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Abstract: Alzheimer’s disease (AD), dementia with Lewy bodies (DLB) and frontotemporal dementia
(FTD) represent the three major neurodegenerative dementias characterized by abnormal brain
protein accumulation. In this study, we investigated extracellular vesicles (EVs) and neurotrophic
factors in the cerebrospinal fluid (CSF) of 120 subjects: 36 with AD, 30 with DLB, 34 with FTD and
20 controls. Specifically, CSF EVs were analyzed by Nanoparticle Tracking Analysis and neurotrophic
factors were measured with ELISA. We found higher EV concentration and lower EV size in AD
and DLB groups compared to the controls. Classification tree analysis demonstrated EV size as the
best parameter able to discriminate the patients from the controls (96.7% vs. 3.3%, respectively). The
diagnostic performance of the EV concentration/size ratio resulted in a fair discrimination level
with an area under the curve of 0.74. Moreover, the EV concentration/size ratio was associated with
the p-Taul81/AP42 ratio in AD patients. In addition, we described altered levels of cystatin C and
progranulin in the DLB and AD groups. We did not find any correlation between neurotrophic factors
and EV parameters. In conclusion, the results of this study suggest a common involvement of the
endosomal pathway in neurodegenerative dementias, giving important insight into the molecular
mechanisms underlying these pathologies.

Keywords: Alzheimer’s disease; dementia with Lewy bodies; frontotemporal dementia; extracellular
vesicle; neurodegeneration; cystatin C; progranulin; nanoparticle tracking analysis; CSF; endo-
lysosomal pathway

1. Introduction

Major neurodegenerative dementias are multifactorial conditions that share key un-
derlying pathophysiological processes. A variety of triggers encompassing genetic, envi-
ronmental, vascular, metabolic and inflammatory factors converge to activate common
neurodegenerative mechanisms that take place in the brain of individuals affected by major
neurodegenerative dementias and can partially explain their overlap [1]. Abnormal protein
accumulation in the brain and inclusions that impair neuronal communication leading to
cellular death constitute the main common neurodegenerative mechanisms [2,3].
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Alzheimer’s disease (AD) represents the most common form of dementia in the elderly
and is characterized by intra- and extra-cellular amyloid-3 (Af3) peptide aggregates form-
ing the amyloid plaques and by phosphorylated tau protein accumulation in neurofibrillary
tangles, pathognomonic of the disease [4,5]. These inclusions cause inflammatory and
oxidative damage that are crucial for AD onset and progression [6]. Dementia with Lewy
bodies (DLB) is one of the most common dementias after AD [7] and shares neuropatho-
logical characteristics with AD, such as amyloid plaques [8], but the main feature is the
presence of a-synuclein inclusions in neurons, neurites, glia and presynaptic terminals.
These inclusions cause the formation and the spreading of Lewy bodies widely in various
brain areas [9]. Frontotemporal dementia (FTD), another major dementia, is typified by
early-onset and by several protein inclusions such as tau, ubiquitin, Fused-in-Sarcoma
(FUS) and TAR DNA-binding protein 43 (TDP-43) [10,11].

In recent years, extracellular vesicles (EVs) have been reported as a new concept in
the biomarker field. Serving as transfer vehicles between cells of molecules, they represent
a promising source of biomarkers for a number of diseases, including neurodegenerative
disorders [12,13]. EVs consist of a heterogeneous family of small, cell-derived, membranous
particles, including exosomes and microvesicles, the most studied subtypes of EVs [14].
Exosomes are carriers of misfolded neurotoxic proteins, such as Af3, x-synuclein and tau
proteins [15-18] and can, thus, be involved in the mechanisms underlying common patho-
physiological processes at the basis of the major dementia overlap. Conversely, several
studies have shown potential protective roles of EVs in neurodegenerative diseases by the
removal of deleterious material derived from suffering tissues, or transporting neuropro-
tective /neurotrophic factors to distant regions, extending their effects and lifespan [19].
Cystatin C (CysC) is one of the neurotrophic factors associated with exosomes [20] exerting
a protective role in response to neurotoxic conditions [21]. The co-localization of CysC and
Ap have been reported in both preclinical models and in brain amyloid plaques of AD
patients, supporting the concept of the protective role of EV [22-24]. Similarly, progranulin
(PGRN) is a neurotrophic factor associated with neurodegenerative diseases sustaining
neuron survival, growth and anti-inflammatory processes [25,26]. Furthermore, in a re-
cent study on human fibroblasts [27], altered levels of PGRN have been shown to cause a
modification in EV intercellular communication supporting a possible disruption of the
endo-lysosomal pathway. Brain-derived neurotrophic factor (BDNF) and glial-derived
neurotrophic factor (GDNF) play an important role in the pathophysiology of neurode-
generative diseases, demonstrating a potential for therapeutic applications [28-30]: in a
preclinical model of Parkinson’s disease, systemic administration of GDNF-expressing
macrophages significantly improved the lifespan of mice [31]. In our previous study [32],
we have provided evidence of a decrease in the concentration and an increase in the size of
plasma EVs in AD, DLB and FTD, supporting the concept that an alteration in the inter-
cellular communication mediated by EVs could represent a common molecular pathway
underlying neurodegenerative dementias.

In this current study, we extended our investigation to the cerebrospinal fluid (CSF)
compartment with the aim of investigating in more depth the role of EVs and neurotrophic
factors in the three most common form of dementia.

2. Materials and Methods
2.1. Subjects

Human CSF samples from n = 36 AD, n = 30 DLB, n = 34 sporadic FTD patients
and n = 20 samples from subjects with subjective memory complaints and a MMSE score
>26, as control group (CTRL), were included in this retrospective study. All participants
underwent CSF drawn by lumbar puncture and CSF samples were collected and stored
at —80 °C following standard procedures. Patients were enrolled at the MAC Memory
Clinic of the IRCCS Fatebenefratelli, Brescia, and at the Neurology 5/Neuropathology Unit,
IRCCS Besta, Milan. Clinical diagnosis for probable AD, DLB and FTD was made according
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to international guidelines [33-37]. Participants provided written informed consent. The
study protocol was approved by the local ethics committee (Prot. N. 111/2017).

