
between measures of 1383 proteins and 173 RNA molecules where only
29 showed co-expression [328]. Comparing the top 30 differentially
expressed transcripts and proteins showed no overlap, while 28 of the
top 30 phosphoproteins were phosphorylated forms of tau. Clustering
the data in attempts to identify distinct expression patterns related to
the different Braak stages of AD revealed little association with Aß42
levels or APOE genotype “indicating the need to look beyond these key
factors affecting AD pathogenesis or risk” [328]. These investigators
observed an activation of inflammatory factors at Braak stages II-III and
posited that this could represent “the initiation of neurodegeneration
and transition from MCI to AD/dementia.”.

The power of, and confidence in, any systems-level approach to AD
is enhanced when genetic, transcriptomic and proteomic datasets can
be integrated. Such an approach requires sizeable, well characterized
cohorts of patients. However, while GWA studies are geared to evalu-
ating a large number of samples genotyping hundreds of thousands of
single nucleotide polymorphisms (SNPs) on a chip, transcriptomic and
proteomic analyses quickly generate very large datasets from a rela-
tively small number of patient samples - even more so with the in-
troduction of single cell omics. Consequently, many transcriptomic and
proteomic studies rely on a limited number of samples from poorly
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characterized patients, lack an appropriate control group but instead
look for intra-group differences (e.g. between different Braak stages of
tau pathology), and are really more akin to exploratory studies devel-
oping a hypothesis regarding which disrupted pathways might underlie
neuronal loss and cognitive dysfunction rather than then testing the
hypotheses generated in a second, replication cohort of patients – a
procedure that, when coupled with larger patient cohorts, helped
overcome some of the irreproducibility of the early GWAS signals.

7.6. Proteomic mapping and the protein interactome

Most germ-line and somatic mutations occur in non-coding regions of
the gene, and may affect DNA regulatory regions such as enhancer sites,
since there are hundreds of thousands of enhancer sites in the human
genome compared to approximately 20,000 protein-encoding genes.
Enhancer sites bind transcription factors to promote transcription of a
gene, which, due to the 3D structure and DNA looping, linearly can be
hundreds of thousands of base-pairs away [329] and consequently are
difficult to map. While this is an area of intense investigation, most
studies currently focus on mutations directly linked to a specific gene and
the resultant protein. Although only capturing a part of the complete
picture, it can provide some useful insights on disease mechanisms and
causality.

Since thousands of mutations – germ-line, de novo or somatic - can
occur in any given cell, the significance of individual mutations in any
single gene might not be readily apparent. However, proteins do not act
in isolation, but form complexes, and constitute multi-component
pathways and networks, and the significance of any mutations need to
be considered in this context. Thus, mutations of different members of a
pathway or network might cumulatively result in a change in pheno-
type, highlighting the importance of the pathway or network. Similarly,
developing therapeutics that restore network function, perhaps by
acting at a key hub or node distinct from the mutated protein, might
abrogate the phenotype. This notion relies on the concept of con-
vergence where multiple diverse biological perturbations that give rise
to a phenotype (e.g. neurodegeneration) mechanistically result from
their convergence on a limited number of pathways [330]. The crux of
the approach is to identify key nodes – points of strong convergence – to
minimize pleiotropy, since these would be expected to indicate the most
relevant disease-related biology. This tactic has been demonstrated to
good effect by Krogan and associates (among others) in cancer
[330,331], psychiatric disorders [332] and host pathogen interactions
[333], while similar frameworks have been developed for AD
[334,335], the latter in association with herpesvirus infection.

The basic approach to defining critical nodes or hubs is depicted in
Fig. 1. The first step uses gene-sequencing data to identify mutated pro-
teins, which are used as “baits” in affinity labeled quantitative proteomic
analyses to pull-down other proteins with which they interact in purified
cell populations to create a map of protein–protein interactions (PPI). The
PPI network defines protein complexes together with the relationships
between complexes that create the network. This map is compared to the
protein interactome of wild-type proteins to look for which pathways and
networks are altered. The findings can be validated using CRISPR (Clus-
tered Regularly Interspaced Short Palindromic Repeats) editing techniques
[336] to either induce the corresponding specific mutations in the wild-
type genes to verify that they lead to pathway dysfunction and develop-
ment of a disease phenotype, or to correct a gene and demonstrate that the
phenotype is nullified. A map of post-translational modifications to the
proteins (e.g. phosphorylation) can be overlaid on the PPI map to identify
particular “hot-spots” of activity. CRISPR can also be used to study genetic
interactions based on the partner proteins from the PPI mapping, testing
two gene combinations to reveal interactions that would not be identified
studying genes individually [337]. These orthogonal datasets are then
integrated to develop a network level understanding of the disease. One
benefit of this approach is that it is unbiased – i.e., not driven by any
preconceived notions of underlying mechanisms. It is a hypothesis-

generating strategy to identify key pathways and networks that can then
be studied directly.

The potential value of this type of approach has been demonstrated
in a simplified form in amyotrophic lateral sclerosis (ALS) where the
expanded GGGGCC repeat motif in the first intron of the C9orf72 gene,
which is the most common cause of familial ALS, was used as the bait to
pull down RNA binding proteins [338]. The zinc finger protein Zfp106
was identified as a key hub that interacts with multiple other RNA
binding proteins, particularly TDP-43 and FUS/TLS that have already
implicated in the disease. Zfp106 knockout mice developed severe
motor neuron disease, while restoring Zfp106 solely in motor neurons
alleviated the disease. Celona et al, [338] concluded that the protein
“interactome data also suggest possible roles for Zfp106 in multiple
steps of RNA metabolism and processing and interaction with key RNA
binding proteins involved in various forms of neurodegeneration.”.

