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Abstract

In the clinical course of Alzheimer’s disease (AD) development, the dementia phase is commonly preceded by a
prodromal AD phase, which is mainly characterized by reaching the highest levels of AR and p-tau-mediated neu-
ronal injury and a mild cognitive impairment (MCI) clinical status. Because of that, most AD cases are diagnosed
when neuronal damage is already established and irreversible. Therefore, a differential diagnosis of MCl causes in
these prodromal stages is one of the greatest challenges for clinicians. Blood biomarkers are emerging as desirable
tools for pre-screening purposes, but the current results are still being analyzed and much more data is needed to be
implemented in clinical practice. Because of that, plasma extracellular vesicles (pEVs) are gaining popularity as a new
source of biomarkers for the early stages of AD development. To identify an exosome proteomics signature linked

to prodromal AD, we performed a cross-sectional study in a cohort of early-onset MCl (EOMCI) patients in which 184
biomarkers were measured in pEVs, cerebrospinal fluid (CSF), and plasma samples using multiplex PEA technology of
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Olink® proteomics. The obtained results showed that proteins measured in pEVs from EOMCI patients with established
amyloidosis correlated with CSF p-tau'®' levels, brain ventricle volume changes, brain hyperintensities, and MMSE
scores. In addition, the correlations of pEVs proteins with different parameters distinguished between EOMCI AR(+)
and AB(-) patients, whereas the CSF or plasma proteome did not. In conclusion, our findings suggest that pEVs may
be able to provide information regarding the initial amyloidotic changes of AD. Circulating exosomes may acquire a
pathological protein signature of AD before raw plasma, becoming potential biomarkers for identifying subjects at the

earliest stages of AD development.

Highlights

+ The pEVs proteome revealed early molecular differences between EOMCI AB(+) and AB(-) subjects.

« Olink® neurology proteins from pEVs of EOMCI AB(+

p—taulgl.

) patients exhibited a strong negative correlation with CSF

« The levels of pEVs and CSF Olink® proteins correlated with CSF p-tau'®! levels and age.

« Brain MRI characteristics of EOMCI AB(+) patients correlated with pEVs protein levels.

+ pEVs biomarkers only linked early signs of inflammation to brain atrophy in EOMCI AB(+) individuals.

+ The correlation of cognitive status and pEVs biomarkers differed between EOMCI AB(+) and AB(-) patients.
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Introduction

The prevalence of dementia is rapidly growing due to
social and demographic changes, mainly due to the
increase in the population’s longevity [1]. Consequently,
the economic and social impact of the dementia epidemic
threatens the sustainability of healthcare systems world-
wide [2]. Alzheimer’s disease (AD) is the leading under-
lying cause of dementia in the elderly and is responsible
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for 60—80% of total dementia cases. AD is a neurode-
generative condition that progressively and irreversibly
impairs cognitive functions, resulting in a complete loss
of autonomy [3]. AD is the only condition among the 10
principal mortality causes worldwide that is still without
a preventative treatment or cure. Currently, most AD
cases are diagnosed after irreversible neuronal damage
has occurred [4].



Cano et al. Journal of Nanobiotechnology (2023) 21:54

The pathophysiological course of AD begins with the
formation of the first senile plaques, composed of extra-
neuronal deposits of amyloid-f peptide (AB) and amyloid
vascular deposits, and neurofibrillary tangles, composed
of intra-neuronal deposits of hyperphosphorylated tau
(p-tau). These pathological changes lead to synaptic dys-
function and, ultimately, neuronal loss, brain atrophy,
and dementia It is accepted that AD pathogenesis has
a very extensive preclinical stage in which the protein
deposits occur silently and the manifestation of symp-
toms is not clinically appreciable. After this silent period,
the cognitive performance of the individuals begins to
decline [5]. Generally, memory and executive cognitive
alterations appear first. This period corresponds to the
mild cognitive impairment (MCI) phase of the disease.
Notably, the MCI phase is mainly characterized by reach-
ing the highest levels of Ap and p-tau-mediated neuronal
injury and pathological changes in the volumes of differ-
ent brain regions. However, in this step, MCI subjects
still retain the ability to perform daily life activities inde-
pendently. Finally, when patients develop dementia, all
these parameters reach their maximum levels and coex-
ist simultaneously in the already irreversible stages of the
disease [5]. At this point, neurological damage prevents
the patient from having normal functionality and per-
sonal autonomy, and behavioral, cognitive, and memory
alterations ultimately result in the patient’s death within
approximately 10 years of diagnosis [2, 6].

Therefore, since many neurodegenerative diseases,
including AD and non-neurodegenerative diseases, may
present an MCI phase [7], a proper differential diagnosis
in the prodromal stages of the disease is one of the great-
est challenges in clinical practice. Apart from neurologi-
cal and neuropsychological evaluations, AD diagnosis is
based on neuroimaging, and cerebrospinal fluid (CSF)
biomarkers [4]. However, the invasive nature and high
cost of PET/CSF-biomarkers have promoted the grow-
ing scientific interest in peripheral biomarkers, includ-
ing those derived from plasma and serum [8]. Although
plasma biomarkers are showing very promising results,
they have not yet been implemented in routine clinical
practice and are still being studied [9]. Thus, given this
scientific interest in plasma biomarkers, recent studies
have focused on the potential utility of circulating plasma
extracellular vesicles (pEVs) [10].