2.2. CSF EV Isolation and Characterization

EV isolation was performed with the Total Exosome Isolation Kit (from other body flu-
ids) (Invitrogen™, Waltham, MA, USA) after optimization according to the manufacturer’s
protocol. Briefly, 125 puL of CSF added with 75 uL of 0.2 pum filtered 1x phosphate-buffered
saline (PBS) were centrifugated at 2000 x ¢ for 30 min at +4 °C, and subsequently 10,000x g
at +4 °C for 30 min, and then transferred into new tubes, mixed with 200 pL. of Exosome
Precipitation Reagent (InvitrogenTM, Waltham, MA, USA) and incubated for 1 h at +2-8 °C.
After incubation, samples were centrifugated at 10,000x g for 1 h at +4 °C. EV pellets were
resuspended in 100 pL of 0.2 um filtered 1x PBS and stored at +4 °C until nanoparticle
tracking analysis (NTA) was performed. As the negative control, an aliquot of 100 pL
of 1x PBS was processed as described above. For EV characterization, a representative
CSF EV pellet was lysed with 30 uL of ice-cold Exosome Resuspension Buffer (Total Ex-
osome RNA and Protein Isolation Kit, InvitrogenTM, Waltham, MA, USA) and stored at
—20 °C. Alix and Calnexin expression were analyzed in EVs by Western blotting analysis
according to standard protocols. Briefly, lysed EVs (40 pg) were separated using Bolt™
4-12% Bis-Tris Plus Gels (InvitrogenTM, Waltham, MA, USA) with MOPS SDS running
buffer (InvitrogenTM, Waltham, MA, USA). Samples were electro-transferred onto nitrocel-
lulose membranes (Thermo Fisher Scientific, Waltham, MA, USA) for 90 min at 90 V, the
membranes were immunoblotted with primary antibodies overnight at +4 °C (anti-Alix,
Abcam, Cambridge, UK) or for 2 h at +37 °C (anti-Calnexin, BD Biosciences, Franklin
Lakes, NJ, USA) and then incubated with horseradish peroxidase-conjugated secondary
antibodies (InVitrogenTM, Waltham, MA, USA) for 1 h at +37 °C. Immuno-positive bands
were detected by ultra-sensitive enhanced chemiluminescence (Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer’s instructions.

2.3. Nanoparticle Tracking Analysis (NTA)

EVs derived from CSF samples were analyzed with the NanoSight NS300 Instrument
(Malvern, Worchestershire, UK). To gain an optimal reading range from 20-150 parti-
cles/frame, EV suspensions were diluted with 0.2 pum filtered 1X PBS. For each sample,
5 videos of 60 s were recorded, and the relative data were analyzed using NanoSight NTA
Software 3.2 (Malvern, Worchestershire, UK). The instrument settings were optimized
and kept constant between samples. Data collected consisted of particle concentration
(particles/mL), average size (nm) and particle size distribution (D-values; D10, D50 and
D90). Finally, raw concentration data (particles/mL) obtained from the instrument were
normalized to calculate the EV concentration in CSF samples.

2.4. Biochemical Analyses

Cystatin C CSF concentration was measured using the Human Cystatin C Quantikine®
ELISA kit (R&D Systems®, Minneapolis, MN, USA) according to standard protocols;
samples were diluted at 1:80. The mean intra-assay coefficient of variation (%CV) was
<5% and the mean inter-assay CV% was <4%. BDNF and GDNF CSF concentrations were
measured with Human Premixed Multiplex-Magnetic Luminex® Assays (R&D Systems®,
Minneapolis, MN, USA) following the manufacturer’s protocol; samples were diluted at
1:1. PGRN CSF concentration was measured with the Progranulin (human) ELISA kit
(AdipoGen®, San Diego, CA, USA) following the manufacturer’s protocol; samples were
diluted at 1:10. The mean intra-assay %CV was <3% and the mean inter-assay CV% was
<5%. Af3 40, A3 42, p-Tau 181 and Tau CSF concentrations were measured using Innotest
ELISA Kkits (Fujirebio, Tokyo, Japan) following the manufacturer’s protocol. All samples
were analyzed in duplicate.
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2.5. Statistical Analysis

Normality assumption of continuous variables was evaluated with graphical inspec-
tion and the Kolmogorov-Smirnov test. The linear model or generalized linear model (for
normal or non-normal distributed variable, respectively) adjusted for age were used for
the comparison across the four subject groups. Bonferroni post-hoc tests were applied.
The chi-square test was used to assess the association between the demographic charac-
teristics (categorical variables) of the subjects within the four groups. A classification tree
(CT) [38] was applied to detect the best (in terms of classification performance) predictors
for discriminating the controls versus patients group. The CT method was carried out
on the diagnostic group as a categorical dependent variable depending on categorical
and/or quantitative covariates. The output of the CT was given by different classification
pathways (defined by estimated covariate cut-offs), and for each of them the probability
of the most likely diagnostic group was provided. In addition, diagnostic performance of
EV concentration and EV size in discriminating across the groups was assessed by area
under the curve (AUC) obtained by receiver operating characteristic (ROC). Finally, partial
correlation (age controlled) analyses were performed on the EV concentration/size ratio,
neurotrophic factors and CSF core biomarkers for AD. All analyses were performed by
SPSS software and significance set at 0.05.

3. Results
3.1. CSF EV Size and Concentration Are Altered in Dementia Patients

Clinical and demographic variables of the participants under study are shown in
Table 1. Groups did not differ for sex but differed for age, with the FID patients being
younger than the other groups. Isolated CSF EVs were Alix+ (a cytosolic protein recov-
ered in EVs) and Calnexin- (an endoplasmic reticulum residential protein, absent in EVs)
(Figure S1). CSF EV concentration was increased in patients (PTS) compared to CTRL
(p = 0.002) despite not reaching the significance level in the FTD group (Figure 1a) (p = 0.001,
CTRL vs. AD, DLB, p < 0.01). EV size had an opposite trend, being lower in PTS than
in CTRL (p < 0.001) even though not significant in the FTD group (Figure 1b) (p = 0.021,
CTRL vs. AD, DLB, p < 0.05). EV concentration and size distribution are depicted in the
Supplementary Material (Figures S2 and S3). A Spearman’s correlation test confirmed
a negative association between EV concentration and EV size (p < 0.001, r = —0.39). EV
concentration/size ratio (Figure 1c) was increased in PTS compared to CTRL (p < 0.001),
specifically in AD and DLB (p < 0.001, CTRL vs. AD, DLB, p < 0.01).

Table 1. Clinical, demographic, and biological variables of patients and controls.

