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ABSTRACT

Alzheimer’s disease (AD) is the most common form of
dementia in the elderly. Together with cerebral amyloid
accumulation, several factors contribute to AD pathology
including vascular alterations, systemic inflammation,
genetic/epigenetic status and mitochondrial dysfunction.
Much is now being devoted to neuroinflammation.
However, anti-inflammatory drugs as numerous other
therapies, mainly targeted on $-amyloid, have failed to
show efficacious effects in AD. Timing, proper selection
of patients, and the need for a multitarget approach
appear to be the main weak points of current therapeutic
efforts. The efficacy of a treatment could be better
evaluate if efficient biomarkers are available. We propose
here the application of precision medicine principles in
AD to simultaneously verify the efficacy of a treatment
and the reliability of specific biomarkers according to
individually tailored biomarker-guided targeted therapies.
People at risk of developing AD or in the very early

phase of the disease should be stratified according to:
(1) neuropsychological tests; (2) apolipoprotein E (ApoE)
genotyping; (3) biochemical analysis of plasma and
cerebrospinal fluid (CSF); (4) MRI and positron emission
tomography and (5) assessment of their inflammatory
profile by an integration of various genetic and biochemical
parameters in plasma, CSF and an analysis of microbiota
composition. The selected population should be treated
with antiamyloidogenic and anti-inflammatory drugs in
randomised, longitudinal, placebo-controlled studies using
ad hoc profiles (eg, vascular profile, mitochondrial profile,
etc...) If these criteria are adopted widely and the results
shared, it may be possible to rapidly develop innovative
and personalised drug treatment protocols with more
realistic chances of being efficacious.

INTRODUCTION

Alzheimer’s disease (AD) and other demen-
tias affects about 45million people world-
wide and the ageing of the world population
foreseen for the next decades will increase its
incidence. AD is the main form of age-related
dementia and is one of the principal causes of
disability." AD is neuropathologically charac-
terised by cerebral extracellular deposition of
B-amyloid (AB) and intracellular formation of
neurofibrillary tangles (NFT) by hyperphos-
phorylated tau, along with associated paren-
chymal inflammatory reactions. Neuronal
dysfunction and synaptic loss in cortical and
hippocampal regions® and tau deposition in

specific regions correlate well with the cogni-
tive decline observed in prodromal and active
stages of the disease. The neurodegenerative
process at clinical onset is advanced, ther-
apeutic approaches, mainly focused on AP
deposition, until now, have not shown any
efficacy in slowing or halting disease progres-
sion. The identification AR deposition as a
pharmacological target in AD is supported by
genetic and experimental data. The familial
forms of AD (FAD) are associated with muta-
tions the amyloid precursor protein (APP)
gene or in genes encoding proteins involved
in APP metabolism (presenilin 1 and 2).> AD
experimental models have been developed
by transgenic expression of single or multiple
mutated sequences of human genes associ-
ated to AD." The amyloid cascade hypothesis
recently updated by Selkoe and Hardy’ has
driven AD studies at various levels for decades,
but it undoubtedly is time for further evolu-
tion of antiamyloidogenic therapies. A recent
revision of the results of phase III clinical trial
with aducanumab, an anti-Af antibody puri-
fied directly from human biological fluid,
stopped for futility it seem to give some hope
in terms of efficacy with the higher dosage.
However, more information is required to
establish the consistency of results and in
any case the positive effects shown appeared
limited.”

The progress of AD better correlate with
tau pathology, NFT initially accumulates in
the entorhinal region and subsequently in
the limbic system and neocortical regions.®
The structural association between brain
atrophy and tau accumulation is now inves-
tigated by positron emission tomography
(PET) analysis using new ['°F] radioligands,
conclusive results are not yet available, but
some evidence support this relationship in
mild cognitive impairment (MCI) and AD
subjects.”! As therapeutic target the accumu-
lation of pathological tau received recently
more attention in part due to the failure of
anti-Af treatment, the initially antitau therapy
was based on inhibition of tau aggregation
and phosphorylation, or on stabilisation of
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microtubules, but most of these approaches have been
discontinued because of toxicity and/or lack of efficacy.
Tau-targeted immunotherapy and oligonucleotide anti-
sense against MAPT sequences are promising approaches
currently under the investigation.' '

