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Review

Proteomics as a Valid Tool in Biomarker Discovery for
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11-15121 Alessandria, Italy; valeria.magnelli@uniupo.it; Tel.: +39131360239

Abstract: Alzheimer’s disease (AD) is one of the most widespread neurodegenerative diseases
affecting people averaging over 65 years. It manifests with severe cognitive damage, loss of memory,
impairment in performing activities, ventricular expansion and final dementia. AD is associated
with the deposit of amyloid β protein (Aβ) plaques, intracellular neurofibrillary tangles (NFTs),
progressive inflammation and impairment of synaptic transmission and of mitochondrial function.
Due to the poor diagnostic tools for the early stages of the disease, proteomics biomarkers have
gained a paramount role because they can monitor the prodromal variations of the disease-linked
molecular changes. Further, proteome biomarkers can help the follow up of AD progression over
time and aid in setting personalized medical care, before the catastrophic consequences of dementia
occurs. Research has focused on the identification of proteome biomarkers in cerebrospinal fluid
(CSF) and plasma, which are discussed in the present review, but also in other matrices, as saliva and
urine, revealing the high potentiality of proteomics approach and, at the same time, the difficulty to
identify, for the different stages of the disease, sensitive and specific biomarkers clinically available.

Keywords: Alzheimer’s disease; biomarker; proteomics; cerebrospinal fluid; Aβ protein;
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1. Introduction

Neurological degenerative diseases affect a huge number of people each year worldwide and
Alzheimer’s disease (AD) is the most growing one. The World Alzheimer Report 2023 foretells an
increase of AD patients from 55 to 130 million in the next 25 years with a significant increase in poor
and medium richness countries [1]. AD is the main form of dementia accounting for about 60% of all
cases clinically diagnosed and it has a typical onset after the age of 65. It is a severely invalidating
disease characterized by brain changes beginning years or even decades before clinical symptoms,
such as memory loss and confusion, occur [2]. It is characterized by spread death of neuronal cells
which is responsible for cognitive impairment, memory loss, decline of daily habits and visuospatial
abilities [3,4]. Once AD is diagnosed, the disease shows irreversible progression with huge brain
damage, reduction of grey matter in the hippocampus and enthorinal cortex which constitute the
long-term memory system [5]. As a consequence, it is a pivotal concern to find valid molecular tools
in screening programs to detect people at early stage of AD, long before the appearance of clinical
symptoms, to identify the disease with no doubt and to define the possible progression rate. Further,
the discovery of molecular targets would help in setting proper medical treatments before the brain’s
degeneration, which characterizes AD, is complete.

Specific molecules, referred to as biomarkers, work as indicators of pathological states and
can now be reliably measured in patient fluid samples, to suggest the presence or absence of the
disease or the likelihood to later develop AD. To be a valid diagnostic tool a biomarker must be
specific, sensitive and able to univocally define the progressive AD stages. Further, a validated
biomarker should distinguish AD dementia from prodromal mild cognitive impairment (MCI), which
in turn can progress to AD and from other types of dementia, such as frontotemporal lobe dementia
(FTLD) or Lewy body dementia (LBD) [6]. A good panel of biomarkers should be able to correlate
with the severity progression rate supporting both the evaluation of the patient condition and the
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discovery of possible and specific drug medical targets. Proteins are very sensitive to diagnose
a specific disease and, for this reason, the most promising approach for the identification of AD
biomarkers is proteomics. AD proteomics biomarkers are proteins derived from brain homogenate
[7,8], cerebrospinal fluid (CSF) [9–14], blood [12,15,16], but even saliva [17] and urine [18], which can
help to follow the staging of the disease from presymptomatic conditions [19], to MCI [20] and more
severe grades up to AD dementia [21] (see Figure 1).

Figure 1. Progression from presymptomatic Alzheimer’s disease (AD) to severe AD condition. The
percentage of subjects progressing from presymptomatic AD to mild cognitive impairment (MCI)
ranges between 20 and 30% [22]. The percentage of subjects progressing from MCI to severe AD is
higher, ranging between 43% up to 70% [23].

The implementation of proteomics techniques and bioinformatic tools in biomarker research has
gained a huge consensus because it allows large scale detection and identification of proteins rising the
probability to detect novel biomarkers [24–27]. Proteomic studies benefit of multi approaches ranging
from two-dimensional electrophoresis (2DE), mass spectrometry (MS) and protein microarrays [14].

The clinical diagnosis of AD is based on loss of memory and general cognitive decline, but the
underlying pathological mechanisms which occur far ahead are extremely complex and difficult to
identify because of confusing factors such as age, gender and genetic tendency. The first AD event
which takes place is the aggregation process of amyloid β protein (Aβ) causing phosphorylation of tau
protein (p-tau) and its aggregation in intraneuronal neurofibrillary tangles (NFTs) [28,29].

From then on, many studies concluded that aggregation of Aβ and the accumulation of NFTs
were the main players in AD onset [30]. As a consequence, the patient, over time, develops at first
short-term memory problems, within a few years, followed by severe cognitive impairments, loss of
anterograde and retrograde memory and of the normal behavioral functions [31].

The amyloid plaques are formed by aggregates of Aβ protein with 40-42/43 residues, coming
from the amyloid precursor protein (APP) cleaved by two different convertase enzymes [32]. For these
reasons Aβ42 or the ratio Aβ42/Aβ40, together with total tau (t-tau) and p-tau [33], the dominant
proteins of the NFTs, still represent the main indicators of the disease and they are the worldwide
recognized criteria for AD diagnosis [34,35].