CTRL (n = 20) AD (n = 36) DLB (n = 30) FTD (n = 34) p-Value
Sex (M:F) £ 9:11 17:19 15:15 15:19 0.969
Age, years ® 69.1 +8.7 704 +9.3 737 +5.6 652+ 8.2 <0.001
Disease onset, years $ - 66.5 + 8.9 708 £ 7.1 62.3 + 8.0 0.003
Education, years * 7.7 £3.6 68+35 8.0+39 9.0+5.0 0.210
MMSE # 28.1+ 1.7 19.0+5.3 225+ 6.3 185+ 7.1 <0.001
AB 42, pg/mL$ 553.61 + 207.81 366.75 + 138.86 463.48 + 229.50 498.22 + 265.40 0.007 #
Ap 40, pg/mL*® 2314.64 + 1366.98 3048.80 + 1427.30 2494.66 + 1321.17 1254.12 4 513.79 <0.001 *
p-Tau 181, pg/mL $% 48.80 £ 16.5 82.76 + 32.90 52.40 + 16.23 65.32 + 38.83 <0.001 #
Tau, pg/mL %% 258.98 + 152.13 531.23 4 205.97 306.57 + 155.88 457.01 + 318.16 <0.001 *
AP 42/AB 40 ratio * 0.33 4+ 0.13 0.10 == 0.04 0.23 £ 0.10 0.33 £0.16 <0.001 #
p-Tau 181/A 42 ratio 8% 0.11 £ 0.08 0.27 £ 0.21 0.15 + 0.09 0.19 +0.17 <0.001 *
EV Concentration, EVs/mL % 3.02 x 10% +8.43 x 107 5.02 x 108 +3.50 x 108 5.27 x 108 £5.16 x 108 3.96 x 108 + 1.66 x 108 0.001 #
EV Size, nm ® 120.67 + 6.32 114.55 =+ 6.67 114.45 + 8.20 116.28 & 9.06 0.021*
EV concentration/size ratio * 252 x 10° + 7.64 x 10° 4.43 x 10° £3.17 x 10° 4.74 x 106 £ 5.06 x 10° 3.47 x 10° £+ 1.59 x 100 <0.001*
Cystatin C, ng/mL %% 4749.02 + 1078.63 5203.86 + 2138.29 3723.72 + 1576.36 5113.22 + 1729.21 <0.001 *
PGRN, ng/mL &% 5.27 + 0.95 5.76 +1.29 487 +1.25 5.10 & 1.10 0.006 *

CTRL, controls; AD, Alzheimer’s disease patients; DLB, dementia with Lewy bodies patients; FTD, frontotemporal
dementia patients; MMSE, Mini-Mental State Examination score. £ Chi-squared test; # Model with Age as covariate;
& Modelled with linear model; ¥ Modelled with generalized linear model; % Age is significant for this model.
Means =+ standard deviation.
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Figure 1. EV size and concentration are altered in AD and DLB CSF. (a) NTA analysis of EV concen-
tration in CSF samples. A statistically significant increase in EV concentration was observed in AD
and DLB groups compared to CTRL group. (b) EV size was significantly decreased in AD and DLB
compared to CTRL group. (c) EV concentration/size ratio was increased in AD and DLB compared to
CTRL group. Average + SEM; * p < 0.05, ** p < 0.01. Bar plots represent raw data while the post-hoc
p-values were obtained by generalized linear model adjusted for age.

3.2. Cystatin C and Progranulin CSF Are Altered in DLB and AD

Cystatin C concentration was decreased in DLB samples compared to all other groups
(Figure 2a) (p < 0.001, DLB vs. AD, FTD, p < 0.001; DLB vs. CTRL, p < 0.05). Progranulin
concentration was increased in AD samples compared to DLB samples (Figure 2b) (p = 0.006,
AD vs. DLB, p < 0.01). BDNF and GDNF were not detectable in any CSF samples.
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Figure 2. Neurotrophic factors levels in CSF. (a) Measurement of Cystatin C in CSE. A statistically
significant decrease was observed in DLB compared to all other groups. (b) PGRN levels in CSE.
PGRN was significantly increased in AD compared to DLB group. Average + SEM; * p < 0.05,
**p <0.01, * p < 0.001. Bar plots represent raw data while the post-hoc p-values were obtained by
generalized linear model adjusted for age.

3.3. EV Parameters Are Able to Discern Patients from Controls

In order to evaluate the capacity of demographic, EV and neurotrophic factors vari-
ables to classify subjects into patients or controls, different CTs were performed, including
the group of patients separately (AD, DLB and FID) or collapsed in PTS. The best CT (in
terms of smaller classification error) was obtained with PTS and CTRL groups revealing EV
parameters as the best predictors: EV size smaller than 114.9 nm was able to classify the pa-
tients from the controls (96.7% vs. 3.3%) (Figure 3). To estimate the diagnostic performance
of the EV concentration/size ratio to discriminate PTS from CTRL we performed ROC
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analyses: considering the whole patient group, the AUC was 0.74, with a 75.0% specificity
and a 69.0% sensitivity with a cut-off point of 2.90 x 10°. Considering each diagnostic
group, we calculated an AUC of 0.73 for AD, 0.82 for DLB and 0.68 for FTD (Figure S4).

Group

Nodo O
Categoria % n

B CTRL 16,7 20
B PTS 83.3 100

Totale 100,0 120

| mCTRL |
|mpTS !
| ———
CSFEVsSizenm
Miglioramento=0,036
<= 114,900 > 114,900
Nodo 1 Nodo 2

Categoria % n Categoria % n

B CTRL 33 2 B CTRL 300 18

HPTS 96,7 58 HPTS 700 42

Totale 500 60 Totale 500 60

[ —

=

CSFEVsConcentrationpml
Miglioramento=0,023

<= 43E8 > 43E8

Nodo 3 Nodo 4
Categoria % n Categoria % n
® CTRL 395 17 B CTRL 59 1
HPTS 605 26 B PTS 941 16
Totale 358 43 Totale 142 17

’—I:I

Figure 3. Classification tree. EV size resulted in being the most predictive variable among all the
ones significantly associated to the groups. CTRL, controls; PTS, patients; CSFEVs size (nm), EV size
(nm); CSFEVs concentration (p/mL), EV concentration (EVs/mL).

