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Abstract

After three decades of false hopes and failures, a pipeline of therapeutic drugs that target the actual root cause of
Alzheimer's disease (AD) is now available. Challenging the old paradigm that focused on p-amyloid peptide (Ap)
aggregation in amyloid plaques, these compounds are designed to prevent the neurotoxicity of Ap oligomers that
form Caz+ permeable pores in the membranes of brain cells. By triggering an intracellular Caz+ overdose, Ap
oligomers induce a cascade of neurotoxic events including oxidative stress, tau hyperphosphorylation, and
neuronal loss. Targeting any post-Caz+ entry steps (e.g., tau) will not address the root cause of the disease. Thus,
preventing AB oligomers formation and/or blocking their toxicity is by essence the best approach to stop any
progression of AD. Three categories of anti-oligomer compounds are already available: antibodies, synthetic
peptides, and small drugs. Independent in silico-based designs of a peptide (AmyP53) and a monoclonal antibody
(PMN310) converged to identify a histidine motif (H13/H14) that is critical for oligomer neutralization. This
“histidine trick” can be viewed as the Achilles' heel of AB in the fight against AD. Moreover, lipid rafts and
especially gangliosides play a critical role in the formation and toxicity of Ap oligomers. Recognizing AD as a
membrane disorder and gangliosides as the key anti-oligomer targets will provide innovative opportunities to find
an efficient cure. A “full efficient” solution would also need to be affordable to anyone, as the number of patients
has been following an exponential increase, affecting every part of the globe.
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1| THE DISEASE

Alzheimer's disease (AD) is a neurodegenerative disorder currently affecting 50 million people worldwide, with
100 million expected in 2050. AD is characterized by the progressive dysfunction of synapses and neuronal loss
leading to dementia. For about three decades, the major paradigm for explaining the root cause of the disease has
been the accumulation of misfolded brain proteins resulting in two types of abnormalities, plaques in the
extracellular milieu and neurofibrillary tangles in neurons. 1 This paradigm is generally formulated as the amyloid
hypothesis, according to which the culprit is the p-amyloid peptide (AB). AB is produced by the proteolytic
cleavage of a membrane protein called “amyloid precursor protein” (APP), a 770 amino acid protein expressed by
neurons.2 Two mechanisms of APP processing have been characterized: the non-amyloidogenic pathway leading
to the release of the secreted APP a (SAPPa) by a-secretase and the amyloidogenic pathway generating various
AP peptides with 38, 40, 42, or 43 amino acids through the successive action of B- and y-secretase.s Only the
amyloid pathway (Figure 1) is considered pathogenic, since SAPPa controls and modulates key neural functions
including neuronal excitability, synaptic plasticity, neurite outgrowth, synaptogenesis, and cell survival.s On its
side, AP peptides exert important physiological functions that are beneficial for the brain, including protecting the
body from infections, repairing leaks in the blood—brain barrier (BBB), promoting recovery from injury, and
modulating synaptic plasticity and memory.7-9 Consistent with the role of AB peptides in the regulation of such
major brain functions, mutations in the Ap-coding region of the APP gene have dramatic consequences, such as
being responsible for familial forms of AD.10 APP mutants include for instance D678N (D7N in AB),s E693G
(E22G in AB),11V7171,120r V717F.13 These point mutations confirmed the causative link between AD and AP and
reinforced the notion that aberrant APP processing and/or overexpression of A peptides were the primary cause
of AD. The detection of AB peptides in amyloid plaques from AD patients suggested that the aggregated peptide
was the main neurotoxic species that caused the disease.1s-16 Subsequently, the microtubuleassociated protein tau
was identified as the main component of neurofibrillary tangles.17z Then, it was shown that Ap peptides could
induce the abnormal phosphorylation of the tau proteinis that resulted in its aggregation and microtubule
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fragilization.19 In 1991, Hardy and Allsop summarized the formulation of the amyloid hypothesis in a sentence:
“The pathological cascade for the disease process is most likely to be: beta-amyloid deposition—tau
phosphorylation and tangle formation—neuronal death”20and in 1992, the “amyloid cascade hypothesis” was
published in Science.z1

Renal/hepatic .
degradation Peripheral blood

| Blood-brain barrier %
SOlUb|e .....................................................
Clearance/ “‘\ / m oligomers \ % CSF