Proteomics biomarkers have brought a great advance to in vivo diagnosis of AD, uncovering the
major proteins involved in the disease pathogenesis. The important development of MS together with
improved analysis and dedicated software has gained a deep insight into AD mechanisms. Proteomics
has been a step forward in AD study, because the proteins are the effective players of the organism
biological functions and, despite the fact that the human genome is known [36], many processes take
place between gene transcription, protein translation and post translational modifications. To fully
understand the events which underline complex and unknown pathologies as AD, it is pivotal to
know the role of the involved proteins. Genetic analysis can estimate the risk of disease occurrence as
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reported for subjects with apolipoprotein E (ApoE) allele ϵ4 [37,38], but it can not be used to ascertain
the disease and its severity grade. For this reason, ApoE ϵ4 is not considered a real biomarker for AD
[39]. On the contrary, proteomics enables to better define the final product of a gene, how it works
in the protein networks and its qualitative and quantitative modifications following pathological
processes. While the genome is quite constant for each individual, proteome is a highly dynamic entity,
variable in different cellular types. It exhibits strong expression dependence on time and environmental
conditions, making it a suitable monitor of different conditions in health and illness. A protein, as
final outcome of a gene, is reminiscent of the function much more of the gene itself, making the study
of the dynamic proteome the best tool for AD knowledge. Bioinformatics and data analysis, now
strengthen by machine-learning and artificial intelligence are key points in AD proteomics [40,41]. One
important strength is that proteomics can allow the quantification of thousands of proteins, detect post
translational modifications, such as phosphorylation, methylation, oxidation [42] which are known to
play a pivotal role in AD [43], gaining important insights into the molecular mechanisms responsible
for AD pathogenesis [44–46].

In addition to Aβ plaque and NFTs formation, other changes take place in AD development
affecting many structures of the central nervous system (CNS) which result highly compromised.
First degenerative events occur in the entorhinal cortex and hippocampus, which shows a significant
volume contraction. Later on ventricular enlargement and general loss of cortical matter influence a
wide range of physiological functions [47–49], affecting language, reasoning and social behavior.
Synaptic neurotransmission [50,51] and mitochondrial metabolism impairments [52,53] are described
as well. Amyloid plaques disrupt postsynaptic structures impairing synaptic transmission [54].
Alterations in mitochondrial morphology, distribution, increased oxidative stress and enzymatic
deregulation are all reported in AD [55]. So, although Aβ42, or, better, the ratio Aβ42/Aβ40 and p-tau
[10,56] mostly correlate with cognitive defects and neurotoxicity, respectively, the critical point is that
they are unable to give information concerning the wide heterogeneal aspects of the disease.

Modification of cellular properties and even altered behavior of astrocytes, microglia and
vasculature [57] are key points in the onset and progression of AD, beyond the amyloid cascade
hypothesis [58] and must be fully understood to better know the disease.
Since the detection of Aβ deposits and NFTs, different antibodies have been tested for immunotherapy
treatment of AD, but the percentage of success has been quite low, with very limited potential treatment
[59]. More recently two promising molecules showed clinical results in patients with mild form of AD.
Donanemab is an antibody targeting modified form of Aβ [60] which can improve performing activities
in the patient. Similarly, Lecanemab binds Aβ protofibrils slowing down the cognitive impairment [61].
Unfortunately, both the antibodies display ancillary negative effects and the good medical treatment is
still lacking.

In this view, the main goal in AD handling is to define novel early biomarkers and, at the same
time, possible targets for the setting of new adjuvant pharmaceuticals. This could open to a better
handling of the patients giving them optimist chances to face the disease and to find the correct medical
approaches before reaching the devastating condition of dementia. Proteomics techniques have been
searching for AD biomarkers in different body compartments being the CSF and the blood the most
investigated. CFS is the best sample because it flows directly in the CNS where AD takes the lead
and has the higher concentrations of neurodegenerative biomarkers. The negative point for its use
is that the sample extraction with the lumbar puncture is quite invasive and, for this reason, blood
could be preferred. Blood is of easier access and availability and CNS biomarkers can be found as a
consequence of modification of the blood-brain barrier [62] and can be used for AD proteome analysis
too [63]. In 2014 the National Institutes on Aging initiated a multiapproach program pointing at the
discovery of new biomarkers [64]. The current status of this program relies on the possibility of a high
throughput quantification and comparison of thousands of proteins derived from samples of healthy
and AD individuals. MS improvement allowed high sensitivity and specificity in the detection of very
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low protein amounts derived both from CSF and blood. The refined technique has brought to the
definition of the underlying molecular pathways of AD at different stages [25].

The review will focus on the proteomics biomarker landscape for AD in CSF and blood considering
some of the mostly investigated pathological pathways which characterize this widespread disease.

2. Proteomics research for AD biomarkers

Proteomics based biomarker research

AD protein biomarkers are a promising class of molecules which provide insights into AD
molecular mechanisms and a great utility for the diagnosis, prognosis and therapeutic assessments
of the disease [65–67]. When the disease starts, many proteins change their expression profile, which
can be detected over time, enlightening basic differences between healthy and AD individuals [68].
Proteomics allows the profiling of different sample matrices, from brain tissue [7] to biofluids [69],
resulting in the identification of several biomarker candidates.