Somatic mutations, transcriptomics, quantitative protein expression
and interactome maps are all cell-type and context-specific, such that it
is necessary to study their impact in purified cell populations. This has
been challenging for AD where multiple cell-types are involved and
since access to human material and cell isolation and purification
techniques are challenging, but has become possible with the use of
human iPS-derived cells differentiated into cell populations of interest
[339,340], although these cells are not without their caveats [341].
Moreover, in addition to looking at individual cell-types, insights might
be gained from the study of iPSC-derived brain organoids of mixed cell
populations [342,343,344,345].

The Psychiatric Mapping Initiative [332] opined that “common
patterns of neuronal network dysfunction” … “can be built out of cells
that have widely varying patterns of protein and gene expression”, a
description that is equally suitable for neurodegenerative disorders.
Attempts to view the Alzheimer’s phenotype solely in the context of just
two proteins – amyloid and tau - has stymied this broader viewpoint
and unbiased approach to defining underlying mechanisms.

7.7. Microglia and immune function in AD

Many of the AD risk genes converge on the microglia and regulate
immune function, suggesting microglia may play an important role in
the disease [304,307]. Microglia subserve several key functions in the
brain. While they are the important immune sentinels monitoring their
local environment and responding to pathogens and other perturba-
tions, they are also involved in synaptic pruning and organization,
regulation of neuronal excitability and higher cognitive functions such
as learning and memory, as well as providing trophic support and
maintaining homeostasis through the removal of misfolded proteins
and phagocytic debris.

Until recently microglia were thought to exist in two forms; the
homeostatic M2 phenotype that produces anti-inflammatory cytokines,
growth factors and various neurotrophic factors, implicated in protection,
repair and support or neurons; and the pro-inflammatory M1 phenotype
characterized by the production of inflammatory cytokines and nitric
oxide. Microglia are normally maintained in a quiescent state through
inhibitory signals from neurons that bind to their cognate receptors on the
microglia, including CX3CL1 (fractaline)/CX3CLR1 and CD200/CD200R
among others, where it is suggested that removal of these inhibitory sig-
nals in neurodegenerative diseases leads to microglia activation. However,
the M1/M2 differentiation is an oversimplification, and transcriptomic
analyses of cells from disease models reveal mixed phenotypes expressing
markers attributed to both M1/M2 phenotypes [304]. Moreover, there
appear to be other populations of microglia, such as the “dark” microglia,
so named because of their electron-dense cytoplasm and nucleoplasm,
associated with chronic stress, and aging, and found in the APP-PS1
transgenic mouse model [346]; or the disease associated microglia (or
DAM), a phagocytic phenotype formed in a two-step process from
homeostatic microglia found in the aging brain of the 5XFAD transgenic
mouse model [316]; and various sub-sets displaying discrete
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“neurodegenerative” RNA profiles in both amyloid and tau transgenic
models, distinct from differential gene expression patterns that follow li-
popolysaccharide (LPS) or virus (LCMV) exposure [296]. Transcriptomic
studies reveal regional and temporal differences in microglia sub-types
found across the brain, and this diversity is suggested to underlie regional-
specific and temporal differences in susceptibility to neurodegeneration
[347]. These differences can be quite marked - comparing differentially
expressed genes in microglia from middle age (53±5.2 years) to old
(94.07±0.95 years) subjects showed 1060 genes were upregulated and
1174 genes downregulated in the older subjects [348].

The role of microglia in AD has been widely studied, but debate
rages over whether microglia are toxic or protective, and whether they
participate early in the disease process or reflect a later, downstream
consequence of neurodegeneration. Part of the confusion can be at-
tributed to the different subtypes of microglia only recently recognized,

together with their regional localization and phenotypic changes asso-
ciated with aging and stress, such that detrimental and protective me-
chanisms might occur concurrently at varying levels in different parts of
the brain depending on the microenvironment since these cells are
highly dynamic. However, a more fundamental source of the confusion
can be attributed to microglial function being largely defined in terms
of effects on clearance of amyloid plaques and interactions with Aβ
[304,306,316,346]. Indeed, in reviewing that literature, the reader
could be forgiven for concluding that the sole purpose of microglia in
the AD brain is to remove amyloid plaques. In addressing the microglia-
amyloid interaction, studies have relied heavily on transgenic mouse
models of amyloid overexpression, while recent findings have revealed
differences between microglial activation states and differential gene
expression profiles between cells from such mouse models and brain
tissue from autopsy-confirmed AD patients [306]. For example, using
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Fig. 1. A putative mechanism for defining
networks and targets involved in AD
(adapted from Krogan et al (2015) [330]). A.
GWAS library databases illustrate that in
multigenic disorders there are often several
mutated genes associated with the disease,
but none reach statistical significance, as
shown in this illustrative Manhattan plot and
marked with the colored arrows. In general,
most implicated genes are considered
individually, but their products – proteins –
do not work in isolation, but form complexes
and make up pathways. Quantitative pro-
teomic mapping has the ability to reveal that
several mutations converge on a particular
complex or pathway (B), and this combina-
tion within a given pathway can show sta-
tistical significance at the network level (C).
The consideration of functional networks
rather than individual polymorphisms as
depicted in this pseudo-Manhattan plot
might prove more revealing. D. Using pro-
tein–protein interaction mapping to define
binding partners and networks, and CRISPR
to explore genetic interactions, the con-
tribution of the perturbed networks to the
phenotype can be explored, and key “hubs”
where different pathways converge, identi-
fied and can be considered as potential tar-
gets for intervention (or a closely associated
protein). E. The importance of this “hub” can
be defined by comparing the protein inter-
actome between wild-type and mutant pro-
teins. In this fictional example, the mutant
protein in red has lowered association with
other proteins in both the complex and
pathway (depicted by the broken blue lines),
and gained a new interaction with another
protein shown by the red line. The
importance of the changes in the interactome
can be tested using CRISPR to either inhibit
the target protein, or induce or correct the
mutation and assess the corresponding ef-
fects on the cell phenotype. The appropriate
targets and means to correct the interactome
can then be determined.
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mouse models sets of differentially expressed genes could be appor-
tioned to distinct modules including those labeled “neurodegeneration”
versus “LPS treatment”, while AD patient samples showed high ex-
pression of the LPS-specific genes and a mixed expression of the
murine-defined “neurodegeneration” gene set [306], and this could
reflect more severe activation of inflammatory processes [307]. Such
studies highlight the importance of studying human cells [349] and
exploring the full range of microglia functions in the context of AD.