3.4. EV Parameters Are Related to CSF Core Biomarkers for AD

To evaluate the interaction of the biological variables under study and the diagnostic
groups, partial correlation analyses were performed among the CSF EV concentration/size
ratio, CysC and PGRN (neurotrophic factor), Ap 40, AP 42, p-Tau 181, Tau, A 42/Ap
40 and p-Tau 181/Af3 42 (core biomarkers for AD). The analyses were carried out for the
entire study group as well as in PTS, in each diagnostic group (AD, DLB, FID) and in
CTRL. A positive correlation was found in PTS between EV concentration/size and p-Tau
181/ A 42 ratios (age adjusted; r = 0.230, p = 0.031). In the stratified analysis, the AD group
resulted in being the only group with EV concentration/size and p-Tau 181/Af 42 ratios
significantly correlated (age adjusted, AD: r = 0.358, p = 0.035). CysC and PGRN were not
correlated with EV parameters.

4. Discussion

Emerging data argue for an interdependence between the production of EVs and
the endosomal pathway in the brain [19]. We recently reported that genes controlling
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key endo-lysosomal processes (i.e., protein sorting/transport, clathrin-coated vesicles
uncoating, lysosomal enzymatic activity regulation) might be involved in AD, FTLD and
DLB pathogenesis, thus, suggesting an etiological link behind these diseases [39]. In this
study, we demonstrated alterations of EVs and neurotrophic factors in CSF of patients
with neurodegenerative dementias. We analyzed CSF EVs in patients affected by AD,
DLB and FTD, and we found an altered EV profile in the patients” CSF. Specifically, EV
concentrations were higher in AD and DLB while CSF EV size was lower in AD and
DLB compared to the controls. EV size was the EV variable with the best capacity to
discriminate the patients affected by dementia from the controls: in CT analysis, the EV
size resulted in the most predictive variable able to classify the patients from the controls
(96.7% vs. 3.3%, respectively). The EV concentration/size ratio could discriminate the
patients affected by dementia from the controls, reaching a fair discrimination level (AUC
0.74), with a 75.0% specificity and a 69.0% sensitivity with a cut-off point of 2.90 x 10°.
According to the Working Group on “Molecular and Biochemical Markers of AD”, in
order to be clinically useful, a diagnostic marker should have sensitivity and specificity
approaching or exceeding 80-85% [40]. Thus, the specificity and sensitivity of the CSF EV
concentration/size ratio presented in this study resulted in being suboptimal.

We previously described plasma EV alterations in neurodegenerative dementias with a
significant reduction in EV concentration and larger EVs in AD, DLB and FID patients [32];
herein, we observed an inverse alteration of EV variables in CSF with a higher EV con-
centration and smaller EV size in patients. Furthermore, in plasma, EV concentration
was 3 orders of magnitude higher than in CSF, and the diagnostic performance of the EV
concentration/size ratio was higher (AUC 0.86) with a sensitivity of 83.3% and a specificity
of 86.7%. EV transfer from the peripheral circulatory system to the central nervous system
is rare under physiological conditions; however, inflammatory processes may compromise
the blood-brain barrier (BBB) allowing EV transport from the periphery to the brain: for
example, EVs derived from erythrocytes can cross the BBB, contain a large amount of o-
synuclein and may contribute to Parkinson pathology [41]. Thus, the observed EV increase
in the CSF could be due to an altered brain—periphery communication and reflect biological
processes of neurodegeneration occurring in the brain.

Current results of the association of the EV concentration/size ratio with the p-Tau
181/Ap 42 ratio, as CSF biomarkers of AD [42], are in this direction. The EV concentra-
tion/size ratio with the p-Tau 181/Af 42 ratio correlation was found for the entire PTS
group but the stratified analysis for dementia diagnostic categories revealed that this effect
was driven by the AD group. In general, our results show a slight difference in EV variables
in FTD with respect to AD and DLB.

In line with our results, EVs, and specifically microvesicles released by reactive mi-
croglia, were demonstrated to be increased in subjects with mild cognitive impairment
(MCI) and in AD, compared to the controls. Moreover, EVs were associated with CSF
biomarkers of AD; specifically, a negative correlation between EV concentration and CSF
A[1-42 levels was found in the MCI group, while CSF Tau levels (t-Tau and p-Tau) were
positively correlated with EV concentration both in MCI and AD [43,44]. Moreover, CSF
EV were associated with brain atrophy and white matter tract damage, thus, suggesting
that the release of EV by microglia might participate in AD neurodegeneration. A num-
ber of studies have shown that EV secretion of aggregation-prone proteins such as A(3,
a-synuclein, Tau or prion protein take places in neurodegenerative dementias [45-48].
Aside from the common mechanisms of aggregation-prone proteins spreading within the
brain, EVs have been proposed to contribute to trans-synaptic Tau transmission and the
propagation of Tau pathology in AD, from the entorhinal cortex to the hippocampus and
the surrounding areas [49]. The fascinating hypothesis that EVs may constitute a prion-like
mechanism for the spreading of disease proteins is indeed counterbalanced by evidence
indicating that EV, and specifically exosomes, may act as scavengers of neurotoxic soluble
AR [50]. Thus, whether exosomes and EV increase or decrease the detrimental action of A3
is still a matter of debate [51].
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We then investigated whether an alteration of neurotrophic factors in CSF might also
be detected in AD, DLB and FTD, and if their levels could be related to EV release. We
observed a decrease in CysC in dementia patients and more specifically in DLB patients; in
line with our results, lower CysC CSF levels have been previously shown to be associated
with DLB [8,52]. Regarding PGRN, AD patients showed an increased value of PGRN
compared to the DLB group; AD had the highest levels of PGRN despite not reaching a
statistical threshold compared to the other groups. The absence of a statistical significance
between groups may be due to the small number of cases used in the analysis, representing
a limitation in this study. Of note, PGRN CSF concentration has been shown to be increased
with microglia activation in AD [53,54] and in the progression of the disease [55]. In
the present study, we did not find any correlation between neurotrophic factors and EV
concentration and size. In contrast, in plasma, we described a positive correlation of CysC
with EV release in patients [32], suggesting that this neuroprotective factor, as well as an
anti-amyloidogenic protein, might affect EV release. In line with this observation, it has
been previously demonstrated in mice models that CysC enhances brain EV secretion,
resulting in a protective effect [21]. The present study, investigating the correlation of EVs
and CysC in the CSF of patients, did not confirm this paradigm.