One of the easier approaches is the 2DE-based proteomics coupled with MS analysis, which allows
great sensitivity and the identification of thousands of proteins [12,70]. MS is a powerful technique
which unveils molecular mechanisms of biological processes which take place in disease progression.
There are two different approaches for the identification and characterization of proteins retrieved from
either cells, tissues or biofluids as CSF, blood, saliva or urine. The first is a bottom-up approach which
uses a proteolytic digestion of the extracted proteins before MS analysis. The main limitation is the
low percentage coverage of the original protein and, in this case, a significant amount of information
can be lost. The second approach is a top-down workflow which is a good technique to identify and
characterize whole proteins from complex biological mixtures and their possible post translational
modifications, thanks to the possibility of having access to the complete sequence of the protein [71].

Concerning AD, the first step was the identification of different Aβ peptides and modified tau
proteins [72,73]. Later on, with the informatic supply of the human protein database, it has been easier
to face with the AD proteome and sub-proteome studies, where sub-proteome defines a more restricted
analysis in the region of interest. For example, the sub-proteome of amyloid plaques, which has been
referred to as amyloidome, has evidenced about 900 proteins which result differently expressed in
rapidly progressive AD and sporadic AD [74]. Out of more than 4000 proteins of amyloidome, 40
proteins are mostly present in the plaque region [75]. Sub-proteome analysis has been conducted
in the synapse environment, looking at receptors, membrane and scaffold proteins. Brain derived
samples allowed the identification of more than 5000 proteins in synaptic sub-proteome [76]. On the
complex, MS techniques have allowed the identification of thousands of proteins involved in AD
and playing a role in multiple molecular processes underlying synaptic activity [77], mitochondrial
function [78], metabolism and glia.
Asymptomatic and symptomatic stages of AD are discriminated by the different expression of proteins
involved in glial biology [79]. Many proteomic studies report proteome changes in single brain regions
[79–81]. The ability to uncover proteins which are expressed at different levels between AD patients
and normal individuals, starting from the early pathological modifications, is a promising tool for AD
diagnosis and prognosis.

Proteomics and Aβ cascade hypothesis

AD is a complex, multifactorial disease which is characterized by many factors taking part in
its onset [82]. The main theory is the amyloid cascade, proposed in 1991 by Hardy and Higgins [83],
which considers the accumulation of Aβ plaques in the brain parenchyma as the central starting point
for every form of AD. Aβ plaques were identified in AD patients since 1984 [84]. A huge amount of
evidence accumulated through the years led to the cloning of APP [85], whose mutations are linked
to the familiar disease development [86]. One of the main consequences of plaque deposition is a
widespread synaptic damage in the brain through the aggregationn of p-tau [87].
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Aβ protein comes from the amyloidogenic pathway of APP, cleaved by the enzymes β- and
γ-secretase which give rise, in normal conditions to soluble fragments. Due to the cleavage at different
sites, γ-secretase produces different Aβ peptides with Aβ40 and Aβ42 being the most abundant
[88]. Mutated APP and/or secretase genes lead to the formation of insoluble Aβ fragments, mainly
Aβ42, which are very active in plaque formation [89]. This is the leading event which triggers the
CNS degeneration observed in AD that can begin up to twenty years before clinical symptoms [90].
The different fragments of Aβ, soluble or insoluble, produce synaptotoxic effects with alteration of
neurotransmitter systems, cytoskeleton damage and compromised synaptic plasticity up to neuronal
death [91,92].

At the beginning, the deposit of the plaques is counteracted by microglia action, which contributes
to the maintenance of synaptic contacts by preventing synaptical degradation through a phagocytose
activity [87], but as soon as the Aβ load increases, it becomes responsible for the formation of NFTs and
neuronal impairment both in the familial AD form, characterized by gene mutations involved in the
amyloid pathway [93] and in sporadic AD, whose etiology is still quite unknown [94]. The Aβ plaques
spread across the brain causing synaptic damage, p-tau formation, disassembling of cytoskeleton
and tangle structures evolving in neuronal loss and disassembling of neuronal networks [95]. The
evolution of these changes underlies the progressive patient decline.

Strictly connected to plaques deposition, many other events occur such as deregulation of calcium
homeostasis and consequent toxicity [96], inflammatory responses [97] and mitochondrial dysfunction
[53]. The mitochondrial damage, which is one of the hallmarks of AD, is responsible for the leakage of
reactive oxygen species [98] and disruption of glutamatergic synaptic plasticity because of damage of
N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptors [99].

More recent studies raise the possibility of other causative processes in AD onset as
neuroinflammation mechanisms [100], oxidative stress [101], autophagy mechanisms [102] suggesting
that the real culprit for AD onset must still be unmasked [103]. Despite this last consideration, the
identification of Aβ fragments, especially the decrease of the fragment Aβ42, aggregating faster than
Aβ40, and the increase of p-tau proteins, which are considered the major determinants of brain damage,
have been the first established biomarkers [104,105] and are currently the only molecular markers
to confirm AD diagnosis used in clinical practice, sided by neuroimaging techniques which detect
aggregates of Aβ within the brain [106].

Although proteomic studies were formerly conducted on brain tissue homogenates, revealing a
notable number of differently expressed proteins along with the AD progression [107], the availability
of early and reliable biofluid diagnostic biomarkers allows AD detection and searching of preventive
measures to avoid neuronal damage. Unlike other diseases, as cancer, it is quite hard to take a sample
of the brain from the living patient and, consequently, a biofluid biomarker can provide evidence
for the pathological changes in the CNS. The identification of biomarkers is thus, achievable faster
by using fluid samples respect to tissue extracts. Fluid biomarkers are less invasive, offer a major
feasibility to obtain samples from the patients over time, do not expose the patient to radiation and can
give a quantification to follow up the disease progression [108]. The most studied fluid biomarkers are
available in CSF and in the blood, but AD biomarkers are reported in saliva [109] and ocular fluids,
where aggregates of Aβ have been found [110].