The prion-like distribution of A and tau pathology is a
recent acquisition supported by numerous experimental
data in AD models and in several other neurodegenera-
tive disorders where specific proteins act as seed to diffuse
the neuronal damage.'” The mechanisms responsible of
this cell to cell spreading might directly involve soluble
aggregates, oligomers, of pathological proteins but the
proteins can be also vehiculated by extracellular microve-
sicles like exosomes.'® The possible pathogenic role
played by exosomes in the neurodegenerative disorders is
still elusive but it is undoubted that they attract the atten-
tion as possible therapeutic target and diagnostic tool."”

Higher level of iron has been observed in specific brain
regions of patients with AD, the contribution of iron
overload in the pathogenesis of AD has been considered
from different points of view. The presence of iron has
been associated directly with A plaques and its influence
on A aggregation toxicity and inflammation has been
shown.'™ In different cerebral cell types iron accumu-
lation is combined with an increase of oxidative stress
and mitochondrial dysfunction and many common poly-
morphisms associated with high levels of iron are also
associated with AD.? Thus, iron chelators molecules and
neuroprotective drugs with chelator properties have been
proposed for therapeutic approach to AD. Although
some iron chelators are already in clinical practice,
several aspects need to be considered to develop and opti-
mise the use of these molecules in the neurodegenerative
disorders®*

In the last two decades, the complex scenario that
characterises neurodegenerative disorder pathogenesis,
including that of AD, has been carefully analysed. The
results of these investigations can be summarised along
two main directions, which apparently conflict. On one
side, numerous pathogenic factors, including mitochon-
drial failure, oxidative stress, inflammation, iron accumu-
lation, cellular trafficking impairment, lipid metabolism
alterations and genetic risk factors, have been found
to contribute to the pathological process. All these
alterations combined with more specific elements, for
example, protein misfolding and toxic oligomer produc-
tion, have been recognised as common pathogenic
mechanisms in neurodegenerative processes. Evidence
for this has been observed in virtually all neurodegener-
ative disorders. On the other side, each disorder can be
subcategorised not only through classical clinical distinc-
tions—sporadic versus genetic, age of onset, progres-
sion—but also according to specific pathogenetic profile.
The heterogeneity of AD cases has been evaluated by a
systemic review meta-analysis based on neuropathology
and neuroimaging results.” Interindividual variability has
been found in differential susceptibility to single patho-
logical components. Pharmacological tools interfering

with common neurotoxic mechanisms could be useful
in attenuating many aspects of the neurodegenerative
process. In contrast, only an appropriate genetic and
biological profile of a single patient in the early phase
of the disease could obtain efficacious treatment. These
considerations have important implications in thera-
peutic strategy assessment and in clinical trial design.
Translation of results from experimental or epidemiolog-
ical studies into treatments has produced only modest,
or negative, effects. Possible explanations of these fail-
ures are numerous. However, relative to the concepts
enunciated above, two fundamental things are necessary:
better characterisation of the patients and a multitarget
approach.

Together with correct timing of treatment, this should
decrease the number of subjects required to power an
AD trial and improve the chances for success. In recent
unsuccessful phase III AD therapeutic trials, designed as
a single treatment administered to a large population of
patients, the statistic power of the study was high but no
effect of the treatment was found. This approach is ques-
tionable from many points of view. For instance, if thou-
sands of patients are required to obtain minimal changes
of neuropsychological scales, even if they are statistically
significant, the possibility that the positive result reflects
a real improvement of patient quality of life is remote.
A relatively small but homogeneous group of patients
should provide more chances to obtain positive and rele-
vant results.”