In determining if microglia activation was an early event in the
disease or a response to neurodegeneration, AD patients with either
prodromal disease or dementia were compared to controls using [18F]-
DPA-714 PET, a specific imaging agent of the 18 kDa translocator
protein (TSPO), that is overexpressed on activated macrophages to
monitor microglial activation. The extent of microglial activation dif-
fered between patients, and began early at the prodromal stage [350].
Patients with higher [18F]-DPA-714 binding indicative of greater acti-
vation had a more favorable clinical evolution of the disease when as-
sessed at a two-year follow-up [351].

Microglia contain cell surface and cytosolic pattern recognition re-
ceptors (PRRs [352]) that can be activated by a variety of DAMPs that
include Aß, HMGB1 (High Mobility Group Box 1; amphoterin), S100
proteins (calgranulins), chromogranin A, ATP, certain microRNAs
(miRNA146a, let-7), and circulating mitochondrial DNA [22,23,353].
Stimulation of the cytosolic PRR, NLPR3 (NLR family, pyrin domain
containing 3), leads to the formation and activation [24] of inflamma-
somes and the release of caspase-1 activated IL-1ß, a central pro-in-
flammatory cytokine [354]. NLRP3 components are upregulated in pa-
tients with AD and MCI compared to age-matched healthy controls [355]
and while NSAIDs of the fenamate class apparently inhibit NLRP3 acti-
vation and show benefits in animal models of amyloid overexpression
[356], the search is on for more selective inflammasome inhibitors to
treat AD [357]. AD-related triggers for microglia activation can be in-
fluenced by both local and systemic factors (for review see [13]). Infec-
tions, acute or chronic inflammation, brain trauma, aging and environ-
mental factors have all been suggested to prime and/or activate the cells.

Studying human iPSC-derived microglia-like cells from AD patients,
isogenic controls and healthy donors, the ApoE4 genotype had a pro-
found effect on function, impairing phagocytosis, migration and me-
tabolic activity, while PSEN and APP mutations exerted little effect
[358]. Finally, microglia can also interact with astrocytes, releasing
inflammatory mediators to induce an “A1” neurotoxic astrocyte phe-
notype that leads to neuronal death via the loss of trophic support,
impaired clearance capacity and the release of toxins [359]. Unraveling
the triggers and mechanisms by which microglia contribute to AD risk
or sequelae is a key area of ongoing investigation especially with regard
to the evolving understanding of the beneficial effects of the innate
immune system and microglia in neurodegeneration [353,360].

8. New areas of inquiry

In the previous section some of the recent advances in omic analyses
of AD patient samples were covered along with their use in interpreting
several of the resultant genomic signals. In particular, how the devel-
opment of methods to segregate distinct populations of cells and the
development of single cell RNAseq have enabled a more detailed and
nuanced recognition of the manifestations of the disease that, hopefully
will lead to recognition of key causative mechanisms along with vali-
dated therapeutic targets.

The present section describes two additional areas of investigation
that have been enabled by these new developments – the identification
of somatic gene mutations that might contribute to disease risk, and the
concept of genetic modifiers of phenotypic expression – resiliency genes
that can ward off or delay disease development. Both fields are at an
early stage in their exploration, but exemplify new areas worthy of
investigation in AD/dementia rather than the continual replumbing of
old concepts and failures.

8.1. Somatic mutations

The development of single cell technologies has facilitated studies of
the impact of somatic mutations on neurodegeneration. These are al-
ready well recognized in the field of cancer giving rise to pronounced
cellular changes that promote unfettered cell replication [361] and are
also relevant in the setting of neurodegeneration since the number of
somatic mutations increases with age [362]. Somatic mutations occur
postzygotically and lead to mosaicism, where individual cells harbor
different genetic information. Since neurons are terminally differ-
entiated, they continue to slowly accrue somatic mutations throughout
life, with calculations of 200–700 single nucleotide variants per cell at
birth in the human pre-frontal cortex and dentate gyrus, increasing to
approximately 2,500 and 4,000 per cell, respectively, after 80 years of
age [363]. Interestingly, the incidence of neuronal somatic mutations is
much lower in mice [364] raising additional concerns as to their va-
lidity as a relevant model of aging-related neurodegenerative disorders
(see Section 6.3).