M Di
AB Oligomeric Amyloid plaques gl
] c;v pores Cap (Non—toxic)

J o g
099(|an | " 0000080 i , g
Num x?;f‘ﬁ v yxymm ﬁv xx@@ | ‘oo,

Tubulins
- U ° Ca2+ Tau ,..:..,
APP ,
Oxydatlve GSK3/CaMII -—+—> lPhosphorylatmn
stress kinases Phospho  =mp
Tau
Neuronal degeneration j
!
Alzheimer’s disease Tangles

FIGURE 1 B-amyloid peptide (AB) oligomers (and not amyloid plaques) as the root cause of Alzheimer's disease. According to the
classical amyloid cascade pathway, the amyloid precursor protein (APP) is successively cleaved by two proteases (secretases),
resulting in the production of the Ap in the extracellular milieu. Excess AB may self-aggregate into various assemblies, from small
oligomers to large fibers and plaques, or be degraded be degraded through several distinct pathways (microglial/hepatic/renal
clearance). The neurotoxicity of AB has been matter of speculation for several decades. It is now established that the mere presence of
amyloid plaques in the brain is not correlated with Alzheimer's disease, as amyloid plaques are nontoxic structures that can be found
in the brain of healthy persons with no cognitive decline. In fact, the paradigm has shifted to small Ap oligomers, now identified as
the real root mechanism of Alzheimer's disease. Once embedded in the membrane, Ap oligomers induce Caz+ (_) signal and free
radicals that, in combination, trigger toxic downstream events leading to cell death and Alzheimer's disease pathogenesis and
symptoms. Caz+ions activate GSK3 and CaMI| kinasesss which catalyze the phosphorylation of tau, a microtubule stabilizing protein.
Hyperphosphorylated tau proteins detach from microtubule, self-aggregate and form neurofibrillary tangles. All these events induce
neuronal dysfunction and death. Note that A oligomeric pores can be either preassembled in the extracellular milieu and then inserted
in the plasma membrane or formed in the membrane by A monomers under a lipid-assisted oligomerization process. The dosage of
Ap oligomers in the cerebrospinal fluid (CSF) can be used as an early diagnosis for Alzheimer's disease but also as endpoint for
assessing the efficiency of anti-oligomer therapies. Any approach that could block the formation of AB oligomeric pores in the plasma
membrane of brain cells could prevent and/or stop the progression of Alzheimer's disease.

2 | THREE DECADES OF THERAPEUTIC FAILURES

Although the model seemed solid, its interpretation and subsequent extrapolation to therapeutic strategies have not
been straightforward. For instance, until very recently, most efforts had been focused on amyloid plaques and Ap
aggregation, ignoring microtubules, tangles, and tau. Moreover, the physiological role of AB had been totally
neglected so that one popular belief to cure AD had simply been to block or reduce Ap production with secretase
(generally y-secretase) inhibitors. Indeed, nearly 50 clinical trials have been conducted using potential y-secretase
inhibitors for AD, yet all these trials had failed.22 Different reasons may explain such a general failure, from the
risky approach of targeting a physiological process22to total lack of expected activity of drugs (e.g., semagacestat
which appeared to have no anti-y-secretase activity).2s Severe side effects triggered by y-secretase inhibitors
include related proteolytic processes such as those involved in Notch signaling.2s After secretases, amyloid plaques
had retained much attention for developing AD therapies.



Inasmuch as amyloid plaques are considered as the root cause of AD, anti-plaque therapies seem to be a good idea.
The very weak point of this popular belief is that amyloid plaques are in no way specific to AD patients as they
are also regularly found in the brain of cognitively normal individuals.2s—s0 The proponents of the plaque theory
still consider that amyloid plaques are “necessary but not sufficient” to cause AD, or that their presence is indicative
of a pre-AD status. However, this assumption is questionable since amyloid plaques are not found in the brain of
patients with an inherited form of AD, the Osaka E693A deletion (E22A in A).31,32 Overall, all these data and
observations converge to clear amyloid plaques as being the root cause of AD, explaining why all clinical strategies
targeting amyloid plaques have failed.3s-35 Thus, the old paradigm which incriminated amyloid plaques as the root
cause of AD did not provide a cure or even stopped the progression of the disease. The problem is that the old
paradigm seems to be as resistant as Captain Haddock's sticking plaster.