One of the possible components modulating AD patho-
genesis is the inflammatory state. To examine the rele-
vance of inflammation, itis necessary to identify biological
markers for an ‘inflammatory profile’. In fact, the contri-
bution of inflammation in early phases of AD pathogen-
esis might be individually and temporally different among
patients. According to the precision medicine principle,
the identification of a common profile in a selected group
of subjects should help the therapeutic approach. On the
other hand, itis commonly accepted that AD is a multifac-
torial disorder, thus multiple therapeutic agents should
be tested together. Regulatory agency guidelines speci-
fying that multitreatment trials do not require compar-
ison with monotherapy groups means that trials can be
reduced at two arms—treatment and placebo (European
Medicines Agency guidelines).*

BIOLOGICAL MARKERS IN AD

Together with the therapeutic agents themselves, devel-
oping efficacious therapies depends strongly on the avail-
ability of biomarkers for monitoring treatment efficacy
and progression. The presence of validated biomarkers
capable of assessing disease before the appearance of the
clinical symptoms is particularly important when both
the presymptomatic period and disease itself are char-
acterised by slow progression, as occurring in AD. In
two last decades, cognitive decline in AD was associated
with reduction of cerebrospinal fluid (CSF) AP levels,
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increases in Tau and pTau levels, AB-PET cerebral depo-
sition, hippocampal volumetric reduction determined by
MRI analysis, and cerebral hypometabolism determined
by [18F]-fluorodeoxyglucose (FDG)-PET. Jack et al’’
proposed amodel where changesin these parameters were
temporally correlated to AD pathophysiology. Revisions
to the original model incorporated interindividual vari-
ability in cognitive impairment associated with progres-
sion of AD pathophysiology, as well as modifications of
the specific temporal ordering of some biomarkers. It also
has been recognised that A and tau deposition might
be initiated independently in sporadic AD, in which AB
pathophysiology can accelerate antecedent limbic and
brainstem tauopathy. According to evidence initially
obtained from Down syndrome subjects, where APP gene
triplication invariably leads to AD, cerebral AB deposition
anticipated the development of frank AD syndrome two
decades before observation of clinical symptoms.28 These
data have been recently confirmed using PiB (Pittsburgh
compound B) binding in postmortem frontal cortex
across the lifespan.”” Similar results were found in longi-
tudinal analysis of pre-symptomatic subjects carrying FAD
mutations where the reduction of AB in CSF and the
incremental increase of cerebral AR deposition deter-
mined by PET analysis preceded the clinical manifesta-
tions of disease by 10-15 years.”” > The authors observed
that A accumulation is largely complete before progres-
sive neurodegeneration and cognitive decline occur
in subjects carrying different AD associated mutations.
Similar conclusions were reached by Landau et al,32 who
studied subjects from the Alzheimer's Disease Neuroim-
aging Initiative study and concluded that amyloid depo-
sition has an early and subclinical impact on cognitive
function that precedes metabolic changes. Hypometab-
olism becomes more pronounced later in the course of
the disease when it is closely linked temporally to overt
cognitive symptoms.

Jack et aP® have proposed three categories of biomarkers
based on pathophysiology. ‘A’ refers to the value of A
biomarkers (amyloid PET or CSF AP 42); ‘T, the value
of a tau biomarker (CSF phospho tau or tau PET); and
‘N,” biomarkers of neurodegeneration (FDG-PET, struc-
tural MRI or CSF total tau). A recent longitudinal study
to evaluate the prediction capacity of various biological
markers was developed within A-T-N frame adopted by
the National Institute on Aging and Alzheimer's Asso-
ciation.”® In this longitudinal study of subjects without
dementia, the addition of amyloid PET, tau PET and
MRI cortical thickness to a model that included clin-
ical and genetic variables resulted in a small but statisti-
cally significant improvement in predictive accuracy for
memory decline. Although a staging of AB deposits has
been recently proposed,” AB accumulation was varied
little after AD onset while tau aggregation was better asso-
ciated with progressive neurodegeneration.”® Although
in specific conditions autoptic data seem to indicate
an independent evolution of AB deposits and NFT,*” a