EVs are nanometric vesicles released by most cell
types, including neurons, that contain proteins, lipids,
metabolites, or RNA [11]. EVs play an important role
in communication between neighboring cells and those
of other tissues [12, 13]. Moreover, recent evidence has
shown that EVs can also cross the blood—brain barrier
(BBB) bidirectionally, thus enabling central and periph-
eral communication [14]. In pathological conditions, an
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overproduction of EVs has been described [11, 12]. This
process is hypothesized to be a result of the increased
need for cellular communication. It is also supposed
to function as a signal for activating immune and non-
immune processes, regenerating tissues, and recovering
physiological homeostasis or as a spreading mechanism
of disease hallmarks [12, 13]. However, the role of EVs
in AD development is mostly unknown. A possible
pathological signature of AD in circulating exosomes
might be instrumental for early AD detection and
could also provide further knowledge of the underly-
ing molecular mechanisms. Many efforts are currently
being made to elucidate the role of EVs in AD, both as
pathology spreaders and as diagnostic tools through the
early detection of their biomolecule profiles [15]. The
leading research groups in the field of biomarkers have
already reported that EVs can propagate Ap pathology
in cell cultures [16], are able to create clusters around
the AP plaques [17], have reported that pEVs of AD
patients show altered expression of proteins involved in
AD pathogenesis [18—22], have identified abnormal lev-
els of proteins in pEVs in MCI patients who converted
to AD dementia [23].

To further investigate the role of circulating EVs in AD,
we decided to initiate our own exosome research pro-
gram. Here, we present a cross-sectional study on two
groups of patients with early-onset MCI (EOMCI) (Ap+)
from the BIOFACE cohort [24] in which we explored the
potential of pEVs as an early diagnostic tool for AD by
comparing the pEVs proteome profile to the paired CSF
and plasma proteome of the same individuals.

Materials and methods

Standard protocol approvals, registrations and patient
consents

All protocols of the BIOFACE study have been approved
by the Clinical Research Ethics Commission of the Hos-
pital Clinic (Barcelona, Spain) in accordance with the
current Spanish regulations in the field of biomedical
research and the Declaration of Helsinki. Likewise, in
accordance with Spain’s Data Protection Law, all par-
ticipants were informed about the study’s goals and
procedures by a neurologist before signing an informed
consent form. Patients’ privacy and data confidentiality
were protected in accordance with applicable laws.

Study participants and selection criteria

A total of n=80 patients diagnosed at Ace Alzheimer
Center Barcelona with EOMCI (under 65 years old)
were included in the BIOFACE study [24, 25]. Accord-
ing to the International Working Group 2 criteria, sub-
jects with altered biomarkers (a decrease in AP, ,, and
an increase in total tau (t-tau) and phosphorylated tau
proteins at threonine residue 181 (p-tau'®!) in CSF) were
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diagnosed with prodromal AD. The inclusion criteria
were as follows: (i) age of onset between 50 and 65 years
old; (ii) MMSE score > 26; (iii) Clinical Dementia Rating
(CDR)=0.5; (iv) minimum elementary school level of
education (> 6 years); (v) willingness to undergo a lum-
bar puncture; (vi) capacity to provide written informed
consent; and (vii) fluency in Spanish. The exclusion cri-
teria included: (i) contraindication for performing brain
magnetic resonance imaging (MRI); (ii) active consump-
tion of alcohol or drugs; (iii) known neurological diseases
associated with cognitive impairment, such as Hunting-
ton’s disease, multiple sclerosis, or large vessel stroke; and
(iv) limited capacity to provide informed consent.

Brain MRl images

All BIOFACE patients underwent a brain MRI with a Sie-
mens VIDA 3 T at Clinica Corachdn’s Radiology Depart-
ment, (Barcelona, Spain) at the baseline visit as described
elsewhere [24]. MRI studies were examined by a group of
experienced neuroradiologists and reported according
to standard practice. The images were processed at Fun-
dacio ACE * Neuroimaging Laboratory. All images were
processed with Free surfer 6.0.1 (https://surfer.nmr.mgh.
harvard.edu/).

Plasma and CSF sample collection

All samples were collected at the baseline of the study.
On the same day, plasma and CSF samples were collected
from each patient. Blood samples were collected in poly-
propylene tubes with EDTA (BD Vacutainer). Plasma was
separated by centrifugation (2000xg, 10 min, 4 °C), ali-
quoted, and stored at -80 °C until use. CSF was obtained
by LP. An expert neurologist at Ace Alzheimer Center
Barcelona performed LPs in accordance with established
consensus recommendations [26]. The patient was fasted,
placed in a sitting position, and anesthetized with 1% sub-
cutaneous mepivacaine. In polypropylene tubes, 13 mL
of CSF were collected (Sarstedt Ref 62.610.018). CSF was
centrifuged for common AD biomarker determination
(2000xg, 10 min, 4 °C), and the supernatant was aliquoted
and stored at — 80 °C until use. The collection protocol
followed the recommendations of the Alzheimer’s Bio-
markers Standardization Initiative [27]. On the day of the
analysis, an aliquot was thawed and used for the deter-
mination of AB; 4 AB,4y t-tau, and p-tau'® proteins.
Quantification was performed using a chemiluminescence
enzyme immunoassay (CLEIA) with the Lumipulse G 600
IT automatic platform (Fujirebio Inc.) [28].