There are several reasons for that, explaining key observations—presence of amyloid plaques in healthy people—
had been totally ignored. On the one hand, amyloid protein plaques can be easily detected by brain imaging so that
they can be widely used as both an early diagnose method for AD and a reference endpoint for clinical trials.ss On
the other hand, amyloid plaques are the hallmark of transgenic animal models of AD on which potential anti-AD
therapeutic molecules are tested before first-in-man trials. There is a clear issue on animal models of
neurodegenerative diseases, including AD and PD, as they are probably responsible for the systematic failure of
all clinical trials so far.s7 As a matter of fact, while many animal models of AD and PD have been created, no
single model, either based on toxins or genetic, has been able to recreate all the key features of these
neurodegenerative diseases.ss;3s As recently stated by an AD researcher “the biggest mistake you can make is to
think you can ever have a mouse with AD.”s7 As a matter of fact, the classic scheme (in silico => in vitro => in
vivo => clinical trials) has not been successfully applied for the neurodegenerative domain. To summarize, there
is a translational gap in AD and PD research, with promising drugs based on work in rodent models failing in
clinical trials.ss37-41 Thus, despite three decades of intense research efforts, there is still no cure for AD and the
only possibility is to try to relieve symptoms, which has a very limited impact on patients. Under these
circumstances, innovative strategies with new targets, new molecules, and no side effects are urgently needed.
These approaches need to challenge the old paradigm with an open mind, keeping what is sound, eliminating what
iS wrong.42

3| AB OLIGOMERS, THE ROOT CAUSE OF AD

The issues raised against the amyloid hypothesis have divided the scientific community in two schools of thought:
those who consider that AD can be caused independently of Apa4s.44and those who still consider that A is involved,
yet independently of amyloid plaques.4s This debate is of primary importance because the identification of the real
culprit will orient the therapeutic strategies for the next years. After the false accusation against amyloid plaques,
which has been misleading for three decades, a new error would still impair the development of efficient anti-AD
drugs. Most experimental studies now converge to suggest that AB is indeed the culprit, but in the form of regularly
assembled small structures called oligomers instead of amyloid plaques.2s.46.47

The identification of the actual neurotoxic forms of AR came from two distinct fields of research, clinical and
biochemical. The new paradigm, initially formulated as “The calcium hypothesis of AD,”ss did not arise in 1 day.
Intracellular Caz+ concentrations are tightly regulated and are essential for neuronal function and survival, with
excess Caz+being related to neuronal cell death.s9 Over the years, a solid experimental background has established
that the homeostasis of intracellular Ca2+ concentration plays a key role in brain aging. Accordingly, sustained
changes in intracellular Caz+ levels would be responsible for age associated brain changes. This led several
researchers to postulate that AB peptides could alter Caz+ fluxes in brain cells by several possible mechanisms.4s-
52 Using planar bilayer membranes, Arispe et al. were the first to demonstrate that AB peptides can self-organize
into oligomeric Caz+ channels.ss These channels were selectively blocked by Zn2+ions, suggesting the presence of
histidine residues lining the pore mouth.sass Atomic force microscopy studies of mutant AB peptides showed
globular structures which were interpreted as oligomeric “amyloid pores.”seé57 Finally, AR oligomers were detected
in the brain and cerebrospinal fluid of AD patients,4sss-s0 and, unlike amyloid plaques, the oligomer burden was
found to correlate with cognitive symptoms.2s The cascade of neurotoxic effects triggered by the Caz+ overdose
through membrane-embedded AP oligomers is summarized in Figure 1 and detailed in Table 1. Downstream
effects following Caz+entry into brain cells include a broad range of deleterious effects, especially oxidative stress
and tau pathology, two classical hallmarks of AD.s7 The scientific literature on Ap oligomers includes thousands
of articles and the number is still growing exponentially.s7 ss-60,78,79 Over the years, this huge body of work resulted
in an alternative formulation of the neurotoxic cascade according to which Ap oligomers are the main neurotoxic
species at work in AD.so-s2 Hence, the oligomer model has all but supplanted the classical amyloid