temporal sequence between the two main injuries in AD
is more convincing. He et af® proposed an intriguing
model connecting AB deposits and tau fibrillar tangles
based on the capacity of AP plaques to facilitate the
rapid amplification of tau seeds into large tau aggregates,
creating an environmental for tau precipitation. In any
case, these conventional biomarkers have been profit-
ably used in various trials to improve diagnostic criteria
and better select patients for clinical trials. The capacity
of biomarkers to indicate treatment efficacy was less
evident. In some circumstances, the biomarker changes
during the trial indicated a positive trend, although the
clinical outcome was unsatisfactory. Bapineuzumab, a
monoclonal antibody specific to the N-terminus of Af,
positively influenced biological parameters, including a
decrease of CSF tau and p-tau and PIB-PET signal,” *’
but in the absence of any clinical effects. An increase of
CSF and plasma AB was observed in patients treated
with Solamezumab, a humanised monoclonal antibody
that binds to the mid-domain of the AP peptide that was
designed to slow AD progression by increasing clearance
of soluble AB from the brain.*" High-affinity antibody-AB
peptide complexes in plasma might induced cerebral
drainage (‘peripheral sink’), which has been proposed
as a possible mechanism by which passive immuni-
sation might reduce AB burden in AD experimental
models. Unifying these data is difficult, especially when
biomarker changes occur in the absence of therapeutic
effects. Changes in plasma and CSF AR levels with drugs
interfering with amyloid metabolism also may occur in
the absence of positive clinical results. Explaining the
reduction of CSF Tau levels after treatment with bapineu-
zumab without clinical consequence is problematic. One
possible explanation of this discrepancy is that positive
biological changes occurred too late to influence the
cognitive performance of the patients. Nevertheless, it is
too early to consider these biomarkers useless. Efforts to
optimise treatment conditions should first be pursued. In
these two specific cases, a more extensive phase II trial
might lead to more positive phase III results. As pointed
out by Gold,* correct design of a phase II trial associated
with an independent evaluation of the results might save
time and money in developing improved therapies. In
this context, new biomarkers that reflect changes in other
aspects of AD pathophysiology should be developed, as
noted by Moreth ¢t al”® and more extensively investigated
by Molineuvo et al** These authors correctly suggest
that biomarkers used in drug development programmes
should be selected based on their capacity to monitor the
biological events influenced by the treatment. Selection
criteria should consider assessment of disease state and/
or prognosis, definition of a drug’s mechanism of action,
and identification of the right parameter(s) to monitor
efficacy. Identifying additional fluid biomarkers reflecting
other aspects of AD pathophysiology is critical for moni-
toring new therapeutic approaches. Several novel fluid
biomarkers have been proposed, but their role in AD
pathology and their use as AD biomarkers have yet to be
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validated. In a recent study of unimpaired aged subjects,
Merluzzi et al”® did a cross-sectional correlation of markers
of neurodegeneration in CSF with cognitive subclinical
decline. Neurofilament light protein (NFL) was sensitive
to cognitive alterations in the observed population, more
so than neurogranin or total tau.

Extensive studies have been performed to identify
possible AD biological markers in more accessible fluids,
such as blood, but also in saliva and urine.*® ¥ Serum
and plasma levels of AB1-40 and AB1-42, or their ratio,
have been proposed as peripheral markers of AD and
AD prodromal states for twenty years. Although a large
meta-analysis demonstrated the diagnostic inconsistency
of these determinations,* two recent studies have repro-
posed the blood-based AB1-42 and AB1-40 ratio as an
important component of a diagnostic process including
other blood markers.* * Both studies emphasised the
limited information derived from a screening exclusively
based blood AP ratio, but also the low cost and the prac-
tical advantages of this measurement. In another recent
study, a longitudinal cohort study in older individuals
with subjective memory complaints was performed to
determine whether plasma AP, _, /AP, _,, ratios might
correlate with positive brain AB-PET. The results showed
that plasma AB _, /AB, ,, ratio was is indeed a useful
predictor of cerebral amyloidosis (accuracy 81% at base-
line). This finding is reproduced (balanced accuracy:
71%) when using data collected at subsequent time
points (after l-year and 3-year follow-up). The authors
indicate the need for cohort studies to test AB,_, /AB,
ratios as biomarkers, as they may be a cost-effective
biomarker useful for assessing brain amyloidosis in indi-
viduals who are at risk for AD.”" Similar results with even
more promising evidence were shown by Schindler et
al’® Here the alteration of AB 1o/ AB,_,, ratio in plasma
predicted the cerebral accumulation of amyloid, deter-
mined by cerebral PET analysis, with an accuracy of 85%
in apolipoprotein E (ApoE) negative subjects and 94%
in ApoE positive cases. A further goal of these investi-
gations might be screening, in primary care settings,
all elderly people over 70 years old to identify those at
risk for future disease development. These determina-
tions are close to being an ideal fluid biomarker for AD
as they are reliable, reproducible, non-invasive, simple
to measure and inexpensive. B-site amyloid precursor
protein cleaving enzyme (BACE) activity, AR oligomers
(ABOs), tau and p-tau in blood were also investigated as
biomarker of AD in prodromal phases of AD. Longitu-
dinally, higher levels of plasma total tau have been asso-
ciated with greater cognitive decline and risk of MCI .
This relationship was independent of elevated brain A}
concentration. Recent work suggests that the contribu-
tion of tau level determination in blood to predicting
cognitive decline is modest, while a good relationship
occurred with CSF tau and brain atrophy in frank AD.”
However, plasma pTau, especially p-tau-217 has been
found to strongly correlate with specific modifications,
amyloidosis and tau phosphorylation, at the cerebral

