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Abstract Alzheimer’s disease (AD) is one of the most

debilitating neurodegenerative diseases and is predicted to

affect 1 in 85 people by 2050. Despite much effort to

discover a therapeutic strategy to prevent progression or to

cure AD, to date no effective disease-modifying agent is

available that can prevent, halt, or reverse the cognitive and

functional decline of patients with AD. Several underlying

etiologies to this failure are proposed. First, accumulating

evidence from past trials suggests a preventive as opposed

to therapeutic paradigm, and the precise temporal and

mechanistic relationship of b-amyloid (Ab) and tau protein

should be elucidated to confirm this hypothesis. Second, we

are in urgent need of revised diagnostic criteria to support

future trials. Third, various technical and methodological

improvements are required, based on the lessons learned

from previous failed trials.

Key Points

For some time, the b-amyloid (Ab) theory of the

pathogenesis of Alzheimer’s disease (AD) has led

the development of therapeutic agents to combat the

disease. However, more recently, tau protein has

been recognized as a key component in AD

pathogenesis.

To ensure maximal protective or curative effects by

therapeutic agents, it is critical to determine the

precise temporal and mechanistic relationships

between Ab and tau. This will guide the choice of

therapeutic agent (either anti-Ab or anti-tau, alone or

in combination) and the best time to initiate

treatment.

The AD diagnostic criteria currently used should be

revised because they exclude prodromal or pre-

symptomatic individuals at high risk of developing

the disease, and do not include biomarkers, both of

which fit better with the preventive paradigm.

Errors in previous clinical trials of anti-Ab therapies

should be addressed and refined to guide future trials.

1 b-Amyloid and Tau Pathologies: Gap
and Interaction

Alzheimer’s disease (AD) is a neurodegenerative disorder

characterized by the accumulation of misfolded proteins,

both in synapses and in neurons, which ultimately result in

synaptic loss, neuronal death, and cerebral atrophy, leading

to impaired learning and memory with subsequent loss of
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higher cognitive functions. So far, the b-amyloid (Ab)

cascade has been the centerpiece of describing AD patho-

genesis and has become the basis for the development of

therapeutic agents to combat the disease. Indeed, plenty of

evidence indicates that Ab plaques and soluble Ab oligo-

mers directly confer toxicity to neurons and synapses,

where the plaques act as a reservoir for the more toxic

soluble Ab oligomers [1–6]. However, efforts to develop

therapeutic agents based on this premise, even when they

effectively reduce Ab load in the brain, have not demon-

strated success in terms of clinical improvement.

Thus, attention has been focused towards the emerging

role of tau protein as a consequence of downstream acti-

vation of Ab cascade. Growing evidence indicates that tau

protein, instead of Ab, is the key event in AD pathogenesis.

This observation is based on several factors. First, tau and

the formation of its neurofibrillary tangles (NFTs), together

with the number of synapses and neurons, have been shown

to predict cognitive status both in patients with AD and in

the murine model of the disease [7–11]. Second, tau

hyperphosphorylation is associated with memory deficits in

patients with AD, while Ab deposition only correlates with

functional network disruption as evaluated by magnetic

resonance imaging (MRI) and electroencephalogram

(EEG) [12]. Third, many clinical studies indicate that

cognitive decline in previously healthy older individuals

only occurs in the presence of phospho-tau and is not due

to Ab deposition, which is commonly found in the brains of

these individuals [13]. In fact, the high Ab load in older

individuals does not always cause cognitive impairment

[14]. In addition, the extent and perhaps the magnitude of

Ab deposition in patients with mild cognitive impairment

(MCI) and AD are estimated to be similar, pointing to an

alternative pathway of synapse loss and neuronal death

[15]. Fourth, the time gap between the onset of detectable

Ab accumulation and the diagnosis of cognitive impair-

ment and loss of hippocampal volume is relatively long

[16], indicating that soluble Ab oligomers may trigger tau

hyperphosphorylation, with the latter being the ultimate

key in initiating the devastating synapses and neuronal

death in AD pathogenesis. Lastly, other neurodegenerative

diseases (i.e., frontotemporal lobar degeneration with

parkinsonism linked to chromosome 17 [FTLD17], Pick’s

disease, and corticobasal degeneration) exert similar cog-

nitive impairments in the absence of Ab deposition but

possess AD-like tau deposits in their brains due to tau

mutation [17–20].

The precise mechanistic and temporal relationships

between Ab and tau protein have not been entirely elu-

cidated. However, some clues exist. The mechanism of

Ab inducing tau hyperphosphorylation can be due to

binding of Ab molecules to various receptors, inducing

inflammation. Various forms of Ab oligomers when

bound to several neuronal membrane receptors

(a7nAChR, NMDAr, AMPAr, EphB2, insulin receptors,

RAGE, PrR-r, LilrB2) can disturb intracellular signaling

and upregulate GSK3b, which subsequently hyperphos-

phorylates tau protein, impairs synapse plasticity, induces

neuronal excitation, and ultimately leads to cellular and

synaptic death (Fig. 1). The second mechanism is through

Ab-induced inflammation as marked by astrocytosis and

microgliosis, which accelerates tau pathology. In fact,

chronic oxidative stress and astrocytic mediated-Ab and

caspase activation is known to independently cause tau

hyperphosphorylation [21].

It is important to understand this core issue, because

future drug developments may target these missing points

that have not been addressed previously. For instance,

instead of finding a way to inhibit the production of

soluble Ab oligomers or aggressively clearing Ab pla-

ques, therapy could be directed to inhibiting these

receptors. In fact, this approach has been applied and

resulted in the discovery of the US FDA-approved AD

drug, memantine (an NMDAr antagonist) [22]. In addi-

tion, a combined therapy that targets both Ab and tau

protein might be applied if we could localize the safest

and most effective receptors in the interplay of these two

proteins. Indeed, several compounds have been developed

to inhibit GSK-3 activity, such as tideglusib and

AZD1080. However, the former completed a phase II

study without demonstrating significant clinical improve-

ments in subjects with AD, whereas AZD1080 has com-

pleted a phase I trial with a confirmed target engagement

and good safety and tolerability profiles [23].