cascade, laying the foundations for a new understanding

of neurodegenerative diseases through strikingly

common molecular mechanisms.s3-gs



4 | MOLECULAR MECHANISMS OF AB OLIGOMER TOXICITY: KEY ROLE OF LIPID

RAFTS

Given the prominent role of Caz+ in AD pathogenesis, understanding the mechanisms controlling the formation
Caz+-permeable AP oligomers in the plasma membrane of brain cells is of crucial importance. All studies in this
field converged to identify lipid rafts as privileged platforms of pore formation and/or insertion.sa-92 Basically,
there are two possible (and nonmutually exclusive) mechanisms accounting for the formation of functional Caz+
permeable pores by AP oligomers (Figure 2). In the first mechanism, annular AB oligomers which are
preassembled in the extracellular milieu bind to the membrane plasma membrane to form ionpermeable pores.ss
The affinity of these oligomers for the plasma membrane supposes that once assembled, the structure displays an
accessible membrane-binding domain. Then, fine conformational tuning by surrounding lipids may be required
for sealing the contacts between the oligomeric pore and the membrane. In the second mechanism, AB monomers
bind to the membrane, after which they penetrate the outer leaflet where the oligomerization process takes place.ss
Both mechanisms require the assistance of two distinct membrane lipids that are coexpressed by lipid raftses:
ganglioside for binding, cholesterol for insertion.ss-ss Both lipids have been shown to be critical for the formation
of Caz+ permeable AP oligomers. Indeed, transient depletion of gangliosides and cholesterol (respectively, with
metabolic inhibitors and cyclodextrins) prevented the formation of Caz+ permeable pores from A monomers.s2,93
Moreover, preformed neurotoxic oligomers reduced long-term potentiation and increased long-term depression
in hippocampal slices through a gangliosidedependent mechanism.z3

How can AP interact with both ganglioside and cholesterol? If we look at the amino acid sequence of AB1-42, we
can see that the N-terminal domain is polar, whereas the C-terminal domain is apolar. This is not totally surprising
if we consider the initial topology of the AB part of the APP precursor since the C-terminal part belongs to the
transmembrane domain and the N-terminal domain is extracellular.ss Peptide scanning analysis combined with
mutational studiesss,e7 have allowed identifying a ganglioside-binding domain (GBD) in the N-terminal domain
(aa 5—16) and a cholesterol-binding domain (CBD) in the C-terminal domain (aa 22—35) (Figure 3). Interestingly,
there are only three amino acid differences between human and rodent ApB. All these differences are in the GBD
and the corresponding amino acid residues (especially Arg-5 and His-13) play a critical role in ganglioside
recognition. 97,98 Therefore, rodent AB does not interact with gangliosides and does not form Ca2+ permeable
oligomers (Figure 3). The intrinsic inability of rodent AB to oligomerize into Ca2+ permeable pores provide a
rational explanation for the natural resistance of rodents to AD.ss Moreover, this observation confirms the crucial
role of the GBD of A in the mechanism of Caz2+ permeable oligomeric pore formation. Taken together, these data
indicate that membrane lipid composition is an important parameter that controls the vulnerability of brain cells to
the neurotoxicity of AB oligomers.ss For this reason, AD is primarily a membrane disorder.ss 100 Consequently,
therapeutic strategies should consider the plasma membrane and especially lipid raft gangliosides as the key target
to cure AD.g4,101

TABLE 1 Neurotoxic effects induced by Ap oligomers in AD
AD-related mechanism References

Membrane damage of brain cells Williams et al.61
Sciacca et al.e2

Caz+ overdose Arispe et al.s3
Quist et al.s7
Lee et al.e3

Oxidative stress Tabner et al.e4

Tau/microtubule disruption de Felice et al.e5

Zempel et al.es
Rudenko et al.e7

Neurotransmitter dysfunctions Nunes-Tavares et al.es
Synapse deterioration Lacor et al.e9
Shankar et al.7o
Tuetal.n

Kawahara et al.72

Reduced LTP and increased LTD Hong et al.73
Increased glutaminyl cyclase expression de Kimpe et al.74
Neuronal toxicity and death Lambert et al.7s