level.”* NLF levels in plasma have been studied to deter-
mine if they might serve as a marker of neurodegenera-
tion. Meta-analysis confirms that plasma NFL levels are
elevated in the prodromal phase of AD.” Plasma NFL
levels correlate with hypometabolism in bilateral para-
hippocampal and middle temporal gyri and are a good
diagnostic marker for AD in Down syndrome subjects,
more recently serurm NLF levels have been proposed as
a marker for frontotemporal dementia.”® Furthermore,
the methodological evolution enables the simultaneous
determination of tau, p-tau, NLF and AB 1-42 in plasma,
this combination might give the best condition to assess
in plasma the risk of developing dementia.’”

Small non-coding RNA (miRNA), through binding
to the 3™-untranslated region region in messenger RNA,
control gene expression. Deregulated miRNA expres-
sion in brain tissue and biological fluids from AD and
MCI subjects has been shown.”® Although their expres-
sion have been found more stable and consistent in
brain tissue, the possibility that a specific blood miRNA
could be associated with early phases of a pathological
condition has been investigated and promising candi-
dates were identified.”” The possibility that specific
miRNAs are directly involved in AD pathogenesis and in
neurodegenerative processes makes these elements and
their identification in peripheral fluids extremely inter-
esting. Targets of miRNA deregulation in peripheral
blood have been found and grouped according to the
types of genes involved. Groups include inflammation,
apoptosis, amyloid and tau signalling pathways, but half
of the miRNAS have undetermined targets.”” miRNAs,
thus, could be very useful biomarkers, but methodolog-
ical conditions and timing of determination need to be
harmonised to get reliable tools. Promising results in
terms of biomarker tools have been found in plasma
neural cell-derived exosomes, circulating microvesci-
cles derived from cerebral tissue. AP, tau protein and
numerous other proteins are associated with exosomes,
thus their composition might reflect pathophysiological
conditions.”’ The purification and analysis of neuronal
derived exosomes would be useful for monitoring AD
progression, interindividual differences and pharmaco-
logical activities.”"

The determination of AP, _,, in saliva samples has
been proposed as a biomarker in AD* as several other
components of saliva, including tau, appeared to have
diagnostic utility f or establishing or predicting AD. The
possibility of finding useful urine biomarkers associable
with AD or its prodromal phases has been investigated by
measuring levels of various metabolites related to cellular
membranes, oxidative pathways or metals and amino-
acids.”” The levels of numerous elements, including
isoprostane 8,12-iso-iPF2a-VI, total free amino acids,
8-hydroxy-2'-deoxyguanosine, glycine and enzymatic
activity of NaCl-stimulated PON1, have been determined
in AD, MCI and controls,63 but none had the reliability
necessary for a biomarker for AD studies.
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NEUROINFLAMMATION IN AD