The second factor that matters is the temporal relation-

ship between Ab and tau proteins. It is believed that if we

inhibit Ab to a certain extent before it is sufficient enough

to initiate tau hyperphosphorylation, then the subsequent

irreversible damage can be prevented. Therefore, the

timeframe of tau initiation by Ab also plays an important

cFig. 1 The critical and relevant pathogenesis of Alzheimer’s disease

derived from the amyloid-beta cascade hypothesis. Soluble Ab40 and

Ab42 monomers will coalesce to form the toxic amyloid-beta

oligomers that are able to interact with metal ions to form insoluble

plaques, which act as a ‘loose’ reservoir to constantly release

amyloid-beta oligomers. The latter compound is proven to be toxic to

the synapses by aberrantly increasing long-term potentiation and

decreasing long-term depression simultaneously, thus causing mem-

ory impairment. Furthermore, to a certain extent, amyloid-beta

oligomers can also activate tau hyperphosphorylation, which in turn

causes tau to disintegrate from the microtubules and therefore impairs

axonal transport and subsequent synaptic failures. Tau hyperphos-

phorylation, deposition, and accumulation in the neuron in the form of

neurofibrillary tangles is the critical hallmark of clinical dementia in

Alzheimer’s disease patients. Ab amyloid-beta, AMPA-R a-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid receptor, LTD long-term

depression, LTP long-term potentiation, NFT neurofibrillary tangles,

NMDA-R N-Methyl-D-aspartate receptor
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part in deciding the best time to treat patients. It helps us in

plotting the ‘golden period’ of treatment, where an initia-

tion of therapeutic agents will confer maximal protective or

even curative measures to the patient. A proposed refined

Ab cascade hypothesis by Karran et al. [24] can be con-

sidered excellent guidance in addressing this timeframe

issue. In the corresponding hypothesis, the role of Ab can

be divided into three mutually exclusive conditions, i.e.,

Ab as a trigger, threshold, or driver of the subsequent tau

pathology (Fig. 2). The Ab trigger scenario implies that

once Ab deposits reach a certain amount, a self-sustained,

irreversible activation and acceleration of pathologic tau

protein would occur. At this point, any efforts to reduce Ab
load would be of no value. The threshold scenario is dif-

ferent from the former in that tau activation is still rever-

sible as long as the Ab aggregate stress could be reduced to

certain levels. Finally, the driver scenario presumes that Ab
deposition and tau activation is reversible regardless of its

levels, and any therapeutic measure given at various

timeframes would exert molecular and biochemical

improvements in a dose-dependent manner.

It is critical that the most likely Ab–tau timeframe

scenario be confirmed, since it will influence the selection

criteria of patients with AD included in drug trials. One of

the major problems behind the failure of most AD

therapeutic trials is the selection of subjects who have

already developed cognitive impairments (i.e. MCI, mild-

to-moderate AD). This is considered too late, because once

clinical symptoms are noticed, a linear degree of synapse

and neuron destruction is already in place. In fact, the

extent of Ab plaques and NFT deposition correlates with

the degree of cognitive impairment in a relatively dose-

and anatomical-dependent manner [25]. When these pla-

ques are reduced, no cognitive and functional improve-

ments are seen, and the progression of the disease is

ongoing. These findings apparently deny the Ab driver

scenario, thus emphasizing the importance of a preventive

rather than a curative approach in managing AD.

Accumulating evidence thus favors the existence of

either the Ab trigger or threshold scenario. In fact, minute

concentrations (sub-nanomolar range) of Ab oligomers are

proven to be able to induce neuritic cytoskeleton collapse

[26], further supporting these scenarios. Interestingly, Ab
exerts its harmful effect via a tau-dependent mechanism.

Furthermore, Ab can induce tau hyperphosphorylation in

the absence of plaques, and the administration of Ab can

reverse the cytoskeletal alteration and neuritic degeneration

[26], suggesting that the trigger scenario might be true.

However, with respect to the recent conducted research, no

data yet exist that can confirm the independence and self-
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Fig. 2 Schematic diagram of a relationship between the extent of Ab
deposition and the progression of Alzheimer’s disease. Ab deposits in

the brain begin to accumulate as early as the prodromal or

asymptomatic state where aggressive efforts to inhibit or clear Ab
may potentially prevent tau activation, thereby halting the disease

before it becomes clinically manifested (Ab trigger scenario). If no

adequate therapeutic interference is given, there is still a critical

period where an intervention to reduce Ab might be of benefit to

inhibit Ab-dependent tau acceleration, despite that there may have

been subtle cognitive decline as a consequence of neuronal and

synaptic loss due to the role of toxic soluble Ab oligomers (Ab
threshold scenario). Later, when the ‘golden period’ of administering

an appropriate anti-Ab agent has ended, tau phosphorylation and

aggregation begin to accelerate significantly, becoming self-sustain-

ing and independent of Ab production and reduction rate or loads,

which is simultaneously followed by marked cognitive and functional

status decline. When the last event occurs, the natural history of the

disease has reached the ‘point of no return’ where an administration

of anti-Ab agent could only, if anything, reduce clinical and

biomarker parameters in a dose-dependent manner, without any

chance to revert the disease severity (Ab driver scenario). Ab
amyloid-beta, AD Alzheimer’s disease, MCI mild cognitive

impairment
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autonomy of tau hyperphosphorylation and propagation in

the absence of Ab once it is activated. One way to confirm

this would be to conduct an animal study with a model that

completely eliminates the Ab (its levels and clearance

activity can be measured with a metabolic labeling method

[27]) once it activates tau protein, and see if the cytoar-

chitectural destruction continues.

Translating this into the design of future clinical trials,

the most ideal candidates would be subjects who are at risk

of suffering AD, particularly the known inherited autoso-

mal-dominant amyloid precursor protein (APP), presenilin

(PSEN)-1, and PSEN2 mutations but should have no trace

of Ab deposits when scanned using Pittsburgh compound B

(PIB)-positron emission tomography (PET) imaging. Sub-

sequently, these subjects should be monitored rigorously

over a long-term cohort study in terms of clinical (cogni-

tive and functional performances) and biological (plasma

and cerebrospinal fluid [CSF] Ab and tau levels and

deposits, brain volume imaging) parameters.