Cerebrospinal (CSF) fluid biomarkers

The protein changes which characterize the neurodegenerative process of AD are best seen in CSF
and, although blood is easier to collect for proteomics sample extractions, the CSF is the best biofluid
indicator for AD proteome biomarkers, because it reflects the main neuropathological processes which
take place in the CNS [111]. CSF is an ultra-filtrate of plasma circulating in the ventricular system
of the brain and, thus, it is in contact with brain tissue, collecting the proteins of the extracellular
space. The APP protein and secretase enzymes originate Aβ fragments which are responsible for
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the early stages of AD [112]. Aβ fragments include two main isoforms, the soluble Aβ40 fragment
and the insoluble, hydrophobic Aβ42 one which appears in higher percentages in AD patients and is
the main component of the AD plaques [113,114]. It aggregates with higher probability, reducing its
concentration in CSF, probably because of its sequestration in Aβ plaques [115]. It is a strong predictor
of progression to MCI or AD in patients with subjective complaints [116]. It must be stated that Aβ42
results reduced even in other central pathologies as bacterial meningitis [117] and CSF Aβ42 is also
dependent on the total Aβ peptides of the brain [118]. For these reasons, more than the evaluation of
Aβ42 alone, the ratio Aβ42/Aβ40 has been proposed as CSF predictive biomarker of AD [119], gaining
better prediction accuracy and better discrimination between AD and non-AD dementia [118–121]. It is
detected early in the disease onset, before the cognitive impairment occur [122]. On the contrary, total
Aβ proteins do not represent a biomarker for AD diagnosis having similar concentration in healthy
and AD individuals [123].

Aβ plaques initiate the misfolding of tau proteins [124] spreading through the whole brain and
causing neuronal degeneration and brain matter loss followed by cognitive impairment. At the present
time no valuable medical treatment is available for the disease, the real progression still remains
unclear and much research work is in progress to find out other proteins involved [66]. A panel of
different variable biomarkers could, indeed, help on the establishment of protocols aimed at early AD
identification and at evaluation of the disease progression rate.

Soluble and insoluble Aβ fragments, isolated from the plaques, were identified, at first,
through liquid chromatography (LC)-electrospray ionization (ESI)-MS [125] and matrix-assisted laser
desorption ionization (MALDI)-time of flight (TOF)-MS [126], but, until 1992, they were the only well
known AD-linked proteins because of the limited availability of protein databases. It was only after the
Human Genoma Project was completed in 2003, that protein databases were available, providing the
fundamentals for full proteome analysis. Afterwards Aβ peptides have been analyzed with multiple
MS-based techniques and then they have been developed into targeted assays for quantitation [127].

t-tau increases in AD probably because of neuron loss [128], but it is correlated also to altered
levels of CSF proteins involved in neuronal plasticity and blood–brain barrier dysfunction [129]. p-tau
accumulation has been investigated with MS [130] and is mostly linked to the formation of NFTs.
It shows multiple isoforms as p-tau181, now considered a validated marker for AD and often used
in routine biochemical assessments. [131,132], p-tau231, p-tau217 which all increase in AD patients.
The different phosphorylated or dephosphorylated status accounts for detachment of p-tau from
microtubules. It accumulates leading to NFTs formation, one of the characteristic hallmark of AD. As a
consequence the destabilization of cytoskeleton system, the block of axonal transport path, strongly
impairing the synaptic activity, alteration of the neuronal communication and disruption of synaptic
plasticity take place [133]. At the present time Aβ, t-tau and p-tau are considered the gold standard
method to establish reliable AD diagnosis [12] and for clinical application in MCI patients to predict
the progression to AD [134].

CSF Aβ only or combined with p-tau is considered a molecular cue which can distinguish,
with high sensitivity, between AD and healthy subjects [135]. Abnormal increase of t-tau and p-tau,
combined with low Aβ42 are strong biomarkers of the AD-associated pathological changes in the brain
and predict AD features with high accuracy [105]. The analysis of CSF has reported a correlation with
amyloid plaques in cortical brain biopsies between low CSF Aβ42 and high CSF t-tau and p-tau levels,
respectively [136] assessing a strong relation between AD damages and proteins of the CSF [137]. The
reduction of Aβ42 reflects the increased aggregation into plaques [138] and correlates with amyloid
plaque load in post-mortem studies [105].

Although Aβ and tau proteins are still considered reliable AD biomarkers and have high specificity,
these cause only a fraction of the biological changes that take place in AD, though involved in
metabolism alterations, oxidative processes, vascular effects and inflammatory responses [97,139–141].
Many proteins have been identified in the plaques, correlated to different forms of AD [74]. Different
molecules which play important roles in the disease have been proposed as biomarker candidates
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to be possibly inserted in etiologic pathways beyond Aβ cascade. Several studies have focused on
putative biomarker including inflammation- and oxidative stress-related proteins which are considered,
together with the Aβ hypothesis, sided mechanisms of AD onset.

In the last years the marked immune response of the brain has suggested an immune etiology
of AD [97] with astrocytes and microglia, which are part of the CNS immune response, taking a
pivotal role in AD’s development [142], exacerbating the mechanisms of Aβ and tau symptoms
[143,144]. Microglia cells at first degrade Aβ plaques, but the excessive immune response drives to
microgliosis with the over production of cytokines, free radicals and subsequent neuronal damage
[145]. On the other hand, the oxidative stress etiology has been reported since almost three decades
and reviewed recently [146–148]. Inflammation and oxidative biomarkers are thus considered potential
AD biomarkers [14,149–152].