Inflammation appears to occur in all neurodegenera-
tive disorders and distinct immune factors are associated
with each type of disorder. Similarities and differences
in inflammatory activation have been explored by
comparing rare and common neurodegenerative disor-
ders.”* A broad variety of mechanisms are involved in
changing the original protective role of glial cells into a
damaging ones. Alterations of mechanisms controlling
inflammation, change of activation state, persistent
production of cytokines, recruitment of peripheral cells
are all processes observed in neurodegenerative tissue.”
Using a simple experimental model to evaluate histo-
pathological, biochemical and behavioural consequences
of AB or o-synuclein oligomers, we demonstrated that
different oligomers induced similar inflammatory reac-
tions, but through distinct molecular pathways.66 Along
this line, King et al,67 at the clinical level, have found that
subjects exhibiting MCI in the early stages of AD or Lewy
body dementia all displayed inflammatory activation,
although with some differences.

The evidence that inflammation may be involved in
early phases of AD has generated new hypotheses of
pathogenesis that involve the combination of AB deposits,
gliosis and neuronal dysfunction. In terms of therapeutic
strategy, the possible beneficial effects derived from immu-
noreactivity control must be considered before the use
of immunotherapy as an antiamyloidosis strategy, but the
results of this latter therapy are equally unsatisfactory.”® o
For example, indomethacin, a classical non-steroidal anti-
inflammatory drug (NSAID), was tested in a small group
of patients, producing results that were partially positive
but with substantial gastrointestinal side effects that likely
will preclude chronic treatment with this drug. However,
a trial combining indomethacin with a gastroprotec-
tive drug found that cognitive deterioration was not
significantly different in treated patients compared with
those receiving a placebo, although a positive trend was
observed. These results cannot be considered conclusive
for several reasons, including the small number of subjects
treated and the possible influence of gastroprtective on
risk of developing dementia. Valid conclusions can be
reached when an appropriate protocol taking in consid-
eration all aspects will be applied. Similar results have
been reported for treatments targeting tumour necrosis
factor in AD.” Numerous epidemiological studies have
demonstrated the protective effects of anti-inflammatory
agents in a preclinical period. In the Rotterdam study, it
has been shown that when the exposure to NSAIDs was
Hyears before diagnosis, the risk of developing AD was
reduced by a factor of five.”" We have shown that in an
AD population the use of NSAIDs was extremely low
compared with age-matched controls.”” As expected, the
translation of epidemiological knowledge into effective
treatments is complicated. However, for AD, the avail-
ability of numerous molecules already characterised for
other clinical uses has facilitated the design of trials.
Starting with the antimalarial drug hydroxychloroquine,”