Isolation and characterization of pEVs
The gold standard ultra-centrifugation technique was
used to isolate and purify pEVs from plasma samples
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[29]. In brief, 3.5 mL of plasma samples were centrifuged
(10,000 g, 30 min, 4 °C) to remove cellular debris, and
the supernatant was ultra-centrifuged twice (100,000 g,
60 min, 4 °C) to remove microvesicles and other debris,
and then pellet the EVs. All centrifugations were done
with a Sorvall Discovery M150 SE (Thermo Scientific)
Ultracentrifuge using an S100AT6 rotor. The nanoparti-
cle tracking analysis (NTA), measured using a NanoSight
LM10-HS system with a tuned 405 nm laser (NanoSight
Ltd., UK), was used to analyze the concentration and
particle size of the pEVs. Cryogenic transmission elec-
tron microscopy (Cryo-TEM) was used to determine the
morphology of exosomes. Images were collected by a Jeol
JEM 2011 (JEOL USA Inc., USA) using an accelerating
voltage of 200 kV. The total protein concentration of the
obtained EVs was measured using the Pierce” BCA Pro-
tein Assay Kit (Thermo Fisher).

Proteomics

To prepare the pEVs samples for Olink® proteomics and
Pierce™ BCA total protein quantification, pEVs pellets
were lysed with 40 pL of lysis buffer (50 mM TRIS pH
7.4, 150 mM NaCl, 1 mM EDTA pH 8, 1% Triton x 100,
0.01% sodium deoxycholate). Protein concentrations in
CSE, plasma, and pEVs samples were quantified using the
validated, highly sensitive, and specific ProSeek Multiplex
immunoassay developed by Olink® Proteomics (Uppsala,
Sweden) as described elsewhere [30]. Biomarker measure-
ments were conducted using multiplex Proximity Exten-
sion Assay (PEA) technology, following the manufacturer’s
protocol [31]. In brief, 1 ul of samples were analyzed using
two different commercially available ProSeek® Multiplex
panels, Inflammation (code 95302) and Neurology (code
95801), which allow the detection of 92 proteins from
each panel simultaneously (Additional file 1: Figures S1
and S2). Antigens were incubated with pairs of antibod-
ies containing DNA oligonucleotides bound to each of the
184 proteins to be measured [32, 33]. Oligonucleotides in
close proximity produced a template for hybridization and
extension. Pre-amplification was performed using a poly-
merase chain reaction method (PCR). Following digestion
of residual primers, specific primers were digested on a
quantitative real-time PCR chip (Dynamic Array IFC; Flui-
digm Biomark) using a Biomark HD Instrument. Protein
quantities were expressed as normalized protein expression
(NPX) values on the log, scale. Proteomic measurements of
all the samples were carried out at the same time to avoid
intra- and inter-assay variability.

Statistical analysis

To perform a risk stratification study, subjects from each
study group were classified into the [A/T/(N)] scheme by
converting the CSF levels of AB, 4, (A), p-Tau'® (T), and
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t-Tau (N) into binary variables (abnormal, +; normal, -)
using in house proxy cut-off values [34]. Proxy cut-offs
were obtained by plotting receiver operating character-
istic (ROC) curves (CSF biomarker level as predictor
and conversion as outcome) and calculating the Youden
index, that is, the threshold value that provided the best
tradeoff between sensitivity and specificity, using the roc
and coords functions from the R package pROC. Since
positive amyloidosis in CSF is a well-established indicator
of an increased risk of phenoconversion to AD dementia
[35], subjects were divided into Amyloid A(+) and A(-)
groups for comparison. The NPX values for each protein
in each sample were calculated as previously described
[31] and were used as input for the data analysis pipeline.

Values below the LOD and proteins with over 25%
missing values were excluded from the analysis. The
quality control was performed on both the sample and
protein levels. For sample QC, four internal controls were
added to each sample to monitor the quality of assay
performance as well as the quality of individual sam-
ples. The QC was performed in two steps: (1) only data
with a standard deviation lower than that of the internal
controls (0.2 NPX) were reported; and (2) only samples
that deviated less than 0.3 NPX from the median value
of the controls were considered to have passed the QC.
Regarding protein QC, the detection limit was estimated
from negative controls present on every plate, plus three
standard deviations. The proteins that showed a missing
data frequency of over 25% were also excluded (Addi-
tional file 1: Table S1).

Statistical analyses were conducted using GraphPad
Prism 8.0 and R Studio. CSF levels of AB, ,,, p-tau’®!, and
t-tau were log,-transformed to normalize the data. Dif-
ferences between the sexes were also analyzed. The Pear-
son correlation between age, sex, Qalb, MMSE, and CSF
levels of log,-transformed AB, ,, and p-tau'®! was cal-
culated. After the correlation test, all values were Fisher
Z-transformed to allow comparison of estimates:

Z=0,5x(In(1+7r)—1In(1-7r)) (1)

where r is the Pearson r correlation value.

Results

Characterization of pEVs and proteomics

The demographics and basic biochemistry of the BIO-
FACE cohort are display in Additional file 1: Table S2.
NTA analysis revealed that pEVs samples had a homog-
enous particle population, with an average size of
98.34+3.7 nm and a concentration of 1.018''43.782°
particles/ml (Fig. 1A). Cryo-TEM images showed isolated
pEVs with a spherical shape, smooth surface particle and
particle size in accordance with NTA analysis (Fig. 1B).
Interestingly, the concentration of total protein showed
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Fig. 1 Characterization of pEVs. A Concentration of pEVs samples
measured by NTA analysis. Concentration values are expressed

as valueN11. Measurements run by triplicate. B cryo-TEM image
of isolated pEVs. Scale bar 200 nm. C Histogram shows the total
protein concentration of the pEVs samples of EOMCI AB(+)/

() patients. Statistical analysis was performed with an unpaired

t test with Welch's correction. p=0.0397; Difference between
means =+ SEM =314.01143.0; Cl (95%)=611.8to 16.21

statistically significant differences between pEVs samples
of EOMCI AB(+) and EOMCI Ap(-) patients (Fig. 1C).
Olink® technology detected 85 proteins in CSF, 91 in
plasma and 77 in pEVs using the neurology panel, and 61
in CSF, 76 in plasma and 57 in pEVs using the inflamma-
tion panel (Additional file 1: Table S1).
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The pEVs proteome reveals early molecular differences
between EOMCI AB(+) and AB(-) subjects