The CSF AD-linked protein neurofilament light (NFl) is a non-specific biomarker of axonal
degeneration. Indeed, NFl increases in AD and in other neurodegenerative disorders any time that
brain cells are damaged [153]. NFl cannot be used for diagnosis of AD, but, in a person who has
already been diagnosed, NFl results potentially useful as powerful monitor for prediction of disease
progression. The ratio NFl/Aβ42 is reported as one of the best predictor of brain atrophy and cognitive
scores [154].

AD is a complex pathology and the discovery of valuable biomarkers indexing an early diagnosis,
the disease severity, the progression rate and an effective treatment is still a continuous need for AD
research framework, thus, many efforts are addressed to identify novel protein biomarkers reflecting
these points [155].
The proteomics approach has been and still is a valid method to discover novel biomarkers [150,
156,157]. MS based proteomics of the CSF allows the analysis of thousands of proteins, growing
the possibility to identify novel biomarkers of the disease and a selective and precise quantification
providing protein identity and abundance [115,158–160].

One of the major problems encountered in protein biomarker research is the identification
of low-abundance proteins, which can be masked by high-abundance ones. For this reason new
technological improvements are aimed to the enrichment of the sample to better find out the proteins
of interest [161–163]. Indeed, the involvement of tau in AD progression was known since many years,
but the ability to its quantification depended on the depletion technique of the most abundant proteins
[150]. With better technological improvements, the MS-based research for novel AD biomarkers has
gained multiple results and different conceivable biomarkers have been proposed.

A high-performance CSF proteome study has been done on 200 participants of three different
cohorts, whose Aβ and p-tau values were known aiming at the classification in AD and non-AD
individuals. Notable proteome changes were detected for 40 up- and down-regulated proteins as
the astrocyte-derived YKL-40/chitinase-3-like protein 1, involved in neurodegenerative processes
and the fatty acid binding protein 3 (FABP3), a small protein expressed in neurons, astrocytes and
brain endothelial cells [150]. YKL-40, which reflects astrocyte activation, was tested as putative AD
biomarker in line with previous studies considering it as possible indicator for disease progression
from mild condition to AD dementia [164]. Since YKL-40 is related to inflammatory response and
astrocyte-mediated neuroinflammatory conditions, the detection of high concentrations in CSF could
suggest medical treatments targeting inflammation mechanisms [165]. Further, the progression of
clinical symptoms and cortical atrophy are closely associated with increases of YKL-40 levels [166].

The increasing interest for the immune response led to find out in AD CSF higher concentrations
for the soluble triggering receptor of myeloid cells 2 (sTREM2), a possible AD biomarker candidate
which results correlated with t-tau and p-tau181 [167].

Increased levels of osteopontin, an inflammatory marker which could potentiate the AD immune
response[168], interleukine-10 [169], macrophage migration inhibitory factor [170] and monocyte
chemoattractant protein 1 [171], have all been found changed in their expression level in AD vs

non-AD patients, but these proteins need more investigation to be really confirmed as AD biomarkers.
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High-resolution MS and tandem mass-tags-based multiplexing combined with immunodepletion
technique on 5 control and 5 AD patient samples, identified 139 out of 2327 differentially expressed
proteins, including t-tau, neuronal pentraxin-2 (NPTX2), glial fibrillary acidic protein (GFAP) and
neuronal cell adhesion molecule-1 (NCAM1). Glucose metabolism-associated proteins were higher in
AD CSF, probably released into CSF from brain tissue, according to previous reports [24]. NPTX2 is a
modulator of synaptic activity which is known to facilitate excitatory synapse formation, contributing
to brain plasticity, learning and memory [172]. It is down-regulated in AD patients, representing an
important factor for cognitive dysfunction and disease progression [173], able to predict memory loss
and brain atrophy [174].

A MS-based shotgun proteomics study reports the association between 790 proteins of the
CSF proteome with the core markers of AD, Aβ42 and p-tau. Positive correlation of four proteins
(cannabinoid receptor 1, neuroendocrine convertase 2, NPTX2 and somatostatin) with Aβ42 were
detected. The endocannabinoid system was already reported as potential target of medical treatment
in AD [175]. 50 proteins were found to be associated with tau and 46 with p-tau, of which 41 were in
common providing new insights in CSF proteome alterations related to the disease. Strong associations
with the core AD Aβ and/or tau were reported also for proteins implicated in energy metabolism,
synaptic activity, nitric oxide production. Several proteins involved in synaptic activity are altered in
AD CSF. Presynaptic synaptosomal-associated protein 25 (SNAP-25) has been shown to have higher
concentrations in CSF of AD early stage. Synaptotagmin-1 (SYT-1) shows increased values in MCI
patients progressing to AD and, for this reason, it could be considered a marker of progressive cognitive
decline [176]. Neurogranin and neuromodulin, were positively correlated both with tau and p-tau
[177]. High CSF concentration of neurogranin, a protein having a key role in synaptic plasticity,
reflects synaptic loss in AD patients and may be a valid indicator of future cognitive decline linked
to dendritic instability and degeneration [178]. Neuromodulin is a presynaptic protein involved in
synaptic plasticity as well, which results down-regulated in AD patients providing indication for
impaired cognitive abilities.