a large number of anti-inflammatory drugs has been
tested against AD in formal clinical trials. NSAIDs have
been tested under different conditions, including preven-
tive treatment, with modest or negative results. However,
the dozens of genes with potential roles in AD pathogen-
esis can be limited to a restricted number of biological
functions, the immune system, together with lipid metab-
olism and vesicle traffic, is included. Polymorphisms in
the genes encoding TREM2, CD33 or CR1, and several
missense mutations on genes for immune factors, have
been identified as risk factors in AD. Furthermore, since
TREM?2 is expressed essentially only in microglia, the asso-
ciation between TREM2 polymorphisms and AD adds a
non-neuronal element to its pathogenesis. Inflammation
in cerebral parenchyma has been traditionally considered
a secondary event due to AP deposits and neurodegener-
ation, but recently, glial activation has been recognised as
a primary contributor to pathology.” Numerous observa-
tions in physiological and pathological conditions have
proved how intimately connected is synaptic activity
with microglia and astroglia.”” Both glial cell types affect
synapse modelling and neuronal function with combined
or independent actions. Thus, in AD, alteration of glial
activities might induce synaptic loss or damage in the
absence of amyloid plaques or neurodegeneration.” The
formation of misfolded soluble A aggregates, oligomers
(ABOs), is the first pathogenic step in AD, followed by
the formation of insoluble aggregates, protofibrils and
fibrils and plaques. Oligomers are considered the neuro-
toxic form of AB,”” their presence has been associated
with uncontrolled inflammation, and thus the combined
deleterious effects of immune factors and ABOs on the
neuronal system appear critical in the early phase of the
disease. Understanding the balance between the positive
effects of glial activation (exerting surveillance to elimi-
nate pathogenic elements, including protein aggregates)
and the negative effects (overproduction of immune
factors with detrimental effects on neuronal function) is
essential for establishing the pathogenic role of inflamma-
tion. This subtle equilibrium could be altered by genetic
profile, general condition of the organism and specific
elements. Peripheral conditions altering inflammation
state, like obesity, metabolic syndrome or diabetes, can
substantially facilitate the detrimental effects on neuronal
function™ and reduce resilience.” In contrast, physical
exercise, recognised as protective in AD, interferes with
inflammation, reduces microglia activation and produces
a specific cytokine profile that might increase neuronal
resilience.** Furthermore, AD pathogenesis can be also
influenced by gut microbiota.®’ The changes of inflam-
mation markers in blood or CSF, in combination with the
profiles of genes encoding inflammatory factors and anal-
ysis of the microbiota, have been studied in AD subjects.*
These changes most likely reflect neuroinflammation in
the brain, as verified by PET analysis and activation of
cerebral microglia.*® In some cases, the levels of TREM2
and other immune factors in AD CSF correlate with
disease severity®® and drug activity.*> However, biological
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variability and low consistency of the inflammatory marker
determinations in plasma and CSF make the correlation
with disease progression poor.*® This variability may have
its origin in the heterogeneity of disease manifestations
rather than inevitable biological oscillations, especially in
early phases of AD. This deserves further investigation.
The contribution of inflammation to AD pathogenesis,
as mentioned in the introduction, might be individually
and temporally different, suggesting the possibility that
this variability, rather than being a problem, becomes an
interesting element worth analysing carefully.

PRECISION MEDICINE APPROACH

Precision medicine, here considered synonymous with
precision pharmacology, could be considered an aspect
of the wider concept of personalised medicine. Preci-
sion medicine is based on the identification of the most
appropriate pharmacological tool to interrupt or antag-
onise the pathological process, while personalised medi-
cine involves not only the treatment but the complex of
specific elements that contribute to the quality of care.
Precision medicine has been proposed in the field of
oncology, where the response to treatment is often a
delicate balance between positive effects and toxicity and
individual responses may vary significantly. The applica-
tion of precision medicine in neurodegenerative disor-
ders was formally proposed recently.*” The principle is the
same—individually tailored biomarker-guided targeted
therapies®™ and the adoption of the best practice based
on individual patient characteristics. The stratification of
subjects by a selection of pathophysological profiles within

A A A

Neuropsychological tests
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A-N-T Analysis
ApoE, MRI, PET

ﬁ ﬂVery mild cognitive impaired
i

the complex scenario of the neurodegenerative disorders
is proposed to implement the efficacy of pharmacological
treatments. This approach is a necessary consequence
of the numerous clinical trial failures that have been
reported. At the moment, it remains a potential innovative
intervention that needs to be tested under appropriate
conditions. Several different molecular mechanisms can
contribute to AD pathogenesis and, in the early phase of
the disease, the relative importance of one or the other
can be decisive in precipitating the pathological condi-
tion. Systems biology approaches might be useful to inter-
rogate the input coming from numerous parameters that
need to be considered to obtain a subject profile.*® ®
Surrogate or direct biomarkers, together with the genetic
profiles, can assess the neuroprotective or at risk profile,
in particular, the contribution of inflammation.

The application of precision medicine principles driven
by individual inflammatory states was proposed by Wilcock
s group.” This initial approach can be further developed
through consideration of the levels of numerous factors
in plasma and CSF, including a large panel of cytokines,
the microbiota metagenomics composition, exosome
analysis, genetic and epigenetic factors. These factors
should be considered for cluster analysis and included
in machine learning algorithms to stratify the subjects
according to ‘inflammatory profile’.”" This procedure
should be applied as third level of selection in prodromal
AD subjects initially characterised by neuropsychological
tests to distinguish amnestic and non-amnestic cogni-
tive decline and successively classified by biomarkers
described in A-T-N framing. This complex approach
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Flow chart of hypothetical clinical trial protocol with three levels of selection of patients with mild cognitive