As AD is only approximately 50% inheritable [288] other forms of
genetic variance require consideration including somatic and de novo
mutations. Somatic mutations have been implicated in aging and neu-
rodegenerative disorders such as AD and Parkinson’s disease (PD) for
decades, and are thought to explain certain key features of these neu-
rodegenerative disorders, e.g., their sporadic occurrence, association
with age, focal onset and subsequent progression to other regions of the
brain [365,366]. However, it has been difficult to demonstrate any role
since such mutations are cell-specific and evaluation of bulk tissue
masks individual cell differences. Now that whole genome sequencing
after whole genome amplification of single cells is possible, studies of
the contribution of somatic mutations to AD are emerging. Moreover, it
appears that such mutations do not have to be widespread to trigger
disease. Based on a single EOAD patient who died at the age of 58 years
after a 16 year illness, where a somatic mutation in the PS-1 gene was
considered the cause of the disease, the mutation only affected 14% of
the cells of the cerebral cortex which was apparently sufficient to in-
duce the disease [367].

Part of the reasoning that somatic mutations could be participants in
neurodegeneration is based on findings in patients with Cockayne
syndrome type B or Xeroderma pigmentosum, conditions characterized
by accelerated aging and early-onset neurodegeneration, which are
caused by germ-line loss-of-function mutations in specific nucleotide
repair genes in neurons, which consequently develop increased somatic
mutations due to defective DNA repair [368]. Of note, focal accumu-
lation of DNA double strand breaks, indicative of defective repair me-
chanisms, have been observed in neurons and glia of patients with MCI
or AD as an early event in the disease process [369]. A recent study by
Park et al., [370] found no difference in mutational burden in laser
captured neurons of the hippocampus from AD patients and healthy
controls, but the mutational signature suggested more DNA damage
induced by reactive oxygen species in AD. Putatively pathogenic mu-
tations were enriched in the PI3K-AKT, mitogen-activated protein ki-
nase (MAPK) and AMP-activated protein kinase (AMPK) pathways, and
were suggested to affect tau phosphorylation although whether they
increased or decreased activity of these pathways was not defined. One
gene in particular, PIN1, that encodes for the peptidyl-prolyl cis–-
trans isomerase (PPIase), a cancer promoter [371], was highlighted as
of particular relevance since previous studies showed that loss of its
expression in mice results in age-dependent tau hyperphosphorylation
and formation of neurofibrillary tangles [372]. A single AD patient of
the 52 examined contained a novel missense somatic SNV in PIN1, re-
sulting in loss of the expressed protein, which was enriched 4.9- fold in
neurons positive for hyperphosphorylated tau, thereby linking this
specific somatic mutation to tau pathology.

The case for somatic mutations contributing to AD risk is largely
anecdotal, based on individual examples taken from dozens of subjects,
or by analogy to certain rare neurodegenerative conditions, while a
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clear cause-and-effect relationship between these mutations and the
broader AD population has yet to be established. One limitation of most
studies on somatic mutations in AD is that the primary focus is, in-
evitably, on genes related to amyloid and tau regulation, or those in-
terpreted in the context of these two proteins. For example, mutations
in the AMPK pathway are posited as affecting tau phosphorylation
[370] while AMPK is a master regulator of energy metabolism [373],
defects in which are also implicated in AD [374]. While most studies to
date have focused on somatic mutations in neurons, it is notable that a
somatic mutation of the proto-oncogene BRAF introduced into micro-
glial progenitors led to microglial activation rather than tumorigenesis,
and produced a severe, late-onset neurodegenerative phenotype [375].
Mitochondrial (mt) DNA is a special case since it is highly variable both
between and within cells and influences AD risk [376]. Brain mtDNA
from elderly subjects (≥53 years) showed increased mutational burden
compared to younger subjects (≤31 years) and resulted in decreased
cytochrome oxidase activity, although a difference between elderly
subjects and AD patients could not be demonstrated, possibly due to the
use of bulk brain tissue [377]. Evidence supporting a role for mi-
tochondria in AD causality has been formalized in the mitochondrial
cascade hypothesis of LOAD [378]. Furthermore, an age-related in-
crease in mtDNA copy number was found in in single dopaminergic
neurons of the substantia nigra from PD patients that resulted in an
approximately 70% depletion of the wild-type mtDNA population
promoting dysregulation of mtDNA homeostasis [379]. This mutation
showed remarkable cell to cell variation, while providing a link
between mtDNA mutations and neurodegeneration.

8.2. Genetic modifiers, and the concept of resilience to AD.

While a significant proportion of AD is inheritable, there is a tre-
mendous variation in age-of-onset of symptoms, even in EOAD patients
with an established genetic basis (Fig. 2 [380]). At several points in this
Commentary it has been noted that a significant number of elderly
subjects, approximately 50% over 80 years of age exhibit brain amyloid
pathology but few, if any, clinical symptoms [27,28,29,20]. Individuals
who show resilience to cognitive decline are considered to have a
greater “cognitive reserve” [180,181] and have been termed “Super-
Agers” [182]. Why such individuals maintain superior cognition in the
presence of brain amyloid remains unknown, however, a critical ele-
ment in their resilience is likely to be their genetic background which
modifies expression of the behavioral phenotype with age being “a
critical factor when determining cognitive expectations, manifestations
of genetic risk, and cumulative exposures to biological wear-and-tear
throughout the life span” [381]. While cognitive resilience has been
argued as a neuropsychological rather than neuropathological phe-
nomenon [382], it is much more likely to be a manifestation of the
different genetic backgrounds. It is well recognized that the apolipo-
protein E genetic status impacts the age of onset of AD and the risk of
developing the disease, where apoE4/4 homozygotes have the highest
risk and earlier age of onset compared to the more common apoE3/3
homozygotes, while subjects carrying the apoE2 alleles have an ex-
ceptionally low Alzheimer’s dementia odds ratio [289,383]. A recent
case report [384] on an individual from the early onset/autosomal
dominant Paisa Colombian AD cohort, offers some further unique in-
sights into the association of lipoprotein genes with disease risk.