Wang and colleagues [179] report an integrated ultra-deep proteome analysis in cortex, CSF and
serum revealing 37 proteins as potential AD markers. The methodological approach of integrating
multiple proteomes and the MS-techniques combined with a systems biology view, gained the
interesting result of 59% of these proteins involved in mitochondrial dysfunction. The result was
in line with the hypothesis of important mitochondrial changes as putative causative agents of AD
[53,180]. Consistently with these results, decreased levels of mitochondrial thioredoxin-dependent
peroxide reductase (PRDX3), a protective antioxidant enzyme, were observed in AD CSF sample. This
suggest an impairment of mitochondrial function and, since mitochondria are the main source of
reactive oxygen species, an imbalance in redox equilibrium [181]. Ubiquitin C-terminal hydrolase
L1 (UCHL1) involved in degradation of misfolded or damaged proteins, FABP3, involved in lipid
metabolism are shown to have good diagnostic value of AD [182,183]. Pyruvate kinase M (PKM)
results increased in AD and it has been considered as putative biomarker for either glucose metabolism
or neurodegeneration with higher levels due to release in CSF following cell death. The alteration
of glucose metabolism could be an early sign of the disease even if the evaluation of other glycolytic
enzymes in AD e non-AD individuals must be taken into account [184].

Immunodepletion was also used in a multiplex tandem mass tag labeling study which revealed
225 down-regulated and 303 up-regulated out of 2875 profiled proteins in CSF samples from 20 controls
and 20 AD patients. The proteins, including tau, NPTX2, NCAM1 were collected in five different
panels involved in the deregulation of synaptic activity, vascular function and coagulation, cellular
structure and myelination, inflammatory and metabolic pathways [185]. The meta-analysis of six CSF
datasets derived from previous studies [24,150,179,185] provided a panel of 5939 proteins. To improve
the choice of high specific AD markers the datasets were integrated with brain proteome, leading to
evidence 65 up-regulated proteins and 44 down-regulated ones [25].
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A multiplex proteomics study on AD considered analog CSF and blood biomarkers in different
cohorts. The authors identified alterations of proteins involved in inflammatory response, apoptosis
and other biological processes as possible links with Aβ4 and tau. Several chemokines, interleukins
and immune markers result changed in AD patients and are proposed as markers of disease diagnosis.
Caspase 8, involved in synaptic plasticity, amyloid processing and microglial pro-inflammatory
activation, shows increase in CSF and blood of AD patients [186]. Its inhibition could be a speculative
therapeutic strategy for Alzheimer patients to help neuronal survival. The same authors report a
down-regulation for the junctional adhesion molecule B (JAM-B) protein which participates in synaptic
adhesion and could be associated to cognitive abilities, up-regulation of matrix metalloproteinase-9/10
(MMP9, MMP10) correlating with cognitive abilities and metalloproteinase-linked proteins which can
play a determinant role in direct degradation of Aβ deposits [187].

Mannosylated-glycan transferrin (Man-Tf) is a post-translationally modified transferrin isoform
produced from cortical neurons, which is increased in AD CSF samples, probably following oxidative
stress of endoplasmic reticulum, as detected through ultra LC-MS study. It displays high correlation
with p-tau, consistently with the observation of hippocampal neurons co-stained for both the proteins,
leading to the proposal that combined p-tau and Man-Tf could be a biomarker for MCI and AD [188].
AD is thus associated with strong CSF biomarkers as low levels of Aβ42 and/or Aβ42/Aβ40 ratio and
high levels of p-tau and t-tau. On the other hand, the huge diversity of differentially expressed proteins
encountered in multiple proteomics study confirms the complexity of AD etiology and pathology and
its multifaceted aspects. As a consequence other novel biomarkers are looked for in a continuous effort
to ameliorate AD diagnosis and prognosis (see Figure 2).

Figure 2. Well-established (left table) and novel candidates (right table) for AD protein biomarkers in
cerebrospinal fluid (CSF). Amyloid β protein (Aβ); total-tau (t-tau); hyperphosphorylated tau (p-tau);
neurofilament light (NFl); astrocyte-derived chitinase-3-like protein 1 (YKL-40); neuropentraxin 2
(NPTX2); synaptotagmin-1 (SYT-1); synaptosomal-associated protein 25 (SNAP-25); soluble triggering
receptor of myeloid cells 2 (sTREM2).

Plasma biomarkers

There are two valid reasons to investigate the availability of AD biomarkers in plasma. The first
one if that blood samples are obtained with minimally invasive procedures, preventing the patient
from lumbar puncture. The second is that the plasma biomarkers can be measured at relatively low
cost if a standard measurement system will be reached.

Indeed, many laboratories around the world base clinical diagnosis on plasma sample, as for
C-reactive protein level for coronary disease [189]. However, the blood represents a very complex
matrix which poses many difficulties for proteomics biomarker detection and performing MS analysis
is a really hard matter. The first of all is the abundance of plasma proteins such as albumin which
has a concentration of 10 orders of magnitude higher compared to the rarest proteins [190] and it
accounts for 50% of the most abundant. There are about 22 proteins which account for 99% of plasmatic
protein weight. The detectability of low abundance proteins can be managed through depletion of
high abundance ones, enriching the sample, although one potential risk is the loss of the low-weight
proteins which bind to albumin [191].
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AD is characterized by damage of the brain-blood barrier with increasing permeability of the
vascular endothelium [62,192] and this allows the detection of AD protein-based biomarkers in the
blood flow, though with lower concentrations respect to CSF biomarkers, as reported for the core AD
protein Aβ [121] and t-tau which results 100 times lower respect to CSF [193]. A further problem is
that a protein can be produced only in the CNS or even in peripheral tissues/organs and, in this latter
case, its differential expression could be due to systemic effects without any link with AD. This effect
would make really hard to uncover AD-dependent mechanisms.