Kim et al.76

Neuroinflammation Forloni and Balduccizz

Plasticity dysfunction Shankar et al.4s

Abbreviations: Ag, f-amyloid peptide; AD, Alzheimer's disease;
LTD, long-term depression; LTP, long-term potentiation.
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FIGURE 2 Two molecular mechanisms of 3-amyloid peptide (AB) oligomeric pore formation. AB oligomers may be assembled in the
extracellular space (soluble oligomers) or in the plasma membrane of brain cells (from monomers). In both cases, the formation of
neurotoxic oligomeric pores (amyloid pores) requires a ganglioside which acts as a specific membrane receptor. The functional
organization of A monomers or preassembled A oligomers into a Caz+permeable pore is a finely tuned lipid-driven process involving
brain membrane lipids, including gangliosides and cholesterol
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FIGURE 3 Functional lipidbinding domains of B amyI0|d peptide (AB)1-42 and their relatlonshlp with Alzheimer's disease. (a)
Localization of the ganglioside and cholesterol binding domains in human Af1-42. Sequence alignments of rodent and human AB1-
42 explain why rodents do not have Alzheimer's disease. (b) Calcium imaging studies demonstrate that rodent AB1-42 do not form
Caz+ permeable oligomeric pores in brain cells (Adapted from Reference 98)



5| NEW PARADIGM, NEW TARGETS

How can we exploit these discoveries to develop efficient therapeutic strategies for AD patients? What can we
expect if we prevent the formation of neurotoxic Ap oligomers? Would it be a preventive therapy, before the
appearance of symptoms? Would it cure AD patients, and at which stage? Although it is difficult to answer these
questions, the recent demonstration that the deleterious effects of AB oligomers on neurons are reversibleio2 might
be positively interpreted. In this experiment, cultured neurons were exposed to Ap oligomers for 2 days, a time
sufficient to detect neurotoxic insults, including abnormal tau phosphorylation and perturbations of synaptic
organization. However, these effects were rapidly reversed upon removal of Ap oligomers from the cultures. The
reversible nature of the neurotoxicity of AP oligomers has significant implications for AD therapy. As stated by
the authors of this study, any treatment targeting oligomers could be effective in halting or even reversing the
progression of the very early pathology of AD.

Therapeutic strategies targeting Ap oligomers are currently under development, which shows that the paradigm
has changed. These therapies can be classified in three structural categories: antibodies, synthetic peptides, and
small molecules (Table 2). Immunotherapies for AD patients are not new, and until now, all have failed.3s The
novelty is that these antibodies are no longer directed against amyloid plaques, but against Ap oligomers. This
new strategy includes repositioned antibodies such as Crenezumab or Aducanumab which in fact recognize both
amyloid plagues and oligomers.108 Other antibodies, such as PMN310 have been deliberated designed against
oligomerspecific epitopes so that they do not recognize A monomers or amyloid plaques.i0s The rationale of
PMN310 design is worth mentioning. Based on silico prediction of epitope exposure, the authors selected a tetrad
of amino acid residues of AB spanning the 13-16 region: HHQK.103 The monoclonal antibody was obtained by
immunizing mice with a cyclic peptide displaying the HHQK motif at the tip of a constrained loop (Figure 4a).
Indeed, the antibody recognized the constrained cyclic peptide used for immunization, but not its linear counterpart
(Figure 4a). These data suggest that the epitope recognized by PMN310 is a constrained loop formed by the 13—
16 fragment of Ap that is fully accessible in the Ap oligomer. Interestingly, this region was previously identified
as a key part of the GBD of Ap.ss Of the four residues that constitute the PMN310 epitope, three are directly
involved in ganglioside recognition: His-13, His-14, and Lys-16. Most importantly, the pair of histidine residues
seems to adopt a very similar “butterfly wings” like topology in both the constrained PMN310 epitope1os and the
AP 5-16 peptide bound to ganglioside GM1.96 This “histidine trick” is one of the key elements of the design of
AmyP53 (Figure 4b), a synthetic chimeric peptide built by combining the GBD of Ap and alpha-synuclein (Table
2). In this respect, it is important to note that two distinct in silico approaches independently converged to identify
the histidine pair His-13/His-14 of AP as a key target for designing anti-oligomer compounds. AmyP53 binds to
brain gangliosides with a significant higher affinity than the amyloid proteins from which it is derived (Figure 4b).
It prevents the formation of neurotoxic Ap oligomers and all neurotoxic downstream events in neural cell cultures
and ex vivo (brain hippocampal slices) and, due to its chimeric design, is also active against a-synuclein oligomers,
including PD associated mutant forms.ss,109 In this respect, it should be noted that neurodegenerative disorders
share common molecular mechanisms of pathogenesis, including the oligomer-triggered Caz+ cascade, that will
render possible the use of the same drug for several distinct therapeutic applications.s3gs Besides AmyP53, several
other synthetic peptides are currently considered for AD therapy (Table 2). PRI-002 (formerly called RD2) is an
amidated p-amino acid peptide with anti-oligomer properties.io4 Interestingly, this peptide also displays two
histidine residues (yet not contiguous) in its amino acid sequence: PTLHTHNRRRRR.