In conclusion, we confirmed a common involvement of the endosomal pathway in
neurodegenerative dementias, as suggested by the alterations of CSF EVs in AD and DLB.
However, the role of the EVs has to be understood in more depth since the literature
is still contradictory about their protective/pathogenic function in neurodegeneration.
Since we described blood EVs (EV concentration/size) as a cross-disease biomarker with
high diagnostic performance, more studies are needed in order to clarify the molecular
mechanism underlying the observed effect at the peripheral level and the relationship with
the inverse alteration observed at central level in CSE. Thus, although CSF EV variables
show a fair diagnostic performance, plasma EVs could represent a better biomarker due
the more feasible access for sampling and the better diagnostic accuracy. However, the
results of this study indicate CSF EVs as a promising source for further investigation into
the interaction of EVs and aggregation-prone proteins to give insight into the molecular
mechanisms underlying the pathology.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cells11030462/s1, Figure S1: CSF EV characterization, Figure S2:
EV concentration distribution, Figure S3: EV size distribution, Figure S4: ROC analysis on EV
concentration/size ratio.

Author Contributions: Conceptualization, R.G. and G.D.F,; methodology, C.S. and C.E,; formal
analysis, A.L., RN., L.B. and C.F,; investigation, A.L.,, RN., S.B,, R.S,, C.S,, RZ,, G.B, L.B.,, M.C.
and G.D.E; resources, M.C., P.T., G.B., G.D.F. and L.B.; data curation, R.G., A.L.,, RN. and C.F,;
writing—original draft preparation, A.L., RN., R.S,, L.B. and R.G.; writing—review and editing,
SB.,M.C,PT,CS., CFE,RZ, GB. and G.D.F; visualization, A.L., RN., S.B. and C.E; supervision,
R.G,; project administration, R.G.; funding acquisition, R.G. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Italian Ministry of Health, Italy, Ricerca Corrente, and by
the Italian Ministry of Health, Italy, under the aegis of the EU Joint Programme—Neurodegenerative
Disease Research (JPND), grant number PATHWAYS-200-059.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the local ethics committee (Prot. N. 111/2017; date of
approval: 13 December 2017).

Informed Consent Statement: The patients/participants provided their written informed consent to
participate in this study.

Data Availability Statement: All study data, including raw and analyzed data, will be available
upon reasonable request.


https://www.mdpi.com/article/10.3390/cells11030462/s1
https://www.mdpi.com/article/10.3390/cells11030462/s1

Cells 2022, 11, 462 90f11

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1.

W

11.
12.
13.
14.
15.
16.
17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Boyle, P.A; Yu, L.; Wilson, R.S.; Leurgans, S.E.; Schneider, J.A.; Bennett, D.A. Person-specific contribution of neuropathologies to
cognitive loss in old age. Ann. Neurol. 2018, 83, 74-83. [CrossRef] [PubMed]

Jellinger, K.A. Neuropathological aspects of Alzheimer disease, Parkinson disease and frontotemporal dementia. Neurodegener.
Dis. 2008, 5, 118-121. [CrossRef] [PubMed]

Soto, C.; Estrada, L.D. Protein misfolding and neurodegeneration. Arch Neurol 2008, 65, 184-189. [CrossRef] [PubMed]

Gouras, G.K;; Tsai, J.; Naslund, J.; Vincent, B.; Edgar, M.; Checler, F.; Greenfield, J.P.; Haroutunian, V.; Buxbaum, J.D.; Xu, H.; et al.
Intraneuronal Abeta42 accumulation in human brain. Am. . Pathol. 2000, 156, 15-20. [CrossRef]

Lee, V.M.; Goedert, M.; Trojanowski, ].Q. Neurodegenerative tauopathies. Annu. Rev. Neurosci. 2001, 24, 1121-1159. [CrossRef]
[PubMed]

Querfurth, HW.,; LaFerla, EM. Alzheimer’s disease. N. Engl. . Med. 2010, 362, 329-344. [CrossRef] [PubMed]

Jellinger, K.A. Neuropathological spectrum of synucleinopathies. Mov. Disord. 2003, 18 (Suppl. S6), S2-512. [CrossRef] [PubMed]
Zhong, X.M.; Hou, L.; Luo, X.N.; Shi, H.S.; Hu, G.Y,; He, H.B.; Chen, X.R.; Zheng, D.; Zhang, Y.F,; Tan, Y,; et al. Alterations of CSF
cystatin C levels and their correlations with CSF A340 and A 342 levels in patients with Alzheimer’s disease, dementia with lewy
bodies and the atrophic form of general paresis. PLoS ONE 2013, 8, e55328. [CrossRef] [PubMed]

Beyer, K.; Domingo-Sabat, M.; Ariza, A. Molecular pathology of Lewy body diseases. Int. |. Mol. Sci. 2009, 10, 724-745. [CrossRef]
Mackenzie, LR.; Neumann, M. Molecular neuropathology of frontotemporal dementia: Insights into disease mechanisms from
postmortem studies. . Neurochem. 2016, 138 (Suppl. S1), 54-70. [CrossRef]

Neumann, M.; Mackenzie, .LR.A. Review: Neuropathology of non-tau frontotemporal lobar degeneration. Neuropathol. Appl.
Neurobiol. 2019, 45, 19—40. [CrossRef] [PubMed]

Raposo, G.; Stoorvogel, W. Extracellular vesicles: Exosomes, microvesicles, and friends. J. Cell. Biol. 2013, 200, 373-383. [CrossRef]
Hill, A.F. Extracellular Vesicles and Neurodegenerative Diseases. J. Neurosci. 2019, 39, 9269-9273. [CrossRef] [PubMed]
Ceccarelli, L.; Giacomelli, C.; Marchetti, L.; Martini, C. Microglia extracellular vesicles: Focus on molecular composition and
biological function. Biochem. Soc. Trans. 2021, 49, 1779-1790. [CrossRef] [PubMed]

Rajendran, L.; Bali, J.; Barr, M.M.; Court, F.A.; Kramer-Albers, E.M.; Picou, E; Raposo, G.; van der Vos, K.E.; van Niel, G.; Wang, J.;
et al. Emerging roles of extracellular vesicles in the nervous system. J. Neurosci. 2014, 34, 15482-15489. [CrossRef] [PubMed]
Valdinocci, D.; Radford, R.A.; Siow, S.M.; Chung, R.S.; Pountney, D.L. Potential Modes of Intercellular x-Synuclein Transmission.
Int. J. Mol. Sci. 2017, 18, 469. [CrossRef]

Xiao, T.; Zhang, W.; Jiao, B.; Pan, C.Z.; Liu, X.; Shen, L. The role of exosomes in the pathogenesis of Alzheimer’ disease. Transl.
Neurodegener. 2017, 6, 3. [CrossRef]