Earlier studies on AD plasma biomarkers were directed to molecules known to be related
with AD etiology, namely APP, Aβ and p-tau [194]. Aβ fragments are much more difficult to be
evaluated because they stick to plasma proteins and, in part, are produced by platelets causing a sort of
disturbance in the concentration measure [195]. One of the classical CSF biomarkers, Aβ42/Aβ40 ratio
shows a similar decrease in plasma of AD patients. Most of the studies report a reduction of the ratio
in MCI and AD patients, progressive MCI subjects and individuals at risk of developing MCI/AD, but,
in a few cases, the data were partially contradictory because of the ratio increase linked to a major risk
of AD development as well [191].

Immunoprecipitation coupled with MS allowed since 2018 a good evaluation of the ratio
Aβ42/Aβ40, despite the fact that the ratio decrease averages 50% in CSF and only 10-15% in the
blood [196]. A decrease of Aβ42/Aβ40 in plasma is now recognized as a detector of early AD stages
with high accuracy [197].

Following plasma Aβ, MS assays allowed detection of p-tau in plasma samples [198] and it is
recognized as specific AD biomarker for the early stage of the disease [199]. The biomarker value
compared to CSF p-tau one was evidenced by very recent works dealing with different phosphorylation
states of the protein [200]. In pre-symptomatic individuals plasma p-tau increases over ten years before
symptoms onset [201]. It associates with rapid cognitive impairment and hippocampal atrophy [202,
203] and it discriminates between AD individuals and controls better than other plasma biomarkers
such as Aβ42/Aβ40 ratio and NFl [204]. Different p-tau fragments can be detected in plasma as
putative biomarkers and show optimal diagnostic accuracies. Plasma p-tau181, p-tau231 and p-tau217,
phosphorylated on threonine residues, are excellent monitor for AD symptomatic stage, increasing
with the disease severity and show an excellent association with amyloid and tau pathologies [131].
Plasma p-tau181 is higher in AD patients compared to control individuals and well correlates with CSF
p-tau181. It increases with disease progression and is a good marker for AD dementia compared to
non-AD dementia [205]. MS analysis of different p-tau forms, namely p-tau181, p-tau217 and p-tau205,
has focused on the utility of these proteins to define AD progression over time [198]. Recent data
indicate that elevated plasma p-tau181 is associated with future deposition of Aβ plaques in different
brain regions, suggesting its use as potential biomarker for amyloid deposits [206]. p-tau217 shows
many fold increase in symptomatic AD patients and it is able to separate between AD and non-AD
samples [200].

NFl increases in the AD prodromal stage [207], but it is associated with different
neurodegenerative diseases making NFl alone a less specific AD diagnosis biomarker [208].

GFAP, released from astrocytes, shows increased concentration in CSF of patients affected by
different neurodegenerative disorders, including AD [209]. It is proposed as plasma biomarker
correlated to worse outcomes of AD [210]. Further, GFAP shows negative correlation with Aβ42/Aβ40
and, despite the fact GFAP is not specific for AD, it should be inserted in the blood biomarker panel as
useful indicator of astroglia activation [211]. At the present state of art Aβ42/Aβ40, p-tau, NFl and
GFAP are the most reliable blood-based biomarkers recognized.

A meta-analysis approach [151] presents highly reproducible AD plasma-based biomarker
candidates. Beyond several proteins of inflammatory and oxidative processes, the authors retrieved
six putative and highly reproducible biomarkers replicated in different independent cohorts.
Alpha-2-macroglobulin (α2M) results significantly higher in AD patients. It is linked to p-tau
of CSF [212] and it correlates with cognitive decline, compared to healthy individuals. α2M is
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connected to vascular dysfunction and to up- or down-regulated proteins of the complement cascade
[7,213]. Its role in the inhibition of coagulation could delay the repair of endothelial cells of the
blood-brain barrier allowing the entrance of pro-inflammatory molecules in the brain [214]. It appears
stage-dependent since it results down-regulated in pre-symptomatic subjects. Apolipoprotein A1
(ApoA-1) is down-regulated in plasma, similarly to the decrease of CSF ApoA-1 of AD patients,
probably due to the binding to Aβ [215]. Afamin is involved in antioxidant mechanisms since it
transports vitamin E and it results down-regulated in AD patients whose brain would be more
vulnerable to oxidative stress. Fibrinogen-γ-chain results up-regulated and can be connected to
increased vascular damage as already proposed for fibrinogen detected in CSF sample [216] and
fibrinogen isoforms detected in plasma with a two-dimensional differential in gel electrophoresis
combined with MALDI TOF/TOF-MS [151]. Pancreatic polypeptide (PP) is up-regulated in plasma
samples from five different independent cohorts, but a clear role in AD pathophysiology is still missed.
Insulin like growth factor binding protein-2 (IGFBP2) participates in energy production in neurons
and it is supposed interacting with tau and Aβ in CSF worsening cognitive abilities [217]. According
to the authors view all these proteins would be implicated in systemic inflammatory response which,
in turn, could trigger Aβ aggregation and tau phosphorylation in the CNS, brain inflammation and
oxidative damage.

In 2008 a 5-protein biomarker panel has been proposed as signature for AD diagnosis. The
panel includes the S100 calcium-binding protein A9 (S100A9), directly connected to AD [218,219],
alpha-globulin 1, endothelial cell-adhesion molecule, CD84 and CD226. On the complex the 5-protein
panel is able to diagnose AD and even differentiate AD from other neurological disease [15], suggesting
that multi protein panel approach could be a potent tool to face this invalidating disease over time
continuum.