2 Alzheimer’s Disease Diagnosis: A Proposal
for Revision

The existing AD diagnostic criteria that have been used for

more than 30 years emphasize the presence of cognitive

impairments in order to make a probable diagnosis, and

postmortem analysis is required for creating a definitive

diagnosis. Given the evolution and current knowledge

gained from AD pathogenesis and treatment, the criteria

are considered somewhat irrelevant and might potentially

hamper the progress of therapeutic research.

Several reasons exist for this issue. First, the current

approach of targeting already symptomatic patients has

failed to show cognitive improvements in many trials,

indicating that once the disease manifests clinically, there

may be no way to reverse it. Second, there is a long time

gap between the onset of detectable Ab accumulation and

the diagnosis of cognitive impairment. Thus, therapy

should be initiated early during this ‘latent’ pre-symp-

tomatic period, instead of waiting until the clinical mani-

festation is apparent. Third, significant advancements have

been made in the diagnostic field where Ab deposition and

tau hyperphosphorylation in the pre-symptomatic period

can be detected using biofluid biomarkers and diagnostic

modalities such as PET scan and functional MRI (fMRI)

with high sensitivity and specificity. To maintain the scope

of discussion, we only explore the third factor in this

review.

Two main types of biomarkers are currently being

developed in AD, i.e., fluid and imaging biomarkers. Fluid

biomarkers are derived from the CSF by lumbar puncture,

whereas imaging biomarkers involve the injection of a

radioactive tracer and subsequent brain scan by PET, or the

use of fMRI without radioactive tracer. Three proteins

considered to be the ‘gold standard’ of CSF biomarkers are

Ab42, total tau (t-tau), and phosphorylated tau (p-tau).

Generally, the presence of low Ab42 levels and elevated

t-tau and p-tau levels predict the progression of AD in a

highly sensitive and specific fashion.

CSF Ab42 is the core biomarker, where it usually

decreases (by 50 %) in the presence of AD [28]. On the

other hand, the levels of CSF t-tau and p-tau usually

increase by up to 300 % in the same population. One of the

potential explanations for the reduced levels of CSF Ab42

is the incorporation of this soluble amyloid into plaques

that tend to be ‘sticky’ in the brain [29]. Furthermore, these

three biomarkers, when used in conjunction, can yield a

higher diagnostic accuracy. One study found that the

simultaneous, rather than individual, use of Ab42 and t-tau

can increase sensitivity to 86 % (vs. 78–84 % when used

alone) and specificity to 97 % (vs. 84–90 % when used

alone) [28]. Interestingly, p-tau is known to be more

specific than Ab42, because p-tau levels do not increase in

brain inflammation other than AD (e.g. Creutzfeldt–Jakob

disease, traumatic brain injury, or stroke) [28, 30]. More-

over, the p-tau elevations in pure tauopathy such as FTLD

typically do not exceed those found in patients with AD,

thus keeping this biomarker specific and reliable in pre-

dicting and distinguishing AD among other neurological

diseases [31].

However, given the importance of disease prevention in

asymptomatic individuals at high risk of developing AD,

rather than simply establishing the diagnosis (which is

considered too late for treatment), the use of biomarkers in

the future will be of greatest value if they can detect the

likelihood of someone getting dementia far before it hap-

pens, instead of confirming a diagnosis in the presence of

overt clinical declines. The studies are ongoing, but several

findings have confirmed this notion. For example, Ab42

levels were used to predict future memory impairments in

57 healthy individuals 3 years before symptoms appeared

[32]. Again, low levels of Ab42 were associated with a

greater likelihood of the disease. In this study, the com-

bined use of Ab42 and p-tau yielded a diagnostic sensitivity

and specificity of 71.4 and 75.7 %, respectively. Similar

findings are also found in other studies with longer dura-

tions of follow-up (8 years), indicating the consistency of

the results [33, 34]. In addition, newer studies have used

the tau/Ab42 ratio in conjunction with Ab42 and p-tau

levels to increase the diagnostic yield, in which the higher

the ratio, the greater the likelihood of someone experi-

encing cognitive decline [35, 36].

Besides fluid biomarkers, the development of imaging

biomarkers for predicting AD is also promising. For

instance, three amyloid tracers have currently been
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approved by the US FDA, i.e., florbetapir (Amyvid),

flutemetamol (Vizamyl), and florbetaben (Neuraceq) [29].

PET scan with florbetapir, when compared with post-

mortem examinations, can yield a sensitivity and speci-

ficity of 96 and 100 %, respectively [37]. Interestingly, it

also differentiates AD and FTLD with good accuracy,

although to a lesser extent than in healthy subjects [38]. On

the other hand, flutemetamol-based PET imaging is able to

distinguish AD from older healthy controls with a sensi-

tivity and specificity of 97.2 and 85.3 %, respectively [39].

PET scan is considered superior relative to fluid

biomarkers because it can locate regional areas in the brain

affected by the plaques. This is critical, since plaque for-

mation follows a predictable pattern, thus different regions

affected will exert different cognitive impairments [25].

Locating these affected regions may help specify the cog-

nitive criteria used for detecting subtle cognitive changes,

thus enhancing the performance of early detection.

The combination of fluid and imaging biomarkers can

further strengthen the diagnostic performance over either

method used alone. Several studies have confirmed their

strong correlation [40, 41]. However, one head-to-head

study has shown a better specificity of florbetapir-based

PET scan compared with CSF Ab42 [42].