Pérez, M.; Avila, J.; Hernandez, F. Propagation of Tau via Extracellular Vesicles. Front. Neurosci. 2019, 13, 698. [CrossRef]
Mathews, PM.; Levy, E. Exosome Production Is Key to Neuronal Endosomal Pathway Integrity in Neurodegenerative Diseases.
Front. Neurosci. 2019, 13, 1347. [CrossRef]

Ghidoni, R.; Paterlini, A.; Albertini, V.; Glionna, M.; Monti, E.; Schiaffonati, L.; Benussi, L.; Levy, E.; Binetti, G. Cystatin C is
released in association with exosomes: A new tool of neuronal communication which is unbalanced in Alzheimer’s disease.
Neurobiol. Aging 2011, 32, 1435-1442. [CrossRef]

Pérez-Gonzalez, R.; Sahoo, S.; Gauthier, S.A.; Kim, Y.; Li, M.; Kumar, A.; Pawlik, M.; Benussi, L.; Ghidoni, R.; Levy, E.
Neuroprotection mediated by cystatin C-loaded extracellular vesicles. Sci. Rep. 2019, 9, 11104. [CrossRef] [PubMed]

Levy, E.; Sastre, M.; Kumar, A.; Gallo, G.; Piccardo, P.; Ghetti, B.; Tagliavini, F. Codeposition of cystatin C with amyloid-beta
protein in the brain of Alzheimer disease patients. J. Neuropathol. Exp. Neurol. 2001, 60, 94-104. [CrossRef] [PubMed]

Ghidoni, R.; Paterlini, A.; Benussi, L.; Binetti, G. Presenilin 2 is secreted in mouse primary neurons: A release enhanced by
apoptosis. Mech. Ageing Dev. 2007, 128, 350-353. [CrossRef] [PubMed]

Mi, W.; Pawlik, M,; Sastre, M.; Jung, S.S.; Radvinsky, D.S.; Klein, A.M.; Sommer, J.; Schmidt, S.D.; Nixon, R.A.; Mathews, PM.; et al.
Cystatin C inhibits amyloid-beta deposition in Alzheimer’s disease mouse models. Nat. Genet. 2007, 39, 1440-1442. [CrossRef]
[PubMed]

Gao, X.; Joselin, A.P; Wang, L.; Kar, A.; Ray, P; Bateman, A.; Goate, A.M.; Wy, J.Y. Progranulin promotes neurite outgrowth and
neuronal differentiation by regulating GSK-3. Protein Cell 2010, 1, 552-562. [CrossRef] [PubMed]

Martens, L.H.; Zhang, J.; Barmada, S.J.; Zhou, P; Kamiya, S.; Sun, B.; Min, SSW.; Gan, L.; Finkbeiner, S.; Huang, EJ.; et al.
Progranulin deficiency promotes neuroinflammation and neuron loss following toxin-induced injury. J. Clin. Investig. 2012, 122,
3955-3959. [CrossRef]

Benussi, L.; Ciani, M.; Tonoli, E.; Morbin, M.; Palamara, L.; Albani, D.; Fusco, F.; Forloni, G.; Glionna, M.; Baco, M.; et al. Loss of
exosomes in progranulin-associated frontotemporal dementia. Neurobiol. Aging 2016, 40, 41-49. [CrossRef]

Ramaswamy, S.; Soderstrom, K.E.; Kordower, ]. H. Trophic factors therapy in Parkinson’s disease. Prog. Br. Res. 2009, 175, 201-216.
[CrossRef]


http://doi.org/10.1002/ana.25123
http://www.ncbi.nlm.nih.gov/pubmed/29244218
http://doi.org/10.1159/000113679
http://www.ncbi.nlm.nih.gov/pubmed/18322367
http://doi.org/10.1001/archneurol.2007.56
http://www.ncbi.nlm.nih.gov/pubmed/18268186
http://doi.org/10.1016/S0002-9440(10)64700-1
http://doi.org/10.1146/annurev.neuro.24.1.1121
http://www.ncbi.nlm.nih.gov/pubmed/11520930
http://doi.org/10.1056/NEJMra0909142
http://www.ncbi.nlm.nih.gov/pubmed/20107219
http://doi.org/10.1002/mds.10557
http://www.ncbi.nlm.nih.gov/pubmed/14502650
http://doi.org/10.1371/journal.pone.0055328
http://www.ncbi.nlm.nih.gov/pubmed/23383156
http://doi.org/10.3390/ijms10030724
http://doi.org/10.1111/jnc.13588
http://doi.org/10.1111/nan.12526
http://www.ncbi.nlm.nih.gov/pubmed/30357887
http://doi.org/10.1083/jcb.201211138
http://doi.org/10.1523/JNEUROSCI.0147-18.2019
http://www.ncbi.nlm.nih.gov/pubmed/31748282
http://doi.org/10.1042/BST20210202
http://www.ncbi.nlm.nih.gov/pubmed/34415305
http://doi.org/10.1523/JNEUROSCI.3258-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25392515
http://doi.org/10.3390/ijms18020469
http://doi.org/10.1186/s40035-017-0072-x
http://doi.org/10.3389/fnins.2019.00698
http://doi.org/10.3389/fnins.2019.01347
http://doi.org/10.1016/j.neurobiolaging.2009.08.013
http://doi.org/10.1038/s41598-019-47524-7
http://www.ncbi.nlm.nih.gov/pubmed/31367000
http://doi.org/10.1093/jnen/60.1.94
http://www.ncbi.nlm.nih.gov/pubmed/11202179
http://doi.org/10.1016/j.mad.2007.01.003
http://www.ncbi.nlm.nih.gov/pubmed/17292944
http://doi.org/10.1038/ng.2007.29
http://www.ncbi.nlm.nih.gov/pubmed/18026100
http://doi.org/10.1007/s13238-010-0067-1
http://www.ncbi.nlm.nih.gov/pubmed/21204008
http://doi.org/10.1172/JCI63113
http://doi.org/10.1016/j.neurobiolaging.2016.01.001
http://doi.org/10.1016/S0079-6123(09)17514-3

Cells 2022, 11, 462 10 of 11

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Goldberg, N.R.S.; Caesar, J.; Park, A.; Sedgh, S.; Finogenov, G.; Masliah, E.; Davis, J.; Blurton-Jones, M. Neural Stem Cells Rescue
Cogpnitive and Motor Dysfunction in a Transgenic Model of Dementia with Lewy Bodies through a BDNF-Dependent Mechanism.
Stem Cell Rep. 2015, 5, 791-804. [CrossRef]

Mitre, M.; Mariga, A.; Chao, M.V. Neurotrophin signalling: Novel insights into mechanisms and pathophysiology. Clin. Sci. 2017,
131, 13-23. [CrossRef]