Pearson correlations were performed between Olink® pro-
teins measured in three compartments (CSF, plasma, and
pEVs), two patient groups (EOMCI AB(+) and EOMCI AB(-
)), and key AD endophenotypes (Additional file 1: Tables
$3-S5). In the neurology panel, when comparing EOMCI
AB(+) and EOMCI AB(-) groups, pEVs proteins exhibited
statistically significant differences in their correlation with
p-tau'®!, whereas CSF and plasma compartments did not
(Fig. 2A). CSF only exhibited statistically significant differ-
ences in AP, 4, with neurology proteins. In the same way,
when analyzing the Olink® inflammation panel, pEVs were
not able to show statistically significant differences in any of
the key AD endophenotypes analyzed between AB(+) and
AB(-) groups. However, some non-significant differences in
the correlations were observed (Fig. 2B). CSF showed statis-
tically significant differences in correlations with p-tau'®!,
Qalb, and age, whereas plasma showed statistically significant
differences only with p-tau'®! and its inflammation proteins.

The levels of pEVs and CSF Olink®© proteins correlate

with CSF p-tau'®’ levels and age

When the magnitude of the effect and the degree of cor-
relation of the biomarkers with p-tau'®! were compared in
the Olink® neurology protein panels, the protein measured
in pEVs of EOMCI AB(+) patients exhibited a strong nega-
tive correlation. In contrast, pEVs of EOMCI Af(-) patients
did not exhibit any clear correlation with CSF p-tau'®!
(Additional file 1: Table S3). Intriguingly, the direct meas-
urement of protein levels in CSF did not reveal any differ-
ences in correlations between EOMCI AB(+) and EOMCI
APB(-) patients, with the same proteins exhibiting greater
effects in both patient groups (Additional file 1: Table S4).
Plasma exhibited no significant correlation, failing to dis-
tinguish between both EOMCI AB(+) and EOMCI Ap(-)
samples (Fig. 3). Of note, when comparing the global degree
of correlation between Olink® proteins with p-tau'®* and
age simultaneously, pEVs and CSF protein levels exhibited
strong co-correlations (R”>0.5), whereas plasma could not
exhibit this characteristic. Interestingly, pEVs of EOMCI
AB(+) patients showed the highest concordance between
protein level correlations with p-tau'®! and age (R°=0.6287)
(Fig. 4A). Moreover, when comparing the co-correlation
of biomarkers to p-tau'®! and white matter hypointensities
(WMH), pEVs of EOMCI AP(+) patients also exhibited the
strongest degree of co-correlation (R*=0.5194), whereas nei-
ther CSF nor plasma could show it (Fig. 4B).

Brain MRI characteristics of EOMCI AB(+) patients
correlate with pEVs protein levels

When comparing EOMCI AB(+4) and EOMCI Af(-)
patients’ MRI, differences in the volumes of several brain
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regions were not discernible. However, multiple neurology
proteins demonstrated a clearly polarized correlation with
WMH in CSF and pEVs (positive and negative, respec-
tively) in EOMCI AB(+) patients, whereas EOMCI Af(-)
patients exhibited no correlation (Fig. 5, Table 1). Plasma
exhibited a similar but less pronounced pattern as pEVs.
Moreover, both CSF and plasma did not show statistical
differences in the correlation of their protein signatures and
brain region volumes between EOMCI AB(4) and EOMCI
Ap(-) patients. Instead, several biomarkers from both the
neurology and inflammation panels showed a significant
correlation with the volume of certain brain regions in the
pEVs samples of EOMCI AB(+) patients. Moreover, some
proteins such as TRAIL, NTRK2, or PDGEFR alpha exhib-
ited correlations with different brain areas, whereas pEVs
from EOMCI Ap(-) patients did not (Table 1).

PEVs biomarkers only link early signs of inflammation

to brain atrophy in EOMCI AB(+) individuals

Several proteins of the inflammatory cascade showed
statistically significant differences between EOMCI
AB(+) and AP(-) patients in pEVs samples. Specifi-
cally, IL12B and CXCL11 were significant in CSF and
pEVs compartments but not in plasma. Furthermore,
CXCL5 and CX3CL1 only showed statistical differ-
ences in pEVs but not in CSF or plasma (Fig. 6). Ven-
tricular enlargement is strongly correlated with a
decline in cognitive performance, CSF, and pathologic
markers of AD [36]. When comparing the correlation
of inflammation protein with ventricle volumes, CSF
and plasma did not show any significant correlation or
difference between EOMCI AB(+) and AP(-) patients.
In contrast, pEVs showed a clear difference, with a
strong positive correlation of multiple proteins with
brain ventricular volumes (Table 1) exclusively in the
samples of EOMCI AB(+) patients (Fig. 7).

The correlation of cognitive status and pEVs biomarkers
differs between EOMCI AB(+) and AB(-) patients
Neurology and inflammation biomarkers did not show
a specific correlation with MMSE performance in both
CSF and plasma samples. Moreover, these correlations
were not able to differentiate between EOMCI AB(+)
and AP(-) patients. In contrast, although the pEVs did
not show a high degree of correlation, proteins from both
the neurology and inflammation panels showed a nega-
tive correlation with MMSE in EOMCI AB(+) patients,
which was absent in EOMCI AB(-) patients (Fig. 8).