Other synthetic p-amino acid peptides derived from the 16—20 sequence of Ap (KLVFF) are also considered.110
Finally, several small organic molecules with experimentally demonstrated anti-oligomer properties are also under
investigation (Table 2). ALZ-801 is a valineconjugated prodrug of homotaurine, a blocker of Ap oligomerization
and aggregation.1os The diphenyl-pyrazole derivative anle138b has broad activity against neurotoxic oligomers.1os
PQ912, a polycyclic enzymatic inhibitor of glutaminyl cyclase, an enzyme that catalyzes the formation of a subset
of neurotoxic AB oligomers.i07 Hopefully, the paradigm shift from amyloid plaques to AB oligomers as the root
cause of AD will now allow to quickly identify an efficient cure for AD.45 81,8384

TABLE 2 Pipeline of anti-oligomer therapeutic compounds for AD

Compound Structure Action Reference
PMN310 antibody Monoclonal antibody against a constrained Binds to an oligomer-specific 103

cyclic peptide derived from the 13-16 AB epitope, neutralizes

fragment (HHQK) of AB preformed A oligomers
AmyP53 Synthetic chimeric peptide designed on the Binds to membrane gangliosides 9%

Basis of the GBDs of a-synuclein and AB: and prevents Caz+ permeable

KEGVLYVGHHTK oligomeric pore formation

(broad neutralization of amyloid pores)



PRI-002 Synthetic peptide (p-amino acids, amidated Blocks AB oligomerization 104
C-ter) PTLHTHNRRRRR

o]
0
)YKH/\/:? “OH

Alz-801 NH, Blocks A oligomerization 105
0,
0
N,r h\ Br
Anle138b H O Blocks Caz+entry through oligomeric 106

pores(broad neutralization of amyloid pores)

PQ912 —/0 Glutaminyl cyclase inhibitor: 107
Selectively blocks the formation of
PyrGlu neurotoxic AB oligomers

Abbreviations: AB, B-amyloid peptide; AD, Alzheimer's disease; GBD, ganglioside-binding domain.
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FIGURE 4 Molecular mechanism of B-amyloid peptide (AB) and AmyP53 therapeutic peptide binding to gangliosides: relationship
to anti-oligomer therapies. (a) Representative solvent-exposed conformation of the cyclic HHQK epitope, showing a similarly
constrained loop displaying at its tip the histidine pair His-13/His-14 of AB. This peptide was used to elicit the PMN310 anti-oligomer
antibody. As shown on the right panel, this antibody specifically recognizes the constrained cyclic peptide corresponding to the Ap
oligomer conformation but not the linear unstructured peptide (Reprinted and adapted from Reference 103). (b) Molecular modeling
of AmyP53 bound to a ganglioside GM1 dimer. The model is in full agreement with experimental data showing that both His-13 and
His-14 residues are critical for GM1 binding. Indeed, each histidine interacts with its own GM1, through a complex network of
hydrogen (H) and OH—r bonds. Note that the histidine pair of AmyP53 is located at the tip of the constrained loop induced by the
ganglioside dimer. The kinetics of AmyP53 interaction with a monolayer of gangliosides GM1, compared with AB1-42 and a-synuclein
(o-syn) is shown on the right panel (Reprinted and adapted from Reference 96)