In response to these diagnostic advances, two sets of

novel AD diagnostic criteria have been proposed by the

International Work Group (IWG) [43] and the National

Institute on Aging and the Alzheimer’s Association (NIA-

AA) working group [44]. Both have included the bio-

marker aids in the list, but only the criteria proposed by

IWG require the presence of biomarker abnormalities to

diagnose AD. In addition, despite both sets accepting MCI

as part of the AD spectrum, only the NIA-AA criteria

permit the diagnosis of AD in the absence of cognitive

symptoms, and they also permit subjective impairment in

memory and non-memory domains as part of the cognitive

impairment in MCI individuals. Regardless of these dif-

ferences, the addition of MCI, high-risk categories, and the

use of biomarkers in the diagnostic sets will certainly

increase the performance of early detection and prevention,

and exert a positive impact on finding disease-modifying

agents.

3 Critical Reviews on Current Drug Trials

To date, potential candidates for disease-modifying agents

have been based on three key premises, i.e. inhibition of

Ab formation, prevention of Ab aggregation, and increase

in Ab plaque clearance. To maintain the focus of this

article, we limit the discussion to four types of therapeutic

candidates, each with several prominent compounds

described.

3.1 Beta-Secretase (BACE)-1 Inhibitors

The rationale for the development of beta-secretase

(BACE)-1 inhibitors is valid and based on the amy-

loidocentric concept. However, most of these drugs have

had disappointing results in clinical trials. Several factors

should be taken into account. In terms of technical issues,

the active site of the enzyme is large and complex, and

various important physiological BACE-1 substrates exist

(i.e. more than 100), which increases the likelihood of

physiological disruption of other cellular machinery [45,

46]. Second, the agents were not used for long-term

administration because of rapid metabolism and clearance

in mice. This is true for LY2811376, the first oral non-

peptidic BACE-1 inhibitor that entered human trials.

Although the in vitro study demonstrated a tenfold

binding selectivity of this agent toward BACE-1 over

BACE-2, and over 50-fold specificity to bind BACE-1

over cathepsin D, pepsin, or renin [47, 48], testing of the

drug was still aborted before phase II trials because of

significant adverse effects in the form of enlargement of

retinal epithelial cells and retinal photoreceptors and

neuronal degeneration in LY2811376-treated rats [47].

The toxicity is thought to be due to the disruption of type

3 neuregulin-1, a known substrate that, besides APP, is

responsible for the myelination process, as a result of a

lack in or absence of BACE-1 [49, 50]. Similarly, a phase

II trial of LY2886721 (NCT01561430) was suspended

when four patients experienced abnormal liver function

markers, suggesting a possible liver toxicity. The com-

pany suspected this adverse effect was off-target, unre-

lated to the BACE-1 inhibition. Nevertheless, another

hypothesis proposed that the compound actually inhibited

another BACE-1 substrate, b-galactoside a-2,6-sialyl-

transferase I (STGal6 I), thus contributing to the hepato-

toxicity found in several subjects [51].

During pre-clinical studies, these drugs have a clear

target engagement, high penetrance of the blood–brain

barrier, and one (LY2811376) was shown to be very

selective [47, 48]. However, the problem lies in organ

toxicity resulting from inhibition of physiological pro-

cesses. Moreover, administration in rats was not long-term

due to its high metabolic clearance. This skipped step is

important in differentiating whether the compound works

more in a therapeutic or preventive manner, suggesting a

gap in our understanding of its mechanism of action. Both

of these issues should have been addressed before the

compounds entered into human trials, since the failure

might have been identified when these compounds were

tested in higher complex mammals such as translational

rhesus monkey models, which exhibit a relatively lower

rate of clearance and drug metabolism than transgenic

mice.
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Second, from a diagnostic viewpoint, the biomarker

used to evaluate disease progression is deemed insufficient.

Although BACE-1 inhibitors work mainly to reduce the

production of soluble Ab (and thus decrease the production

of CSFAb42), it is possible that disease progression can be

suppressed molecularly (i.e. reduced levels of synaptic and

neuronal damage). Therefore, other biomarkers that better

reflect the synaptic damage, such as t-tau and p-tau, should

be measured at trial baseline and midpoint. These

biomarkers, if included, are also beneficial in testing the

Ab hypothesis scenario of whether or not optimally

inhibiting soluble Ab can reverse disease progression (Ab
trigger, threshold, and driver), since BACE-1 activity was

significantly reduced to 50–75 % by LY2886721 on day 14

[52], and the patients included in the trial were in the early

stages of the disease spectrum (MCI and mild AD).

Third, from a philosophical viewpoint, the drug, despite

its toxicity issues, might be potent if used early in the

disease stage, i.e. when given to pre-symptomatic but high-

risk individuals, and given in combination therapy with

tau-targeted drugs. These notions, although unlikely for

already discontinued drugs, may fuel the discovery of other

compounds within the same class. Indeed, one promising

BACE-1 inhibitor is currently undergoing phase III trials:

MK-8931 (NCT01739348). MK-8931 has a good target

engagement, clear pharmacokinetics and pharmacody-

namics, and is currently undergoing two phase III trials

(EPOCH and APECS trial) consisting of up to 1960 and

1500 patients, respectively [53, 54]. The APECS trial is

considered to be more preventive because the patients

recruited have mild MCI with positive Ab deposits as

confirmed by PET scan and CSF biomarkers (tau:Ab42

ratio), as opposed to patients in the EPOCH trial, who have

mild-to-moderate AD. However, neither trial should be

anticipated with great optimism, since tau hyperphospho-

rylation might already have occurred, irreversibly damag-

ing neurons and synapses, and thus, ensuring progression

of the disease, assuming there is no point to the inhibition

of Ab once tau has been activated.

3.2 c-Secretase Inhibitors

To date, two prominent c-secretase inhibitors (GSI) have

been tested in human trials. Semagacestat (LY450139) is a

potent GSI that acts as a noncompetitive inhibitor of the

substrate. An in vitro study and two subsequent animal

studies have confirmed the target engagement, mechanism

of action, and pharmacokinetics of the agent [55–57].