A recent investigation combines a multiple reaction monitoring (MRM)-MS approach with
machine learning, leading to the quantification of 125 plasma proteins and the prediction of damage
progression. Afamin, ApoE, biotinidase and paraoxonase/arylesterase show a significant decrease and
they are sided by other proteins which include previously reported blood-based biomarker candidates
[220].

The studies of AD plasma biomarkers have led to a high number of proteins differentially
expressed compared with healthy individuals [151,221]. This number is still growing due to the
improvements of the technical skills. Nevertheless, much work still remains to be done to ascertain the
specificity and sensitivity of blood-based protein biomarkers, in order to have reliable diagnosis and to
improve therapeutic cares.

3. Conclusions

Molecular biomarkers are molecules which can be used to discriminate between healthy and
illness conditions. In general, such molecules can have diagnostic value in pathology detection, a
staging value for the disease progression, a prognostic value to predict the final outcome and also
are able to monitor the clinical response. Protein biomarkers have received large consensus thanks
to the employment of proteomics techniques, even because proteins are very sensitive and can be
detected in tiny amount of sample to allow early diagnosis. Further, proteomics can recognize protein
posttranslational modifications which potentially assume pivotal role in disease onset and progression
[44]. In the recent years proteomics applied to AD research has widened the expectations on early
diagnosis and prognosis. AD is the most worldwide spread neurodegenerative disease, affecting
preferentially people over 65 years of age with gradual loss of independence, memory and cognitive
abilities. Up to now the most common diagnostic methods include magnetic resonance imaging (MRI),
or positron emission tomography (PET) together with collected CSF analysis to measure the proteins
mostly associated with AD. Much work has been done for the discovery of proteome-based biomarkers
in biofluid, setting important milestones in AD knowledge. The former CSF biomarkers investigated
were Aβ fragments, t-tau and p-tau proteins which are associated with the great pathological variations
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inside the brain. Aβ42, Aβ42/Aβ40 and p-tau show significant differences between AD and non-AD
patients, assuming a relevant diagnostic value. The ratio Aβ42/Aβ40 is probably the most reliable
parameter discriminating between patients with AD and without AD [121,222,223]. The combination
of all these biomarkers constitutes a signature of AD to detect the disease at early stages. In addition to
these established CSF biomarkers, other candidates have been proposed to improve AD follow up.
NFl is a biomarker for neuronal injury and, although it is not specific for AD, it can add information
on the disease progression over time. Similarly, YKL-40 reflects glia alteration, NPTX2 correlates with
cognitive decline with neurogranin and neuromodulin as well. Unfortunately, at the present time most
of the novel biomarkers identified are available as a research tool and not for real clinical practice.

To allow an easier approach with the patient, other biofluid matrices have been studied. Blood
protein biomarkers could increase the application in clinical practice. Blood presents some advantages
because it is accessible and prevents patient from lumbar puncture. The proved dysfunction of the
blood brain barrier can allow the detection of AD proteins in the blood flow. However, the reported
concentrations for Aβ40, Aβ42 and tau are much lower and, most of all, blood is a very complex matrix
and it could render really difficult to detect the proteins involved in AD etiology and time course.
The high quantity of antibodies can give false results [224] and protein biomarkers are subjected to
proteolytic degradation in liver or can be metabolized and cleaved from the blood flow [225]. In
conclusion, the use of AD blood biomarkers is still under progress and need more time to have
clinical validated molecules with diagnostic and prognostic value. In the next time proteome-based
biomarkers, with improved MS techniques and together with artificial intelligence (AI) tools should
aim to the setting of protein platforms, including more and less specific AD markers, which could
escape the present available data analysis. These platforms would be able to give a very early diagnosis,
a real-time information on disease progression and trustable indicators for medical treatment. AI
approach will be of great benefit to integrate multiple data sources, even with little significance, put
together a huge amount of experimental data compiling a biomarker panel for different biological
materials, in order to disclose full knowledge of one of the most impairing neurodegenerative diseases.
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Abbreviations

The following abbreviations are used in this manuscript:

α2M Alpha2 Macroglobulin
Aβ Amyloid beta protein
AI Artificial intelligence
AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
ApoA-1 Apolipoprotein 1
ApoE Apolipoprotein E
APP Amyloid precursor protein
CNS Central nervous system
CSF Cerebrospinal fluid
ESI Electrospray ionization
FABP3 Fatty acid binding protein 3
FTLD Frontotemporal lobe dementia
GFAP Glial fibrillary acidic protein
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IGFBP2 Insulin like growth factor binding protein 2
JAM-B Junctional adhesion molecule B
LC Liquid chromatography
LBD Lewy body dementia
MALDI Matrix assisted laser desorption ionization
Man-Tf Mannosylated glycan transferrin
MMP9 Metallo proteinase 9
MMP10 Metalloproteinase 10
MRI Magnetic resonance imaging
MRM Multiple reaction monitoring
MS Mass spectrometry
NCAM1 Neuronal cell adhesion molecule 1
NFl Neurofilament light
NFTs Neurofibrillary tangles
NMDA N-methyl-D-aspartate
NPTX2 Neuropentraxin 2
p-tau Hyperphosphorylated tau protein
PET Positron emission tomography
PKM Protein kinase M
PRDX3 Mitochondrial thioredoxin-dependent peroxide reductase
SNAP-25 Synaptosomal-associated protein 25
sTREM2 Soluble triggering receptor of myeloid cells 2
SYT-1 Synaptotagmin-1
S100A9 S100 calcium binding protein A9
t-tau Total tau protein
TOF Time-of-flight
UCHL1 Ubiquitin C-terminal hydrolase L1
YKL-40 Astrocyte-derived chitinase-3-like protein 1
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