Zhao, Y.; Haney, M.]J.; Gupta, R.; Bohnsack, ].P.; He, Z.; Kabanov, A.V.; Batrakova, E.V. GDNF-transfected macrophages produce
potent neuroprotective effects in Parkinson’s disease mouse model. PLoS ONE 2014, 9, e106867. [CrossRef] [PubMed]
Longobardi, A.; Benussi, L.; Nicsanu, R.; Bellini, S.; Ferrari, C.; Saraceno, C.; Zanardini, R.; Catania, M.; Di Fede, G.; Squitti, R.;
et al. Plasma Extracellular Vesicle Size and Concentration Are Altered in Alzheimer’s Disease, Dementia With Lewy Bodies, and
Frontotemporal Dementia. Front. Cell Dev. Biol. 2021, 9, 667369. [CrossRef] [PubMed]

McKhann, G.; Drachman, D.; Folstein, M.; Katzman, R.; Price, D.; Stadlan, E.M. Clinical diagnosis of Alzheimer’s disease:
Report of the NINCDS-ADRDA Work Group under the auspices of Department of Health and Human Services Task Force on
Alzheimer’s Disease. Neurology 1984, 34, 939-944. [CrossRef] [PubMed]

McKhann, G.M.; Knopman, D.S.; Chertkow, H.; Hyman, B.T; Jack, C.R,, Jr.; Kawas, C.H.; Klunk, W.E.; Koroshetz, W.]J.; Manly,
J.J.; Mayeux, R,; et al. The diagnosis of dementia due to Alzheimer’s disease: Recommendations from the National Institute
on Aging-Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimer’s Dement 2011, 7,
263-269. [CrossRef] [PubMed]

McKeith, I1.G.; Galasko, D.; Kosaka, K.; Perry, E.K.; Dickson, D.W.; Hansen, L.A.; Salmon, D.P.; Lowe, ]J.; Mirra, S.S.; Byrne,
E.J.; et al. Consensus guidelines for the clinical and pathologic diagnosis of dementia with Lewy bodies (DLB): Report of the
consortium on DLB international workshop. Neurology 1996, 47, 1113-1124. [CrossRef] [PubMed]

Neary, D.; Snowden, J.S.; Gustafson, L.; Passant, U.; Stuss, D.; Black, S.; Freedman, M.; Kertesz, A.; Robert, PH.; Albert, M.; et al.
Frontotemporal lobar degeneration: A consensus on clinical diagnostic criteria. Neurology 1998, 51, 1546-1554. [CrossRef]
Rascovsky, K.; Hodges, ].R.; Knopman, D.; Mendez, M.F,; Kramer, ].H.; Neuhaus, ]J.; van Swieten, J.C.; Seelaar, H.; Dopper, E.G;
Onyike, C.U.; et al. Sensitivity of revised diagnostic criteria for the behavioural variant of frontotemporal dementia. Brain 2011,
134, 2456-2477. [CrossRef]

James, G.; Witten, D.; Hastie, T.; Tibshirani, R. An Introduction to Statistical Learning: With Applications in R; Springer: New York,
NY, USA, 2015; [Corrected at 6th printing 2015].

Benussi, L.; Longobardi, A.; Kocoglu, C.; Carrara, M.; Bellini, S.; Ferrari, C.; Nicsanu, R.; Saraceno, C.; Bonvicini, C.; Fostinelli, S.;
et al. Investigating the Endo-Lysosomal System in Major Neurocognitive Disorders Due to Alzheimer’s Disease, Frontotemporal
Lobar Degeneration and Lewy Body Disease: Evidence for SORL1 as a Cross-Disease Gene. Int. ]. Mol. Sci. 2021, 22, 13633.
[CrossRef] [PubMed]

The Ronald and Nancy Reagan Research Institute of the Alzheimer’s Association and the National Institute on Aging Working
Group. Consensus report of the Working Group on: “Molecular and Biochemical Markers of Alzheimer’s Disease”. Neurobiol.
Aging 1998, 19, 109-116. [CrossRef]

Matsumoto, J.; Stewart, T.; Sheng, L.; Li, N.; Bullock, K.; Song, N.; Shi, M.; Banks, W.A_; Zhang, J. Transmission of a-synuclein-
containing erythrocyte-derived extracellular vesicles across the blood-brain barrier via adsorptive mediated transcytosis: Another
mechanism for initiation and progression of Parkinson’s disease? Acta Neuropathol. Commun. 2017, 5, 71. [CrossRef]

Campbell, M.R.; Ashrafzadeh-Kian, S.; Petersen, R.C.; Mielke, M.M,; Syrjanen, J.A.; van Harten, A.C.; Lowe, VJ.; Jack, C.R,, Jr;
Bornhorst, J.A.; Algeciras-Schimnich, A. P-tau/A 342 and A342/40 ratios in CSF are equally predictive of amyloid PET status.
Alzheimer’s Dement 2021, 13, €12190. [CrossRef] [PubMed]

Agosta, F,; Dalla Libera, D.; Spinelli, E.G.; Finardi, A.; Canu, E.; Bergami, A.; Bocchio Chiavetto, L.; Baronio, M.; Comi, G.; Martino,
G.; et al. Myeloid microvesicles in cerebrospinal fluid are associated with myelin damage and neuronal loss in mild cognitive
impairment and Alzheimer disease. Ann. Neurol. 2014, 76, 813-825. [CrossRef] [PubMed]

Joshi, P; Turola, E.; Ruiz, A.; Bergami, A.; Libera, D.D.; Benussi, L.; Giussani, P.; Magnani, G.; Comi, G.; Legname, G.; et al.
Microglia convert aggregated amyloid-f3 into neurotoxic forms through the shedding of microvesicles. Cell Death Differ. 2014, 21,
582-593. [CrossRef]

Saman, S.; Kim, W.; Raya, M.; Visnick, Y.; Miro, S.; Saman, S.; Jackson, B.; McKee, A.C.; Alvarez, V.E.; Lee, N.C,; et al. Exosome-
associated tau is secreted in tauopathy models and is selectively phosphorylated in cerebrospinal fluid in early Alzheimer disease.
J. Biol. Chem. 2012, 287, 3842-3849. [CrossRef] [PubMed]