However, based on preclinical data, the pharmacology of

semagacestat is somewhat intricate, demonstrating initial

lower plasma Ab concentrations with high doses, but

gradually increasing as the compound concentrations

diminished (so-called plasma Ab rebound phenomena) [58,

59]. This was thought to be due to a shift in the production

of beta-C-terminal fragment (b-CTF), an intermediate

byproduct of APP cleavage by BACE-1, as a consequence

of c-secretase inhibition [60]. It was further complicated by

the fact that semagacestat also inhibits Notch signaling

with a very thin margin as compared with c-secretase

inhibition, suggesting non-selective inhibition, despite its

higher selectivity versus tarenflurbil [10, 61]. Notch sig-

naling is essential in cell fate determination, and disruption

of this process can cause tumor stem cell instability, acting

as an oncogene, and promoting angiogenesis, and therefore

may increase the risk of cancer [62–64]. These two prob-

lems should have been sufficient to suspend semagacestat

prior to advancing into human trials. In reality, when

continued until phase II trial, the drug’s predictable side

effects related to Notch inhibition were observed (e.g. skin

rashes, hair color change, gastrointestinal [GI] complaints).

In fact, the phase III trial was terminated prematurely due

to the significant adverse effects related to Notch

inhibition.

Semagacestat development and testing was not thorough

and systematic. In terms of pharmacokinetics, the plasma-

rebound phenomena should have raised suspicion of a

cleavage shift, and the byproduct effects on neurotoxicity

should have been assessed carefully. In terms of its safety

profile, semagacestat obviously inhibits Notch signaling

and this has been shown in the phase II trial [65]. These

adverse effects should have been addressed in a phase I

study [65]. It seems that the phase I study lacked even the

minimum criteria, wherein the compound was tested on

healthy subjects (as opposed to patients with AD) on a

single visit basis, involving observation for up to 12 h but

no further follow-up. Therefore, target engagement,

mechanism of action, pharmacokinetics, and safety profiles

cannot be assessed. In addition, although an in vitro study

raised concerns regarding Notch inhibition, this too was not

addressed in the subsequent patient follow-up at phase I.

Therefore, this phase I study seems to be a mere ‘formality’

rather than a prerequisite to gather qualified evidence.

The situation for avagacestat (BMS-708163) is similar.

Despite claims that the drug is 193-fold more selective to

APP than Notch [66], it also led to a higher discontinuation

rate over placebo during the phase II trial, primarily due to

skin and GI complaints. However, its development was

more robust because its safety profile was tested in several

preclinical studies and re-assessed more carefully in mul-

tiple phase I studies by administering multiple different

doses to patients with AD, the right population with the

right objectives [67–70]. After good therapeutic response

with minimal adverse effects was observed, the drug was

escalated to a phase II trial; again, with primary endpoints

regarding the safety and tolerability of the compound [66].

Although the compound was eventually deemed to have
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failed, the phase II study is highly informative. For

example, the drug only modestly reduced Ab42 and ele-

vated shorter forms of Ab levels (Ab14, Ab15, Ab16) due to

a cleavage shift to C99 fragment by the a-secretase path-

way [66, 71]. The associated cognitive decline among the

subjects in the absence of brain atrophy (as measured by

MRI), might be due to the accumulation of these shorter

forms of Ab, as they are also proven to be neurotoxic [72].

In addition, levels of t-tau and p-tau were reduced by 10

and 20 %, respectively. These reductions imply that ava-

gacestat inhibition of Ab can influence tau production as its

downstream product, therefore confirming the Ab–tau

cascade hypothesis. If the results had been accompanied by

cognitive improvement, we would have had robust evi-

dence that pursuing amyloidocentric treatment is still

worthwhile in attempts to modify the course of AD.

3.3 c-Secretase Modulators

The concept of GSM was initially inferred when epi-

demiological studies indicated that the use of nonsteroidal

anti-inflammatory drugs (NSAIDs) could become a pro-

tective factor for AD. Indeed, several NSAIDs, including

sulindac, indomethacin, and ibuprofen, were proven to

reduce Ab42 production and shift toward shorter Ab forms

with a mechanism independent of cyclooxygenase (COX)

inhibition [73–75]. This finding opened the door to a new

therapeutic concept in which, instead of attempting to

inhibit c-secretase activity, the compound shifts the

cleavage site of the corresponding enzyme N-terminally by

one helical turn (3.6 amino acids) [76]. Thus, the com-

pound does not interfere with other substrates like Notch

and does not increase plasma Ab40 concentrations. The first

such compound ever tested in human trials was R-flur-

biprofen (which was renamed ‘tarenflurbil’), a less potent

COX inhibitor with the propensity to shift c-secretase

cleavage site, resulting in the production of shorter forms

of Ab. In vivo preclinical data demonstrated positive

results toward reductions of brain Ab40 with administration

of 32 mg/kg/day for 9 days [77]. Similar findings were also

seen with administration of 10 and 25 mg/kg/day; whereas

one study did not show any reductions in brain Ab40 and

Ab42 levels after flurbiprofen had been administered [78,

79].

Although less robust, these preclinical findings were

translated into a phase I trial testing multiple dose regimens

administered to 48 healthy elderly subjects for 21 days

[80]. Although the drug was well tolerated, it did not

reduce either plasma or CSF Ab42 concentrations. A sub-

sequent phase II study found a lower rate of decline in

activities of daily living (ADL) in patients with mild AD

when compared with placebo, whereas no significant

effects were observed on the Alzheimer’s Disease

Assessment Scale cognitive subscale (ADAS-cog) or the

Clinical Dementia Rating scale Sum of Boxes (CDR-SB)

in any group [81]. In addition, no information was provided

regarding biomarker changes. Ultimately, an 18-month

phase III trial was conducted, involving 1684 patients with

mild AD receiving either tarenflurbil 800 mg twice a day or

placebo [82]. No marked improvements were observed in

cognitive or functional performance in the treatment group

compared with placebo. The tarenflurbil group exhibited an

increased incidence of dizziness, anemia, and infections.

In the case of tarenflurbil, the compound’s target

engagement and mechanism of action were not clearly

elucidated. The hypothesis was weakly supported and

tended to overlap with the concept of anti-inflammation.

The corresponding pharmacodynamic profile of the agent

was not thoroughly assessed, and there were no indications

that the drug would reduce brain Ab at therapeutic dosages.