Discussion

Although it is well known that the first molecular altera-
tions of AD pathogenesis can occur up to 15 years before
the onset of clinical symptoms [37-39], a differential
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Fig. 3 Volcano plots show the significance, expressed by the effect of correlation (R) vs fold-change, expressed by Pearson r, of the correlation of

neurology biomarkers vs CSF p-Tau181 levels

diagnosis in the early stage of AD development is still
one of the greatest challenges nowadays. In this sense,
non-invasive, cost-effective, population-wide pre-screen-
ing techniques based on the analysis of AD molecular
hallmarks associated with early stages, including pre-
amyloidotic stages, are necessary. Numerous efforts are
currently being made to investigate the diagnostic poten-
tial of plasma biomarkers. Unfortunately, in these early
stages, it is difficult to detect molecular alterations at the
central level in plasma using current analysis methods.
In addition, conventional plasma biomarkers currently
available might not fully reflect AD status and are not
very specific to AD pathophysiology [40—42]. For these
reasons, EVs have garnered much interest as potential
biomarkers since they are essential communication tools
between neighboring cells and the periphery. Their pro-
tein, lipid, or mRNA content is directly related to the
cellular processes between the cells involved and their
environment. However, EVs profiles and their relation-
ship with early AD processes are understudied, which
prompted the development and conceptualization of
this work. Thus, we performed a cross-sectional study in
80 patients with EOMCI AB42(+) and EOMCI AB42(-
), analyzing 184 protein biomarkers of neurology and
inflammation origin in paired samples of CSF, plasma,
and pEVs.

Regarding the characterization assays, the results
showed that the isolation process of pEVs was successful,

yielding EVs with the same size, concentration, and shape
as those described in previous studies [43-47]. Total
protein content was higher in pEVs of EOMCI AB(+)
patients than in AP(-) patients. MCI patients with AB(+)
status are more likely to develop dementia than MCI
AP(-) patients [48]. These results are in agreement with
those described by Goetzl et al., who found that the lev-
els of numerous classical and alternative pathway com-
plement effector proteins in astrocyte-derived plasma
exosomes were significantly higher in patients with AD
than in healthy controls [49]. Curiously, this is not lim-
ited to neurodegenerative diseases. Sharma et al also
found that total exosome protein levels, as measured by
Pierce’" BCA, were higher in patients with melanoma
than in healthy controls [46]. This could be related to the
increase in cellular communication in pathological con-
ditions. Overall, our findings support previous research
that found increased EVs biogenesis in pathological con-
ditions [11, 12].

In relation to AD endophenotypes and covariates,
our results showed a correlation between the p-tau'®!
levels in CSF and pEVs biomarkers. When analyzing
the shape of the correlations between the protein lev-
els of both panels and the main AD parameters, the
pEVs showed clear differences between EOMCI AB(+)
and AB(-) patients, highlighting p-tau’®!. When com-
paring the correlation between neurology biomark-
ers and p-tau'®!, plasma showed no clear correlation or
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Fig. 4 Graphs show the linear regression and equation parameters of the Pearson’s co-correlation of A the correlation of biomarkers vs CSF
p-Tau181 and the correlation of biomarkers age; and B the correlation of biomarkers vs CSF p-Tau181 and the correlation of biomarkers white
matter hypointensities in CSF, plasma and pEVs samples of EOMCI AB (4)/(-) patients. Dots represent every single protein

difference between both subgroups, and CSF showed a  Intriguingly, EOMCI subjects with positive amyloidosis
clear positive correlation in both cases; pEVs were able  showed a fraction of proteins displaying negative corre-
to show a clear difference between the pattern of cor- lations between neurology biomarkers and CSF levels of
relation between EOMCI AB(+) and AP(-) patients. p-tau'® in pEVs, suggesting an AD-specific signature of
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Fig. 5 Volcano plots show the significance, expressed by the effect of correlation (R?) vs fold-change, expressed by Pearson r, of the correlation of

neurology biomarkers vs white matter hypointensities

neurodegeneration in the plasmatic EVs compartment.
This negative correlation suggests the hypothesis that the
emerging amyloidosis state contributes in some way to
a blackout in the neuron-derived EVs proteome. Impor-
tantly, these results are somehow in agreement with
those found by Goetzl et al, who identified four proteins
of neuronal origin (GluA4-containing glutamate recep-
tor, neuronal pentraxin 2, neurogranin, and neurexin 2a)
that were significantly decreased in the neuronal-derived
pPEVs of AD patients compared to those of healthy con-
trols [50]. Researchers at the Boston University School of
Medicine showed that AD brain-derived exosomes could
also spread tau pathology in healthy mouse interneurons
[51]. Their study proposed a novel mechanism for the
spread of tau in hippocampal GABAergic interneurons
through brain-derived extracellular vesicles and their
subsequent neuronal dysfunction. Our results showed no
significant differences in microtubule-associated protein
tau (MAPT) levels between EOMCI AB(+) and EOMCI
AB(-) patients. In plasma samples, MAPT protein was
undetectable by the Olink® panel. Our results showed
that Olink® technology was likely insufficiently sensi-
tive for this purpose at these early stages. These findings
could be related to the previously described dissemina-
tive role of EVs and could be one of the distinctive hall-
marks of the beginning of AD molecular alterations at
these early stages.

Together with other pathophysiological factors, tau
phosphorylation, which is primarily induced by the for-
mation and accumulation of AP oligomers, initiates the
neurodegenerative process. These alterations also lead to
the deregulation of other proteins and cell types in the
brain [52]. In this context of amyloidosis and tau phos-
phorylation, our results showed that several neurology
biomarkers in pEVs samples were highly negatively corre-
lated with CSF p-tau'®! only in EOMCI AB(+) patients.
Most of them are involved in cell growth, synaptic plas-
ticity, and neuron-extracellular matrix communication.