6 | AD THERAPY: PAST, PRESENT, AND FUTURE

If we do not consider symptomatic approaches that do not attack the root cause of the disease (e.g., neurotransmitter
and synaptic receptors-based therapies),111 there are not many rational therapeutic options for curing AD. Let us
briefly review the advantages and drawbacks associated with the means and the targets of possible strategies.
Immunotherapies for brain diseases are associated with important side effects.i.2 Most anti-plaque
immunotherapies have been abandoned not only because they do not work, but also because they are associated



with severe brain inflammatory processes (amyloid-related imaging abnormalities syndrome).112 In fact, the
percentage of circulating antibodies that can reach the brain is very low (0.1-0.3%) due to the efficacy of the
BBB.113 To overcome this limitation, it has been proposed to disrupt the BBB to gain entry into the brain.114 This
strategy might be at risk, since breaking the BBB, even for short time-lapses with ultrasounds, could induce severe
impairments of brain homeostasis. Maintaining BBB integrity is crucial for tight control of the chemical
composition of brain interstitial fluid, which is critical for proper synaptic functioning, information processing,
and neuronal connectivity.115 The intravenous administration of antibodies might also be problematic.

Except for the specific case of p-enantiomeric peptides, synthetic peptides are made from naturally occurring
amino acids which are nontoxic and metabolically tolerable.116 They are highly specific, active at low doses and
they do not trigger undesirable side effects such as those induced by chemical drugs and antibodies. Most
therapeutic peptides, such as beta-sheet breakersiiz are designed to disrupt protein—protein interactions that play a
key role in disease pathogenesis. Such therapeutic approaches cannot be implemented with small drugs, because
small molecules do not interact with target proteins over a large enough surface area to block the interacting
surface.11s Indeed, the binding pocket size of the small molecules (300—1,000 Az2), does not fit very well with the
large area of most larger protein binding interfaces (generally 1,500—3,000 Az2). Another advantage of therapeutic
peptides is that they can be safely delivered via the intranasal route, which is far more comfortable and safer than
the intravenous pathway. This route of administration is a quite recent, promising alternative pathway to enteral
and systemic drug administration for dosing highly potent and efficacious CNS targeted drugs to reach the brain
parenchyma.116 The dosage to be delivered to the olfactory region or to be absorbed neuronally may easily be as
low as 0.01-1% of oral dosage. Thus, in contrast with small organic molecules which can induce severe toxic
effects, peptides do not accumulate in specific organs (liver, kidney) and this also contributes to minimize their
toxicity. Finally, low molecular weight drugs, especially polycyclic compounds, may have specificity, toxicity,
and solubility issuesi19,120 which could require chemical modifications of the initial formula. In any case, as
illustrated in Table 2, we have now an arsenal of innovative compounds that, for the first time, deliberately target
AB oligomers by several angles of attack. Clinical evaluations will identify which one among these therapeutic
drug candidates can indeed reach and block the root cause of AD, or whether second generation compounds are
needed to cure the disease.

The identification of gangliosides as key targets for blocking the neurotoxicity of Ap oligomers is an important
step that has contributed to transform our vision of AD from a protein misfolding disease to a membrane isorder.
If we consider that Ap belongs to the category of intrinsically disordered proteins which, by essence, fluctuate
between numerous equally probable conformations in aqueous solution,121 the term “misfolding” is not appropriate.
In fact, AB is a typical o/f discordant peptidei22 which can adopt either a-rich or B-rich structures depending on
the environment. Membrane lipids, especially gangliosides and cholesterol favor a-helix structuration,123124
whereas high concentration in water readily induces B structures and turns.so,12s Thus, which one among the three
possible categories of AP} conformers (unstructured, o, or ) is misfolded? None of them, which indicates that AD
can hardly be defined as misfolding disease. Instead, if we consider the Caz2+ overdose triggered by membrane-
embedded A oligomers as the root cause of AD, the conformational status of these oligomers has little importance
compared with their location. For this reason, AD should be primarily defined as a membrane disorder due to the
toxin-like activity of Ap oligomers. Targeting these oligomers, whatever the angle of attack may be,72,101,126-130 is
a new strategy that really addresses the root cause of the disease and could be applied for both preventive and
curative approaches against AD. Thus, there is some real hope on the horizon with the arrival of disruptive
innovations able to block the amyloid oligomer pathogenic cascade. A “full efficient” solution would also need to
be affordable to anyone, as the number of patients has been following an exponential increase, affecting every part
of the globe.
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