Again, the phase II study was not equipped with biomarker

information, which is essential because such a short trial

will not affect cognitive change (if any) as rapidly as a

change in biomarker levels. Moreover, the compound was

not able to reach the CSF in an adequate concentration, i.e.,

theoretically sufficient to exert pharmacological effects.

The drug should not have been escalated into clinical trials,

whereby results were once again disappointing.

3.4 Immunotherapy

The concept of AD immunotherapy originated from the

minimal Ab plaque formation as well as minimal cyto- and

synapse-architectural damage, observed after introducing a

Ab42 vaccine in APP transgenic mice, both before and after

the onset of AD [83]. The immunization also induced

better cognitive preservation and prevented learning and

memory deficits when compared with older non-immu-

nized transgenic mice [84]. Interestingly, cognitive

impairment was reversed without apparent reduction of the

total brain Ab levels [85], suggesting that inhibition of Ab
in the presence of positive plaque is still effective in

modifying the disease course, thereby supporting either Ab
threshold or driver scenarios.

To date, several compounds have successfully entered

clinical trials. The first active second-generation

immunotherapy is AN1792, which consists of Ab42 peptide

as the immunogen, along with QS21, a potent adjuvant that

induced strong T-helper (Th)-1 responses. This was

administered to patients with mild to moderate AD in a

phase I trial [86, 87]. After being deemed safe and tolerable

in phase I, it was tested in a phase II trial to determine the

safety, tolerability, and pilot efficacy of the compound;

however, development was halted due to a significantly

higher incidence of meningoencephalitis in the treatment

group [88]. The addition of polysorbate 80 during the final
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period of the phase I trial was thought to be the underlying

trigger for the inflammatory process, since the agent caused

a shift from Th-2 to the pro-inflammatory Th-1 activation

[89].

Subjects who were vaccinated with AN1792, including

those who were later diagnosed with Lewy body dementia,

demonstrated decreased, or even a lack of, parenchymal Ab
plaque mainly in the cerebral cortex, both frontal and tem-

poral [90–93]. Mechanistically, Ab clearance was predom-

inantly due to phagocytosis by microglia and macrophages,

suggesting cellular, rather than humoral immune responses

[90–92]. This was not the anticipated result, because the

objective of the vaccine was supposed to be the activation of

the opposite mechanism, thus generating a specific and long-

term clearance and neuroprotection. If humoral response is

prioritized, then attempts to minimize Th-1 activation should

be sought. This can be done, for example, by replacing Ab42

self-antigen, an antigen that is used in AN1792 development,

with a foreign synthetic epitope such as pan human leukocyte

antigen DR-binding peptide (PADRE), while keeping Ab42-

derived B epitope intact [94, 95]. In addition, total soluble

Ab was increased in gray and white matter [96], suggesting

that the toxic Ab oligomers were trapped in the cortex. This

implies that the vaccination approach is not suitable for

treating late AD cases wherein Ab plaque already exists in

abundance [96]. Alternatively, future vaccines must also

assist in clearance and this should be confirmed in terms of

target engagement and a proof-of-concept mechanism of

action before it progresses to human trials. Another issue is

the unaltered densities of NFTs, neuropil threads, and cere-

bral amyloid angiopathy in the cortical areas [90–92, 97],

implying that the vaccine did not promote specific clearance

of plaques other than Ab. However, t-tau and p-tau levels

should be measured if we are to address the direct impact of

Ab inhibition on the new onset of tau hyperphosphorylation.

Overall, clinically, the treatment group demonstrated

small but significant improvements in cognitive decline

and a relatively slower rate of disease progression [86, 98].

Interestingly, almost 5 years after the vaccination period,

responders still had low but detectable AN1792 antibodies

and were proven to have significantly reduced functional

decline when compared with placebo, along with a similar

rate of brain loss within the two groups [99]. AN1792,

along with the concept of active vaccination, is actually an

excellent therapeutic candidate when compared with the

previous drug approaches discussed, whereby it is the only

agent to date that has markedly reduced Ab plaques.

However, the main problem is the strong induction of

cellular-mediated immunity and that the vaccine was

administered in the ‘late’ AD cases.

With regards to minimizing side effects, efforts to boost

the immune system and plaque clearance should be better

assayed pre-clinically. Any compound that is intended to

boost the immune response should be rationally designed,

have clear target engagement, and be properly screened,

thus decreasing the possibility of excessive trigger of the

immune system. Furthermore, the combined vaccine

should also be first tested in canine models to better rep-

resent the human APP sequence and cleavage processing

[100, 101]. Furthermore, the vaccine should be appropri-

ately given to the right population, i.e. pre-symptomatic

people at high risk of developing AD in the future. In that

way, it acts in a preventive pre-exposure prophylaxis

paradigm, which is the essence of an active vaccination

strategy.

In response to AN1792 studies, three active immuniza-

tions that aim to elicit strong humoral immune responses

while avoiding excessive Th activation have been devel-

oped. CAD106, a combination of Ab1-6 derived from

N-terminal and Qb virus-like particles have passed a phase

IIa trial with sustained antibody titers and good safety

profiles, although paradoxically it showed increased total

plasma Ab concentration with no difference in t-tau and

p-tau from baseline levels [102]. The other agent, ACC-

001 (vanutide cridificar) also has passed phase I study with

good antibody response and safety profiles, without any

meaningful serious adverse effects due to Th1 activation,

despite using QS21 [103]. The agent is being further

evaluated in a phase II study (ACCTION), incorporating

PET scan, brain volumetric MRI, and CSF biomarkers as

diagnostic and monitoring adjuvants. In addition, affitope

(AD-02) has also progressed to phase II trial after the

previous phase I study confirmed its safety profile. How-

ever, given that all these trials involve patients with mild

AD (instead of the pre-symptomatic high-risk AD),

promising results, other than more lessons to learn, might

not be anticipated.