Specifically, among the proteins related to
growth factors, we found that GDNFR alpha
3 (r=— 0662/R*=0.4382) and PDGFR alpha

(r=— 0.5947/R*=0.3319) decreased in pEVs of EOMCI
AB(+) patients with the highest levels of CSF p-tau'®!. In
both cases, previous studies have pointed out that both
protein levels are significantly altered in MCI and AD
patients [53], even in early-stage AD patients, suggest-
ing an adaptive process of the impaired brain [54]. Our
results also highlight the importance of both pathways.
Interestingly, pEVs PDGEFR alpha not only showed a
strong negative correlation with p-tau’®! levels in EOMCI
AP (+) patients, but also with WMH (r=— 0.6340/
R?>=0.4019), the main hallmark of brain vascular impair-
ment. Likewise, pEVs PDGEFR alpha also appeared to be
strongly correlated with different ventricle volumes only
in EOMCI AP (+) patients (see Table 1).
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Table 1 Correlation between brain volumes and biomarkers that overcame FDR-correction from the BIOFACE cohort. p<0.001 (¥*¥),

p<0.01 (**)
Brain region Biomarker Panel Statistics  CSF_ PLASMA_ pPEVs _ CSF_ PLASMA_ pPEVs _
AB42(+) AB42(+) AB42(+) AB42(-) AB42(-) AB42(-)
WM-hypo DDR1 Neurology R? 0.013 0.091 0.581 0.036 0.021 0.007
Pearsonr  0.116 — 0302 —0.7625 —0.190898  —0.144 —0.086
P value 0.648 0.239 0.000 0.143 0.278 0.540
P summary ns ns o ns ns ns
Left LatVentr  PRTG Neurology R? 0.101 0.001 0.564 0.005 0.008 0.006
Pearsonr  — 0317 0.026 0.751 —0.068 0.087 —0.079
P value 0.200 0.921 0.001 0.600 0514 0.562
P summary ns ns o ns ns ns
CPA2 Neurology R? 0.015 0.001 0.532 0.004 0.005 0.048
Pearsonr  —0.122 0.030 0.730 —0.067 —0.068 —0.219
P value 0.629 0.909 0.001 0610 0.609 0.098
P summary ns ns e ns ns ns
PDGF-R- Neurology R? 0.003 0.005 0466 0.041 0.000 0.032
alpha Pearsont  — 0050 ~0073 0682 ~0203 0015 ~0.179
P value 0.844 0.781 0.003 0.115 0910 0.187
P summary ns ns ** ns ns ns
TRAIL Inflammatory R? 0.133 0.026 0466 0.029 0.001 0.002
Pearsonr  —0.364 —0.161 0.682 —0.169 0.026 0.041
P value 0.137 0.524 0.002 0.193 0.841 0.758
P summary ns ns ** ns ns ns
CX3CL1 Inflammatory R’ 0.060 0.105 0483 0.001 0.014 0.000
Pearsonr  —0.245 —0324 0.695 —0.035 0.120 —0.004
P value 0.328 0.190 0.002 0.791 0.362 0974
P summary ns ns xx ns ns ns
Right Lat TRAIL Inflammatory R’ 0.166 0.023 0485 0018 0.000 0.000
Ventr Pearsonr  — 0407 —0.153 0.696 —0.133 0018 0.011
P value 0.094 0.545 0.001 0.307 0.892 0931
P summary ns ns ** ns ns ns
Left Inf Lat NTRK2 Neurology R? 0.137 0.006 0.649 0.003 0018 0.000
Ventr Pearsonr  —0.370 0.079 0.787 — 0051 —-0.132 0003
P value 0.131 0.764 0.000 0.698 0318 0.984
P summary ns ns o ns ns ns
4th-Ventricle  PDGF-R- Neurology R? 0.070 0.060 0.596 0.002 0.000 0.007
alpha Pearsont  — 0.265 — 0246 0772 0047 ~0010 0081
P value 0.288 0.342 0.000 0716 0939 0.551
P summary ns ns o ns ns ns
MSR1 Neurology R? 0.002 0.110 0.560 0.005 0.019 0011
Pearsonr  0.044 0.332 0.749 0.070 0.137 0.105
P value 0.862 0.193 0.000 0.593 0.301 0433
P summary ns ns e ns ns ns
GZMA Neurology R? 0.011 0.023 0.508 0.007 0.038 0.033
Pearsonr  0.106 0.152 0.713 0.084 0.196 0.180
P value 0.675 0.561 0.001 0.520 0.137 0.175

P summary

ns

ns

ns

ns

ns
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Table 1 (continued)
Brain region Biomarker Panel Statistics CSF_ PLASMA_ pPEVs _ CSF_ PLASMA _ pEVs _
AB42(+) AB42(+) AB42(+) AB42(-) AB42(—) AB42(—)
SPOCK1 Neurology R? 0.073 0.156 0.584 0.026 0.038 0.023
Pearsonr —0.270 0.395 0.764 —0.161 —0.195 —0.153
P value 0.279 0.116 0.001 0.215 0.139 0.284
P summary ns ns o ns ns ns
NTRK2 Neurology R? 0.131 0.055 0.572 0.007 0.044 0.004
Pearsonr — 0362 0.234 0.756 — 0.086 — 0210 — 0.060
P value 0.140 0.365 0.001 0.509 0.110 0.674
P summary ns ns ** ns ns ns
NTRK3 Neurology R’ 0.092 0.064 0511 0.031 0.033 0.012
Pearsonr — 0303 0.252 0.715 —-0.176 —0.182 — 0111
P value 0.222 0.329 0.001 0.174 0.167 0418
P summary ns ns ** ns ns ns
IL8 Inflammatory R’ 0.007 0.073 0464 0.001 0.004 0.005
Pearsonr — 0.086 0.271 0.681 0.028 0.065 0.069
P value 0.735 0.278 0.002 0.830 0.622 0.605
P summary ns ns *x ns ns ns
TRAIL Inflammatory R? 0.003 0.023 0435 0.003 0.004 0.001
Pearsonr  —0.057 0.150 0.660 —0.055 — 0.066 —0.029
P value 0.822 0.552 0.003 0.676 0616 0.827
P summary ns ns * ns ns ns