In this cohort, a rare gene mutation in presenlin-1 PSEN1 E280A
imparts a near 100% risk of developing EOAD. However, this individual
did not develop AD in the form of mild cognitive impairment until she
was in her 70 s, three decades after the expected age of clinical onset,
She had two copies of the APOE3 Christchurch (R136S) mutation,
‘unusually high’ brain amyloid levels as assessed by PET imaging (PiB
distribution volume ratio of 1.96 versus the 1.5 usually seen in Paisa
carriers with MCI), together with limited levels of tau and neurode-
generation. The APOE3 R136S mutation is in an area of the gene that
binds heparin sulfate proteoglycan which has been implicated in tau

spreading in AD [385]. While only an n value of 1, this case study
suggests an association between AD resistance and the APOE3 muta-
tion; given the high levels of brain amyloid, it also adds additional fuel
to the lack of any direct causality of amyloid.

Multiple genes are implicated in AD risk, so there are likely more
genetic modifiers, and, as noted by Kaczorowski and colleagues, [386]
“Identifying these ……, particularly those that promote resilience,
would provide key insight into disease mechanisms and nominate pu-
tative targets for therapeutic intervention”, providing a novel per-
spective on the disease. EOAD patients with all the pathological hall-
marks of AD but without actual symptoms represent an ideal population
to study genetic modifiers of the disease, but are a rare group making
such studies extremely challenging to conduct, and it is unclear if any
findings would translate to LOAD patients. The next best group to study
would be LOAD patients with amyloid plaques and NFTs who remain
cognitively normal, but again these are challenging to identify unless
they have a family history of AD as such subjects rarely appear at a
clinic complaining that their memory is too good. They are usually
identified by chance within the “cognitively normal control group” in
clinical studies of AD. Individuals over 80 who show AD pathology
without cognitive symptoms might be the easiest group to study but
differentiating genetic modifiers of normal aging from AD will be
challenging. Moreover, it is necessary to follow such subjects long-
itudinally to determine early events that suppress disease development,
and access to serial brain samples is not possible.

Fig. 2. Age of symptom onset in EOAD is widely variable despite common
gene mutations.Modified from Ryman et al., 2014 [380]. Individual values for
two of the genes affected by their autosomal dominant AD mutation are de-
picted, showing highly variable age of symptom onset, presumably regulated, at
least in part, by an individual’s genetic background and the concept of re-
siliency genes [229; 387]. APP=amyloid precursor protein; PS1=presenilin
1.
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To overcome these limitations in studying patients, and recognizing the
criticisms surrounding currently used mouse models of amyloid-related
neuropathology and cognitive decline (see Section 6.3), Kaczorowski’s team
developed a novel mouse model [386] that, while based on the multiple
amyloid-related mutations of the 5XFAD model, has a genetically diverse
background to reflect the disparities between human subjects, providing
specific strains that show a large degree of variability in their susceptibility
to disease. Taking advantage of the strains that demonstrate relative resi-
lience to age-related cognitive decline, and using contextual fear con-
ditioning as the measure for cognitive function, Neuner, Kaczorowski et al.,
[229,387] found that the pre-symptomatic upregulation of inflammation
genes in the microglia, astrocytes and myelinating oligodendrocytes, but not
neurons, and altered expression of genes related to extracellular matrix
organization, protein binding, blood vessel development and the circulatory
system, defined cognitive abilities at an advanced age suggesting that
“cognitive resilience results from fine-tuned balance between low
inflammation levels and high vascular and synaptic function early in life”
[229]. From these gene modules several key drivers or “hub genes” were
identified that modified the cognitive phenotype, including several genes
previously linked to AD including Apoe, (particularly the D-allele), and Itgb2
(integrin subunit beta 2), Slcba13 (SLC 6 13, a GABA transporter) and Fcgr2b
(low affinity immunoglobulin gamma Fc receptor 2b) as well as previously
unrecognized genes such as Gper1 (G-protein coupled estrogen receptor 1)
and Trpc3 (a member of the transient receptor potential channel family
regulating calcium permeability) that also reduces amyloid deposition
[386,387]. In addition, a genomic region on chromosome 2, synteneic to
9q34 on chromosome 9 in the human genome, contained several uni-
dentified variants linked to the expression of resilience networks [386].
Although the genetic modification of this expressed phenotype focuses on
interactions with the 5XFAD transgene, the concept is equally applicable to
other potential causative mechanisms. For example, progranulin (GRN)
haploinsufficiency leads to frontotemporal lobar degeneration, while the
genetic modification of progranulin expression to restore levels showed an
enrichment of genes related to the autophagy-lysosome pathway [388]. As a
consequence, consideration of genetic modifiers that promote resilience
seems a potentially fertile area for further exploration, and could reveal
important new information regarding AD causality and treatment. One
caveat is that if events occurring earlier in life define cognitive function at
old age, clinical trials could be prohibitive unless these same resilience
factors can be specifically targeted to suppress further development of AD
once the disease is manifest.