Passive immunotherapy was developed as an alternative

approach because of the strong immune response elicited

by active immunization, and the difficulty of finding the

most appropriate Ab epitope to target with maximum

clearance. Bapineuzumab is a humanized 3D6, a highly

specific mouse monoclonal antibody (mAb) (im-

munoglobulin [Ig]-G2b) targeting Ab amino acid residues

1–5 [104]. A preclinical study demonstrated that the

administration of bapineuzumab into APP transgenic mice

for 6 months could reduce Ab plaques by 86 % [105]. The

proposed mechanism of action is likely due to Fc-mediated

microglial phagocytosis [104], although it was later sug-

gested that bapineuzumab tends to prevent the aggregation,

and thus deposition of, Ab, rather than modifying the

existing plaques [106]. Furthermore, although a murine

study revealed that 3D6 induced overt microhemorrhage,

the compound was escalated to phase I trial, in which three

subjects who had been given the highest dose of the

compound (5 mg/kg) developed vasogenic edema (ARIA-
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E), and one of them suffered from microhemorrhage

(ARIA-M) [107]. In this phase I study, brain Ab levels as

represented in the CSF were not measured, instead plasma

Ab levels were used as the parameter of increased clear-

ance. Plasma Ab can also be produced by other organs,

which may lead to an erroneous interpretation.

In conclusion, the side effects seen in an animal study,

which may occur in a dose-dependent manner, should have

been investigated seriously. However, bapineuzumab was

advanced into human trials where there was also no proof-

of-concept regarding mechanism of action of whether it

could clear existing Ab plaques. Given the less equipped

information gathered from the phase I study, it was no

surprise when the phase II and III trials failed to demon-

strate any cognitive improvements in the treatment group,

although the levels of p-tau were found to decrease [108,

109]. The decrease in p-tau suggested that by targeting the

new Ab formation or the less likely enhancement of its

clearance, one can expect to see the decrease of p-tau as the

downstream cascade in the amyloidocentric hypothesis,

even in the presence of overt cognitive impairments.

However, the decrease in p-tau does not mean that cogni-

tive functions are also improved. In other words, even

when we are able to reduce the levels and activities of

hyperphosphorylated tau as the prime culprit of cognitive

decline, a certain threshold of Ab deposition exists from

which, once reached, there is no return.

Solanezumab, another passive immunotherapy, is a

humanized IgG1 mAb derived from m266. It is recognized for

its ability to bind soluble Ab but not the already established

plaques [110–112]. Solanezumab demonstrated a clear target

engagement and mechanism of action pre-clinically by

binding to Ab 16–24 epitope and capturing peripheral Ab. It

was also deemed safe in the animal study with no apparent

induction of microhemorrhage. Indeed, a phase I study con-

firmed its safety profile with no evidence of microhemorrhage

and its associated vasogenic edema. The phase II trial also

demonstrated similar results, confirming peripheral efflux of

Ab from the CSF and no evidence of adverse effects, yet no

improvements were seen in terms of cognitive and functional

performance [104, 113]. In this case, a clear target engage-

ment and mechanism of action, plus good biomarker changes

were not translated into clinical improvements. The problem

may not lie with the vaccine, but rather that the subjects

involved had mild-to-moderate AD. Given the compound’s

main action is to clear the newly formed Ab but not the

existing plaques, the underlying pathological process and

subsequent effects on cognition remains unaltered. Pre-

dictably, two phase III trials (Expedition 1 and Expedition 2)

failed to show any cognitive and functional improvements

among treatment groups when compared with placebo, along

with unaltered Ab and tau levels [114].

Despite disappointing results from the previous studies,

several mAbs have been developed and progressed into

clinical trials. Gantenerumab, a humanized mAb targeting

the N-terminal and central amino acids of Ab is being

tested in 770 patients with prodromal AD during the

ongoing phase II/III trial. Although pre-clinically the

compound does not alter plasma Ab, it preferentially

binds to cerebral Ab and reduces plaques by cell-medi-

ated immune response [115]. However, the potential side

effects of ARIA among the treatment groups are still of

concern [116]. Another potential compound being devel-

oped is BAN2401, a humanized version of mAb158

which is 1000-fold more selective in binding Ab
protofibrils than monomers, thus ensuring that the agent

works mainly by inducing a humoral immune response

[117]. Indeed, it has passed the safety evaluations in

phase I and IIa trials, and now is under investigation in a

phase IIb trial.

Lastly, crenezumab (MABT5102 or RG7412) is a

humanized mAb IgG4 targeting Ab1–15 [118]. The com-

pound was claimed to have immunogenicity against a wide

range of multiple Ab forms, including protofibrils and

oligomers, exerting its effect through inhibiting aggrega-

tion and promoting plaque disaggregation. Of note, IgG4

backbone was chosen to minimize the over-activation of

Fc-gamma receptor that would recruit the microglia and

potentially result in harmful side effects [119]. Although

the target engagement is unclear, the candidate has passed

the safety evaluation of a phase I trial with no evidence of

inducing ARIA-E or ARIA-M and has been tested in two

phase II trials (ABBY and BLAZE trials). The ABBY trial

involved 431 patients with mild-to-moderate AD given 15

mg/kg/month of the compound, while the BLAZE trial was

a second smaller phase II study that involved 91 patients

with mild-to-moderate AD [120]. The compound is also

being tested in pre-symptomatic carriers of autosomal

dominant pre-senilin mutations in comparison with placebo

for a study duration of 5 years. The subjects do not exhibit

any signs of MCI at the time of enrollment, while its pri-

mary outcome is to evaluate cognitive decline in both

groups, including essential secondary outcomes, like time

to progression to MCI, brain Ab load, and imaging

biomarkers.

The results were disappointing as the ABBY trial failed

to meet its primary endpoints (improvement in ADAS-

Cog12 and CDR-SB score) [121]. However, analyses of

individuals with milder symptoms demonstrated a statisti-

cally significant 35.4 % reduction of cognitive decline in

the treatment group when compared with placebo. This

finding, again, stresses the importance of commencing the

therapeutic effort as early as possible. Meanwhile, the

BLAZE trial did not meet any of the study outcomes.
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4 Conclusions and Further Directions

Efforts to find an effective disease-modifying therapy for

AD are still ongoing but, to date, no single agent has been

found to work. Several factors are proposed to play a role

in this failure, including lack of understanding of several

points in the Ab cascade, currently ‘outdated’ diagnostic

criteria, and various technical and methodological issues

underlying therapeutic agent development and testing. Our

understanding of several points in AD pathogenesis is still

limited, mainly the precise temporal and mechanistic

relationship between Ab and tau protein. Getting relevant

and adequate information about this is critical to the suc-

cess of developing future therapeutic candidates.