Regarding the proteins involved in the commu-
nication of neurons with the extracellular matrix,
DDR1 (r=— 06.179/R*=0.3818) and BCAN
(r=— 0.6196/R*=0.3840) were the most highly corre-
lated in the AB(+) group. Previous studies have identified
co-correlated peptide clusters associated with varying
levels of p-tau. Many of these are involved in plasticity
and extracellular matrix remodeling, including DDRI,
suggesting that they could be involved in the tissue reac-
tion around A plaques [55]. This could be related to the
reduced levels found in pEVs of EOMCI AB(+) patients
but not in AB(-) patients. In addition, our results showed
a strong negative correlation between DDRI1 levels and
WMH (r=— 0.7625/R?=0.5813) only in EOMCI AB(+)
patients. Related to Brevican (BCAN), Jonesco et al
demonstrated in a cross-sectional study that this protein
exhibits differential serological levels in AD, other types
of dementia, and non-dementia patients [56]. Similarly,
Minta et al. were able to discriminate between AD and

vascular dementia patients by measuring the BCAN con-
centration in CSF [57]. Since EVs s are a means of com-
munication for neuronal cells, the impairment in the
synaptic transmission induced by A and p-tau could be
related to the reduced levels of BCAN found in pEVs of
patients with already established amyloidosis.

SPOCKI, also called Testican-1, has also been
related to synaptic function and cell communica-
tion and is mainly expressed in neurons and oligo-
dendrocytes, but its function is still unknown. Our
results show decreased levels of SPOCK1 in pEVs of
EOMCI AP (+) patients with increased CSF p-Tau'®!
(r=— 0.5532/R?=0.3060). Another altered protein in
pEVs of EOMCI AP(+) patients was sphingomyelin
phosphodiesterase 1 (SMPD1), a lysosomal acid sphin-
gomyelinase that converts sphingomyelin to ceramide.
Our results demonstrated a highly negative correla-
tion of SMPD1 with p-tau'®! in the pEVs compartment
of EOMCI AB(+) patients (r=— 0.6178/R*=0.3817).
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Fig. 6 Histograms show the levels of several inflammatory biomarkers in CSF, plasma and pEVs samples of EOMCI AR (+4)/(-) patients. Statistical
analysis was performed with an unpaired t test with Welch's correction. p < 0.05 (*). IL12B pEVs: p=0.0465; Cl (95%) =0.0051 to 0.6309/IL12B CSF:
p=0.005; Cl (95%) =0.2104 to 0.6800/CXCL11 pEVs: p=0.0201; Cl (95%)=0.1278 to 1.406/CXCL11 CSF: p=0.0371; Cl (95%) =0.0287 to 0.8745/
CXCL5 pEVs: p=10.0486; Cl (95%) =0.0030 to 0,9610/CX3CL1T pEVs: p=0.0369; CI (95%) =0.0257 to 0.7659

Finally, contactin-5 protein (CNTN5) also appeared to
have a strong inverse correlation with CSF p-tau'®! lev-
els (r=— 0.5761/R?*=0.3319) in CSF and pEVs but not in
plasma. Tedeschi Dauar et al. evaluated the association
of CNTN5 genotype and protein levels with pathological
hallmarks and clinical manifestations of AD. Their results
highlighted that the rs146168 variant of CNTN5 plays a
role in the risk of developing AD, and that CNTN5 CSF
levels are strongly correlated with AD pathology, espe-
cially in the pre-symptomatic phase of the disease [58].
Increased tau phosphorylation and resulting axonal dam-
age could be behind this reduction in CNTN5 levels
observed in pEVs.

The relationship between EVs biomarkers and vascu-
lar impairment was another fascinating finding. Grow-
ing scientific evidence suggests that the vascular health

hypothesis plays a significant role in the development
of AD [59]. Our results showed that all fluids correlated
with WMH and neurology biomarkers in EOMCI AB(+)
patients, being negative in the case of pEVs and plasma
and positive in CSF, whereas EOMCI Af(-) patients did
not exhibit any significant correlation in any fluid. The
inverse correlation between the central fluid and pEVs
is remarkable. Furthermore, when comparing the cor-
relations of WMH and p-tau’® to neurology biomark-
ers, only pEVs from EOMCI AB(+) patients exhibited a
strong co-correlation. All of these findings support the
hypothesis that pEVs might contain information about a
specific signature of AD neurodegeneration, which is also
related to early vascular alterations in the initial stages of
AD [60].
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Fig. 7 Volcano plots show the significance, expressed by the effect of correlation (R) vs fold-change, expressed by Pearson r, of the correlation of