9. Moving towards more effective therapies for dementia

9.1. The cultural impact of the amyloid hypothesis on AD and dementia
research

Since being formally proposed in 1992, the amyloid hypothesis of AD
[17] has dominated dementia research, dictating research priorities, re-
search funding and career advancement [25,54,389]. Its ‘shackles of re-
ductionism’ [390] have led to the amyloid hypothesis being described as
“one of the most tragic stories …[in]…research” being estimated to have
delayed needed advances in the dementia field from “10–15 years” [54] to
30 years or more [75]. As already noted, this has occurred in the context
of: i) the repetitive clinical failures with therapeutics that can effectively
reduce brain amyloid by up to 90% but do not alter the trajectory of AD;
ii) a major body of evidence, already discussed, that amyloid accumulation
may not be causal to the disease but rather represents the remnants of an
endogenous host protective response that occurs as part of, or in response
to, the as yet unknown pathophysiological events that initiate AD and; iii)
the presence of amyloid plaques in the brains of a significant proportion of
the non-demented elderly population. As a result, given the many clinical
failures, the logic behind the priority funding of the amyloid hypothesis to
the exclusion of other, equally worthy putative mechanisms that have
been implicated in the etiology of AD – the antithesis of the scientific
method – remains unclear [390].

Unsurprisingly, key opinion leaders (KoLs) in the AD area have been
described, perhaps harshly (and perhaps not), as a ‘cabal’ [54,391].
Members of this group, not unlike KoLs in other research areas [392],
“believed so dogmatically in one theory of Alzheimer’s disease that they
systematically thwarted alternative approaches’ [54], acting as émi-
nences grises to inadvertently stifle progress and innovation with one AD
researcher noting in 2012 [393], that “if you were not working in the
amyloid field, you were not working on Alzheimer’s disease”. However,
unlike other areas in biomedical research where KoLs create, focus and
nurture the vision for their field of research and adjust it based on the
resultant data, especially that from clinical trials, the high visibility of
efforts to find therapeutics for AD with its endless and hyperbolic
coverage in the mainstream media, the total lack of progress in pro-
ducing effective therapeutics and endless promises based on sustained
hope that completely ignore the continued clinical failures [394] has
made amyloid KoLs appear as highly subjective rather than inspired or
responsible such that reductionism is routinely conflated with clar-
ification and precision with confusion in terms of AD definition, diag-
nosis and causality.

9.2. Resourcing AD/dementia drug discovery and development

Funding for AD drug discovery has historically had many sources in
addition to the NIH/NIA and the ethical biopharma industry [395].
These include academic medical centers, biotech startups/private
equity investment, advocacy groups (e.g., the Alzheimer Association)
and philanthropic enterprises (e.g., Alzheimer’s Drug Discovery Foun-
dation; ADDF; Dementia Discovery Fund; DDF), all of which are in a
position to provide resources, financial, organizational or both, to va-
lidate and advance concepts and compounds (often repurposed drugs)
in AD research. While Academic Medical Centers and philanthropy are
key in helping advance high-risk/high-reward projects that are too
risky or lack sufficient data to attract more traditional avenues of
funding, they still have constraints that are based on the degree of
success in a given therapeutic area. Both the biopharma industry and
biotech continue to reduce CNS drug discovery funding due to the risks
associated with this therapeutic area with a 50% decrease over the 5-
year period, 2009–2014 [396] due to a persistent lack of new drugs and
better opportunities in other therapeutic areas.

Neurodegeneration, specifically AD, has to date been an exception to
this trend given the unmet medical need and philanthropic interest
[397], the latter including the Part the Cloud Gates 2020 Partnership
(https://www.alz.org/partthecloud/overview.asp), a translational in-
itiative to “promote human studies to advance innovative ideas for early
phase human trials (Phase 1 or Phase 2) that address therapies (an ex-
perimental or repurposed drug and/or experimental or repurposed de-
vice) to address vascular pathology, mitochondrial/ bioenergetics,
clearance-related mechanisms (autophagy, lysosomal and lymphatic/
glymphatic systems) and inflammation”. However, with the failures in
amyloid-based approaches this interest is focused on innovative ap-
proaches to AD, not amyloid [391,398] with the DDF highlighting: i)
Inflammation, immunology and microglial function; ii) Membrane con-
tact site biology; iii) Mitochondrial dynamics, and; iv) Synaptic phy-
siology and structure (https://theddfund.com/investment-strategy/).
Key to these new initiatives being successfully assessed, validated and
pursued is what lessons can be learnt and applied from the amyloid
debacle and how a more structured, collegial and transparent framework
involving the multiple stakeholders involved can be used to expedite
dissemination of findings, prioritize and inform translational activities,
streamline clinical trial activities and remove constraints on innovation.

9.3. With subgroup analyses what is dead may never die….

9.3.1. Amyloid-based AD research
In order to effectively move AD research onto other targets and

concepts, federal funding for amyloid approaches requires increased
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scrutiny especially when grant recipients are so narrowly focused – and
rewarded for being so – that they are unable to objectively and con-
structively deal with data – even their own - that contradicts the
amyloid hypothesis, the most important of which are the failed clinical
trials (Table 3). The judicious prioritization of funding may belatedly
restore an objective focus on the role of new approaches, e.g., the im-
mune response and the other avenues highlighted in this Commentary,
providing the opportunity for amyloid acolytes to more broadly redirect
their efforts to understand AD and dementia rather than relying on the
distortions of the amyloid lens [399]. This is the approach adopted by
the ADDF where funds to study AD are available – but not to work on
the amyloid hypothesis.