It is important to note that despite aberrant tau phos-

phorylation playing a key role in cognitive decline, AD is a

totally different disease from pure tauopathy, wherein the

former is initiated by toxic Ab formation and deposition

with different pathophysiological processes. P-tau levels,

for example, are markedly increased in AD when compared

with FTLD. Moreover, p-tau levels that can be substan-

tially reduced by a certain anti-Ab (for example, bap-

ineuzumab) do not correlate with cognitive and functional

improvements in subjects with AD. Therefore, while it is

acceptable to pursue tau-related drug development, we

should not totally abandon amyloidocentric-based efforts.

Instead, gaps that existed in past drug development should

be learned from.

In addition, AD is a disease with multiple risk factors,

and ‘peripheral’ pathologies in the Ab cascade also

contribute to the disease. Among these, cardiovascular risk

factors are thought to play roles. Indeed, accumulating

evidence suggests that hypertension and dyslipidemia are

risk factors for developing AD in the future [122–124].

Therefore, aggressive approaches to treat the underlying

cardiovascular risk factors should be thoroughly investi-

gated to determine whether or not they also prevent the

development of AD. In fact, several trials have investigated

this (PreDIVA and FINGER trials), and one has found a

large proportion of elderly have one or more cardiovascular

risk factors and thus become the potential target to be

controlled for also lowering the risk of dementia [125,

126]. Modifications of these risk factors with medications

and lifestyle changes can readily be combined and vigor-

ously emphasized in AD prevention, along with other

potential anti-Ab compounds being investigated.

With regards to technical issues, any therapeutic can-

didate should ideally undergo a standardized and thorough

investigation in a systematic style (Fig. 3). In order to gain

meaningful outcomes, the drug should ideally be developed

in a stepwise fashion, from in vitro testing, cell-based assay

and in vivo testing, to subsequent phase I–III trials. Each

step has its own parameters, i.e., in vitro testing evaluates

target engagement and potency, and cell-based assays

review the mechanism of action, confirm target engage-

ment, record the penetrance of drugs into the blood–brain

barrier, and identify selectivity. In animal studies, all of

these parameters should be reconfirmed if possible, plus

additional but critical evaluations performed such as

assessment of safety profiles, dose conversion from

Methodological aspects: 

• Inclusion criteria should prioritize prodromal 
AD, presymptomatic AD-related mutation, and 
asymptomatic individuals at risk of AD. 

• Rigorous medical screening to avoid AD 
patients with confounding comorbidities that 
might interfere with drug’s side or therepeutic 
effects. 

• A more careful data interpretation (e.g. a drug 

phenomenon often seen as a futile result if other 

using PiB-
evaluated. 

• Incorporation of new diagnostic criteria and 
multiple measures against other AD risk factors 
(e.g. cardiovascular risk factors) 

Pharmacological aspects: 

• The candidate should demonstrate a clear 
target engagement and mechanism of action as 
early as in the in vitro study. 

• Constantly establish therapeutic efficacies (e.g. 
-

when measured with PiB-PET scan, preserved 
brain volume on brain volumetric MRI). 

• Exerting a high target selectivity towards 

physiological interference. 

Fig. 3 Several critical technical

and methodological aspects that

need to be addressed when

conducting a search and test of a

novel Alzheimer’s disease

therapeutic candidate. Ab
amyloid-beta, AD Alzheimer’s

disease, CSF cerebrospinal

fluid, MRI magnetic resonance

imaging, PiB-PET Pittsburgh

compound B-positron emission

tomography
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animals to humans, and preliminary efficacy studies [104].

Later, in a phase I trial, the pharmacokinetics, pharmaco-

dynamics, safety profiles, and secondary targets such as

efficacy should be rigorously checked and conclusions

from this trial should be carefully extrapolated and recon-

firmed in the phase II trial, wherein safety and efficacy

become the main concerns. Lastly, a phase III trial is

supposed to confirm promising findings from the previous

trials regarding efficacy and safety profiles with the addi-

tion of tolerability factors if the drug does not seriously

affect the health, plus development of a drug regimen that

would be useful in the clinical setting.

With regards to the revision of diagnostic criteria, in the

personal view of the authors, the NIA-AA criteria provide a

better diagnostic timeframe and sensitivity than those of

the IWG. They increase awareness that individuals with

pathologic abnormalities in the absence of cognitive dete-

rioration have already suffered from AD. Furthermore, it

will accommodate future drug trials with more confidence

when including and treating pre-symptomatic individuals

in the absence of cognitive impairments, further empha-

sizing the importance of the preventive paradigm rather

than waiting for the disease to become manifest. Of course,

such a policy will raise ethical and legal dilemmas on the

basis of treating individuals without overt clinical symp-

toms, not to mention if any serious adverse effects occur

with long-term use. An aggressive and early treatment

policy will also increase a nation’s financial expenditure,

especially in countries with high numbers of aging people.

It is therefore very important to continuously refine our

understanding of the pathogenesis of AD, in line with

pharmacological developments in this area. For example,

the dynamics of late-onset AD pathogenesis should be

clearly elucidated and readily predicted with high accuracy

using various tools, so that individuals at high risk can be

treated. Such a concept is not new, and various diseases

such as dyslipidemia and diabetes mellitus have been

aggressively treated with anti-cholesterol and glucose-

lowering agents before the occurrence of fatal complica-

tions like myocardial infarction, stroke, and renal failure.

In terms of the cost, it is prudent to assume that preventing

a disease in high-risk individuals is much more efficient

than letting someone get AD, which is known to be

expensive, both financially and in terms of its impact on

quality of life.
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