impairment: (1) neuropsychological tests to distinguish amnestic and non-amnestic MCI (2) CSF analyses to identify subjects
with high propensities to convert to AD and (3) inflammatory profiles assessed by the consideration of numerous parameters in
plasma, CSF and microbiota, together with genetic background. In this model, the combination of antiamyloidogenic and anti-
inflammatory drugs versus placebo is investigated. AD, Alzheimer’s disease; ApoE, apolipoprotein E, CSF, cerebrospinal fluid;
MCI, mild cognitive impairment; PET, positron emission tomography; SNP, single nucleotide polymorphisms.
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must be developed longitudinally and associated with
an intervention to directly evaluate the consistency of
the parameters considered in association with possible
drug efficacy,”** an initial validation step. As illustrated
in figure 1, the assessment of inflammation profile must
be immediately tested with pharmacological treatment,
however the manipulation of the immune system will not
be sufficient to interfere with AD progression. A multi-
factorial approach for effective antidementia action will
be necessary that focuses on several targets, including
inflammation, amyloid aggregation and probably neuro-
protection. Single drugs with multitarget activity or more
drugs with different mechanism of action can be tested in
formal clinical trial. Doxycyline could be a good example
of a multitarget drug because, in addition to the antibi-
otic effect of tetracyclines, doxycycline combines both
antiamyloidogenic and anti-inflammatory activities.” °
The efficacy of the drug can be dissected according to
inflammation profile, biomarkers in plasma can be eval-
uated several times during the study, and comparison of
CSF and microbiota can be done prior to and at the end
of the study. The patients can be stratified according to
a different physiopathological profile oriented by other
therapeutic targets. Alterations of mitochondrial func-
tion?” or vascular contribution can be specifically exam-
ined if the available therapeutic tools are targeted on
these functions.

CONCLUSIONS AND PERSPECTIVES

The accumulation of information on AD pathogenesis in
the last two decades has produced scientific knowledge
and consciousness of the complexity of the pathological
scenario. On the other hand, excess simplification has
characterised the translation of this complexity into ther-
apeutic approaches, much as expressed in the quotation
‘There is always a well-known solution to every human
problem—neat, simple and wrong.” For AD, this solu-
tion is a single pharmacological approach to treating a
heterogeneous, complex disorder. It now is time to face
this complexity and create more accurate and precise
therapeutic approach. As illustrated here, there is
evidence to consider AB deposition and inflammation as
initial phenomena of the complex pathological process.
However, pharmacological interventions targeting both
amyloid and inflammation have not shown positive
results. Timing of treatment, selection of the patients,
and the lack of multifactor approach might be the main
reasons of these failures. Reliable biomarkers qualified
for a specific context of use is another fundamental aspect
that needs to be considered in therapy. The application
of precision medicine principles to well characterised
patients and target therapy and the use of appropriate
biomarkers likely will provide the best chance to develop
effective therapies. Here, we have proposed a model of
study that could be applied to any kind of pharmaco-
logical approach. It comprises initial rigorous selection
of early symptomatic subjects or even non-symptomatic

atrisk cases, definition of primary clinical outcomes in
combination with an appropriate battery of biomarkers
to simultaneously test drug efficacy and marker reliability.
With application of innovative calculation tools, the
assessment of biomarkers can be progressively improved
and refined according to possible relationship with
cognitive state and drug activity to design trials with new
compounds to prevent disease before it clinical phase.
This would substantially reduce the costs and time of
patient care. Similar processes can be applied to different
pharmacological combination using ad hoc profiling (eg,
vascular profile, mitochondrial profile, etc) according to
which individually-tailored biomarker-guided targeted
therapies can be implemented. It is essential to arrive
at be go no go decision prior to the initiation of phase
III trials. Furthermore, when the selection of patients is
accurate according to target therapy, the optimal number
of recruited subjects could be in the order of hundreds,
not thousands. Our model, although not really new,
brings into sharp focus the need for more rational use of
existing scientific information and for wide dissemination
of both positive and negative results to validate protocols
with the potential to improve the quality of life of patients
and their families.
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