9.3.2. Grant and peer review activities
Complimentary to reconsidering the funding priorities and alloca-

tions for research on the amyloid hypothesis is to ensure greater ob-
jectivity and transparency in the grant review and peer review pro-
cesses in the dementia area such that research concepts and actual data
are actually judged on their own merit rather than subjectively in the
context of amyloid. The infusion of funds to the NIA to study AD in the
2010 s has apparently placed a great strain on the grant review panels
at the NIA as “The pool of potential reviewers… is limited. So, for NIA-
organized review panels, the institute is also using Alzheimer's experts
in Canada and Europe” [251]. Many grant applicants view these ‘Alz-
heimer's experts’ as old school amyloid acolytes and would probably
argue that the limitations in the pool of reviewers might be addressed if
an objectively broader swathe of ‘Alzheimer's experts’ were included. A
similar situation occurs in journal peer review [54,253] where papers
have been routinely rejected from mainstream AD/dementia journals if
they do not fit into the amyloid box.

9.4. Avoiding mandatory amyloid-specific endpoints in preclinical research

When new approaches to AD/dementia drug discovery are addressed
preclinically, the validated research tools in the field are typically used as
gold standards. As a hypothetical example, a new approach based on
exploring the role of mitochondrial DNA in dementia would rely heavily
on in vitro models using isolated brain mitochondria, primary neural
cultures and cell lines as well as ex vivo animal models where the end-
points would be focused on readouts of mitochondrial energy function,
glucose production, oxidative stress and cell death/mitophagy
[400,401]. As mechanisms and compounds are hierarchically tested, at
some point these will be evaluated in putative animal models of AD both
natural and transgenic animals, the latter of which are, to a major, if not
exclusive, extent, models of amyloid overexpression [218]. As a con-
sequence, the evaluation of a novel mechanism or compound in vivo,
should not be dismissed as not being relevant to AD/dementia because it
does not attenuate amyloid expression since a mitochondrial-based ap-
proach is multifactorial with a high probability of being independent of
amyloid accumulation in the brain.

9.4.1. (–) - P7C3-S243
As an example, examination of the in vivo effects of the proneuro-

genic nicotinamide phosphoribosyltransferase (NAMPT) activator, (–) -
P7C3-S243, showed that it prevented hippocampal and cortical neu-
ronal loss without altering the AD markers, amyloid, phosphorylated
tau, and reactive gliosis in a TgF344AD rat model of AD. This suggested
that in this amyloid transgenic model, neuronal loss is independent of
amyloid pathology, markedly differentiating (–)-P7C3-S243 from other
putative AD therapeutics [402]. Without the substantial body of peer
reviewed evidence for the neuroprotective phenotype of the P7C3
compound class [403], the inability of (–)-P7C3-S243 to alter amyloid
deposition in the TgF344AD rat model may have led to this compound
being judged solely on its inability to decrease brain amyloid levels and
as a consequence being dismissed as having any potential utility in
treating AD. This does not however preclude the possibility that the

observed prevention of neuronal loss by (–)-P7C3-S243 will be relevant
to AD as opposed to other types of neurodegeneration/dementia.

10. Future directions

The present Commentary has focused in depth on the current status
of research and clinical development activities for AD therapeutics and
has identified the following reasons why research focused on the
amyloid hypothesis has been so contrary to the scientific method. These
include: the inconsistencies in the core amyloid hypothesis and the
failure to reassess its basic tenets in light of new preclinical findings; the
overstated optimism regarding the biomarkers that purportedly are able
to diagnose AD/dementia but have not been rigorously validated for
use as diagnostics; the failure of AD investigators, the amyloid cabal, to
use the emerging preclinical data and clinical trial outcomes that are at
odds with the hypothesis as a means to inform and update it; and the
repetitive clinical failures. These points are summarized in the checklist
in Table 3.

The history of AD from its appellation in the 20th century
[25,75,80] reflects a perceived political agenda focused on maximizing
research funding for AD to create a self-sustaining clinical empire [4].
This led to the prioritization of ‘cures’ that are no nearer to being
therapeutics in the third decade of the 21st century than they were
40 years ago. This has been done at the expense of providing support to
individuals with AD, their families and caregivers [404] via ‘social’ and
‘ecopsychosociological’ frameworks [4,394] which have become sec-
ondary considerations.

Furthermore, the unmet medical need and the growing population
of those affected with AD, has led to KoLs in AD in their enthusiasm to
take every opportunity to advance compounds and drug candidates into
and through the clinic [198,199], at times knowingly bypassing the
established norms of the research and development process by selecting
clinical compounds that were insufficiently characterized in terms of
their drug like properties [198] and then advancing compounds that
failed to meet their clinical endpoints to the next development phase
[199,200,405] in the hope that ‘chance’ would yield a positive result
[56,203].

This mindset of low hurdles to AD drug approval is reflected both in
the controversial resurrection of aducanumab (Section 1.1.) and the
approval of GV-971 “the first drug approved anywhere in the world for
Alzheimer’s disease since 2003”, albeit only in China and only con-
ditionally due to suspect efficacy because of a marked drop in the
control group endpoints at the end of the unusually short 36-week study
[205,208]. Since this seaweed-based therapeutic apparently lacks “any
obvious side effects”, one KoL has been quoted as saying [208] that “he
would not be surprised if the Food and Drug Administration made an
exception to its normal standards and approved the drug for the U.S.
market”, an expectation that typifies the rather low thresholds for entry
into clinical trials and their advancement that has plagued AD-related
clinical research for the past 40 years [25].