inflammation biomarkers vs 4th ventricle volume

The inflammation process is one of the typical hall-
marks of these early stages of AD pathology. Intrigu-
ingly, pEVs also showed some differences that CSF and
plasma did not. Firstly, pEVs of EOMCI AB(+) and AP(-)
subjects exhibited different levels of chemokines and
interleukins previously implicated in AD-like pathology
and cognitive decline, whereas plasma and some CSF
did not. These proteins were CXCL5, CX3CL1, IL12B
and CXCL11. Curiously, using the same technology and
neurology/inflammation panels of Olink® proteom-
ics, Nielsen et al. recently evaluated the protein cargo
of plasma-derived EVs in patients with AD, MCI, and
healthy controls [61]. Their results demonstrated that
CCL11 showed diagnostic capabilities between healthy
controls and AD in EV samples. Regarding IL12B,
many authors have highlighted the association between
abnormal IL12 levels and AD. Vom Berg et al. reported
a decade ago that the inhibition of IL-12/IL-23 signaling
reduced AD-like pathology and cognitive decline [62].
An outstanding study by Pedrini et al. revealed that IL-10
and IL-12/23p40 were jointly associated as predictors of
amyloid-p load in AD patients [63]. Similarly, Johansson
et al. showed that CSF IL-12/23 p40 concentration was
decreased in AD and MCI patients compared to healthy
controls [64]. Lin et al found that polymorphisms in
IL-12-associated genes (including the rs730691 variant
in the IL12B gene) were associated with cognitive aging
[65]. Our results were in agreement with those findings

and could reflect the ability of EVs to demonstrate the
well-described inflammation process that occurs in these
early stages.

In relation to brain volumes, whereas CSF and plasma
were unable to demonstrate a correlation between
inflammatory biomarkers and ventricle volumes in
EOMCI AB(+) and AP(-) patients, pEVs of EOMCI
AB(+) patients exhibited a positive correlation, as evi-
denced by an enlargement of the 4th ventricle and an
increase in the levels of inflammatory biomarkers. It is
tempting to speculate that pEVs could provide informa-
tion about brain atrophy processes even before structural
MRI could detect the differences in volume measure-
ments at this early stage. These results are in agreement
with previous findings that highlighted ventricular
enlargement as an objective and sensitive measure of
neuropathological changes associated with MCI and AD
progression [66, 67]. Likewise, the relationship between
inflammation biomarkers and ventricle volumes has
also been described. Thus, Walker et al. evaluated the
relationship between systemic inflammation and neu-
rodegeneration by measuring circulating inflammatory
markers and different brain volumes and found that an
increased inflammation composite score was associated
with 1788 mm? greater ventricular volume [68].

The MMSE is a well-known and used short screening
tool for providing an overall measure of cognitive impair-
ment in clinical settings. However, the MMSE cannot
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Fig. 8 Volcano plots show the significance, expressed by the effect of correlation (R) vs fold-change, expressed by Pearson r, of the correlation of A

neurology biomarkers and B inflammation biomarkers vs MMSE

be used as a standalone test to identify MCI patients at
risk of developing dementia [69]. The combination of a
detailed clinical history, cognitive tests, and biomarker
analysis provides a comprehensive diagnosis for patients
in the MCI phase. In our study, the MMSE was unable to

show statistically significant differences between EOMCI
AB(+) and AP(-) patients. However, its correlations with
both neurology and inflammation biomarkers in pEVs
differed between patients with established amyloidosis
and those who did not have the disease. This could be a
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combined indicator of the cognitive decline that precedes
the advanced phases of the disease’s development, but
its relationship is not entirely clear and requires further
investigation.

However, our study has some limitations. The restricted
sample volume and concentration of the pEVs samples
significantly conditioned the development of proteomic
assays. Due to the volume/concentration requirements of
the proteomics platforms, the full sample was intended
for the Olink® proteomics screening assays. Likewise, the
sample size was restricted to 80 individuals due to the
complexity of recruiting patients for the study. Although
the EVs isolation process is one of the gold standards
(ultracentrifugation), this technique would not be feasible
for large-scale studies due to the high volume of sample
required (3.5 ml). Due to the exploratory nature of this
study, which aimed to evaluate a general AD signature
in circulating pEVs, total EVs were selected. However,
the use of specific cell-derived EVs would be of interest
for future assays to investigate more specific molecular
pathways related to the physiopathological processes of
the disease development. However, despite being pre-
liminary, our results connect AB(+) AD status with some
key endophenotypes, suggesting that pEVs protein con-
tent could be related explicitly to early AD processes.
Although further molecules must be analyzed in search
of a specific “EVs AD signature,” we found intriguing evi-
dence that EVs may reflect early molecular alterations of
the neurodegenerative process. In this regard, additional
research is required to validate our findings in independ-
ent series and identify direct relationships between spe-
cific pEVs proteins and AD endophenotypes, including
disease progression.

Conclusions

At the earliest stages of AD development, molecular
alterations are nearly undetectable in complex matrices
such as CSF or plasma. Our findings suggest that EVs
may contain very specific information about the molec-
ular processes occurring in their originating cells and
microenvironment. These vesicles are capable of provid-
ing this molecular information, whereas CSF and plasma
are not. In summary, our results suggest that pEVs have
the potential to reveal the molecular events preceding
clinical decline. At this early stage, our results may indi-
cate that their biomarker profile is associated with the
AD-specific neurodegeneration process governed by
p-tau and AP, premature neuroinflammation processes,
and brain atrophy. In addition, their peripheral accessi-
bility and low invasiveness make pEVs a potential source
of biomarkers for screening purposes. Thus, the cur-
rent work sheds light on the search for new peripheral
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biomarkers for the early diagnosis of AD. However, addi-
tional research is required to comprehend the molecu-
lar pathways underlying these findings and validate the
obtained results in an independent cohort.
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