This viewpoint has also led to critiques of both the clinical futility
analyses [68] and the required large clinical trials for AD therapeutics
that yield binary outcomes, “success or failure…. [as]…. commercially
informative but …. not scientifically sensible” [91]. These points have
been less subjectively addressed in terms of ‘the “rights” of precision
drug development for Alzheimer’s disease’ [406] that are presented
together with commentary in Fig. 3.

Despite considerable, and constantly increasing evidence to the
contrary [25,26], the most recent of which was the failure of long term
treatment with solanezumab and gantenerumab in the DIAN-TU
(Dominantly Inherited Alzheimer’s Network-Trials Unit [407,408], a
patient cohort with a genetic predisposition to develop EOAD that was
being preemptively treated before symptoms emerged. In response to
this latest failure which was termed “really crushing” [409], amyloid
KoLs, in defiance of being “scientifically sensible” [91], remain con-
vinced that amyloid-based therapeutics have a bright future (Table 3;
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[68,91,137]) arguing that the “problems may be fixable: perhaps the
doses were too low, or they should have been given to patients much
younger” since “Amyloid and tau define the disease. Bingo”, and that
“To not attack amyloid doesn’t make sense” [409], a conclusion that in
redefining the meaning of ‘sense’ further reflects the evolving re-
classification of AD [5] to accommodate the hypothesis which may, as
already mentioned, shed new light on the incidence of the dementia
and its relative importance in the world of dementia.

Nonetheless, amyloid advocates may well be proven right from a
commercial perspective in terms of the potential approval of aduca-
numab, especially given the unexpected and controversial FDA ap-
proval of golodirsen, a therapeutic for the treatment of Duchenne
muscular dystrophy that was initially rejected because of questionably
meaningful efficacy and an unacceptable risk benefit ratio [410]. If this
occurs, companies may dust off their various ‘amyloid plaque busters’,
failed or otherwise, to the detriment of patient needs, trial funding and
the search to find effective therapeutics for dementia beyond AD, if
indeed AD per se remains the problem [5].

Meanwhile, as the AD ‘supertanker’ appears to be finally turning
onto a new course as more researchers, investors and philanthropists
have become dissatisfied with the lack of any meaningful progress in
the lives of AD/dementia patients based on the amyloid hypothesis,
alternative mechanisms that underlie AD/dementia are being prior-
itized.

The most obvious of these, as already noted, is tau, a well-estab-
lished secondary target that is a key part of the ATN Framework [8].
The challenges in moving this forward as a target will be to avoid re-
capitulating [411] the subjective religious overtones already ascribed to
amyloid [54,94] and the recreation/transitioning of the current cabal
[54]. A paramount need will be to avoid placing relevant data in a
position subservient to the governing quotidian hypothesis and funding
source. This will necessitate a better understanding of: the physiological
role(s) of tau; objectively understanding the diversity and mechanisms
of the multitude of post-transcriptional modifications, especially that
related to the 500 plus kinases present in the human kinome [412,413]
as well as the mechanistic and disease specificity of kinases, substrates
and phosphatases; the full spectrum of tauopathies, central and per-
ipheral [273]; the critical requirements for a validated biomarker(s) to
diagnose patients and to follow treatment outcomes; the need for ad-
herence to proven clinical trial design and execution standards that will
avoid the need for ‘squinting’ [408] - via trends and subgroup analyses -
to interpret trial outcomes that may not be reproduced in the general
population; and finally, an awareness that chronic treatment to prevent
a hypothetical preclinical/ prodromal/silent AD [93,409] will require a
safety profile in terms of a tau therapeutic that avoids enabling the
appearance of other life threatening diseases that the inherent com-
plexity of the tau interactome may predict [266] despite the green light
to date [269].

Beyond tau, the complexities of AD are matched by the diversity of
theories regarding causality and possible treatments for dementia, a sign
of a healthy research culture that in conjunction with a more agnostic
approach to mechanisms, models and endpoints may revolutionize de-
mentia research. Placing more emphasis on and increasing support for
these alternative approaches, several of which have been outlined in this
Commentary and elsewhere [13], and avoiding the myopia that has been
an integral part of the amyloid hypothesis (which, in the nautical spirit
has led to inevitable comparisons with the “Titanic….hitting the iceberg”
[414]) and has hindered progress for decades, should be an important
determinant for attempts to overcome this devastating and ever
morphing [5] multifactorial neurodegenerative disease.
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Note added in Proof

Deficiencies in the anti-aging Klotho gene in mice produce early
cognitive impairment of rapid onset without evidence for a neurode-
generative disease pathology, while overexpression of the gene is as-
sociated with enhanced learning and memory [428]. Human studies
also indicate that AD patients have reduced CSF Klotho (KL) protein
levels, whereas subjects with elevated plasma KL have higher cognitive
assessment scores, as measured by the Mini-Mental State Exam [428]. A
KL-VS polymorphism (actually a collection of six single nucleotide
polymorphisms) has been suggested to confer an additional cognitive
advantage across the life-span [429], although this observation is
controversial [428]. A recent clinical study [430] in cognitively normal
subjects and those with MCI or AD, found that KL-VS heterozygosity
reduced the risk for AD and conversion to MCI or AD in APOE4 carriers
indicating that KL-VS is another genetic modifier of the disease phe-
notype that negates the detrimental effects of APOE4.
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