Fiandaca, M.S.; Kapogiannis, D.; Mapstone, M.; Boxer, A.; Eitan, E.; Schwartz, J.B.; Abner, E.L.; Petersen, R.C.; Federoff, H.].;
Miller, B.L.; et al. Identification of preclinical Alzheimer’s disease by a profile of pathogenic proteins in neurally derived blood
exosomes: A case-control study. Alzheimer’s Dement 2015, 11, 600-607.e1. [CrossRef] [PubMed]

Guix, EX,; Corbett, G.T.; Cha, D.J.; Mustapic, M.; Liu, W.; Mengel, D.; Chen, Z.; Aikawa, E.; Young-Pearse, T.; Kapogiannis, D.;
et al. Detection of Aggregation-Competent Tau in Neuron-Derived Extracellular Vesicles. Int. J. Mol. Sci. 2018, 19, 663. [CrossRef]
[PubMed]

Winston, C.N.; Aulston, B.; Rockenstein, E.M.; Adame, A.; Prikhodko, O.; Dave, K.N.; Mishra, P.; Rissman, R.A.; Yuan, S.H.
Neuronal Exosome-Derived Human Tau is Toxic to Recipient Mouse Neurons in vivo. J. Alzheimer’s Dis. 2019, 67, 541-553.
[CrossRef] [PubMed]


http://doi.org/10.1016/j.stemcr.2015.09.008
http://doi.org/10.1042/CS20160044
http://doi.org/10.1371/journal.pone.0106867
http://www.ncbi.nlm.nih.gov/pubmed/25229627
http://doi.org/10.3389/fcell.2021.667369
http://www.ncbi.nlm.nih.gov/pubmed/34046409
http://doi.org/10.1212/WNL.34.7.939
http://www.ncbi.nlm.nih.gov/pubmed/6610841
http://doi.org/10.1016/j.jalz.2011.03.005
http://www.ncbi.nlm.nih.gov/pubmed/21514250
http://doi.org/10.1212/WNL.47.5.1113
http://www.ncbi.nlm.nih.gov/pubmed/8909416
http://doi.org/10.1212/WNL.51.6.1546
http://doi.org/10.1093/brain/awr179
http://doi.org/10.3390/ijms222413633
http://www.ncbi.nlm.nih.gov/pubmed/34948429
http://doi.org/10.1016/S0197-4580(98)00022-0
http://doi.org/10.1186/s40478-017-0470-4
http://doi.org/10.1002/dad2.12190
http://www.ncbi.nlm.nih.gov/pubmed/34027020
http://doi.org/10.1002/ana.24235
http://www.ncbi.nlm.nih.gov/pubmed/25087695
http://doi.org/10.1038/cdd.2013.180
http://doi.org/10.1074/jbc.M111.277061
http://www.ncbi.nlm.nih.gov/pubmed/22057275
http://doi.org/10.1016/j.jalz.2014.06.008
http://www.ncbi.nlm.nih.gov/pubmed/25130657
http://doi.org/10.3390/ijms19030663
http://www.ncbi.nlm.nih.gov/pubmed/29495441
http://doi.org/10.3233/JAD-180776
http://www.ncbi.nlm.nih.gov/pubmed/30584143

Cells 2022, 11, 462 11 of 11

49.

50.

51.

52.

53.

54.

55.

Wang, Y.; Balaji, V.; Kaniyappan, S.; Kriiger, L.; Irsen, S.; Tepper, K.; Chandupatla, R.; Maetzler, W.; Schneider, A.; Mandelkow, E.;
et al. The release and trans-synaptic transmission of Tau via exosomes. Mol. Neurodegener. 2017, 12, 5. [CrossRef]

Yuyama, K.; Sun, H.; Mitsutake, S.; Igarashi, Y. Sphingolipid-modulated exosome secretion promotes clearance of amyloid-f by
microglia. J. Biol. Chem. 2012, 287, 10977-10989. [CrossRef]

Joshi, P; Benussi, L.; Furlan, R.; Ghidoni, R.; Verderio, C. Extracellular vesicles in Alzheimer’s disease: Friends or foes? Focus on
ap-vesicle interaction. Int. J. Mol. Sci. 2015, 16, 4800-4813. [CrossRef]

Maetzler, W.; Schmid, B.; Synofzik, M.; Schulte, C.; Riester, K.; Huber, H.; Brockmann, K.; Gasser, T.; Berg, D.; Melms, A. The
CST3 BB genotype and low cystatin C cerebrospinal fluid levels are associated with dementia in Lewy body disease. |. Alzheimer’s
Dis. 2010, 19, 937-942. [CrossRef] [PubMed]

Petkau, T.L.; Neal, S.J.; Orban, P.C.; MacDonald, J.L.; Hill, A.M.; Lu, G.; Feldman, H.H.; Mackenzie, I.R.; Leavitt, B.R. Progranulin
expression in the developing and adult murine brain. J. Comp. Neurol. 2010, 518, 3931-3947. [CrossRef] [PubMed]

Heneka, M.T; Carson, M.].; El Khoury, J.; Landreth, G.E.; Brosseron, F.; Feinstein, D.L.; Jacobs, A.H.; Wyss-Coray, T.; Vitorica, J.;
Ransohoff, R.M.; et al. Neuroinflammation in Alzheimer’s disease. Lancet Neurol. 2015, 14, 388-405. [CrossRef]

Suarez-Calvet, M.; Capell, A.; Araque Caballero, M.A,; Morenas-Rodriguez, E.; Fellerer, K.; Franzmeier, N.; Kleinberger, G.; Eren,
E.; Deming, Y.; Piccio, L.; et al. CSF progranulin increases in the course of Alzheimer’s disease and is associated with sTREM2,
neurodegeneration and cognitive decline. EMBO Mol. Med. 2018, 10, €9712. [CrossRef] [PubMed]


http://doi.org/10.1186/s13024-016-0143-y
http://doi.org/10.1074/jbc.M111.324616
http://doi.org/10.3390/ijms16034800
http://doi.org/10.3233/JAD-2010-1289
http://www.ncbi.nlm.nih.gov/pubmed/20157249
http://doi.org/10.1002/cne.22430
http://www.ncbi.nlm.nih.gov/pubmed/20737593
http://doi.org/10.1016/S1474-4422(15)70016-5
http://doi.org/10.15252/emmm.201809712
http://www.ncbi.nlm.nih.gov/pubmed/30482868

	Introduction 
	Materials and Methods 
	Subjects 
	CSF EV Isolation and Characterization 
	Nanoparticle Tracking Analysis (NTA) 
	Biochemical Analyses 
	Statistical Analysis 

	Results 
	CSF EV Size and Concentration Are Altered in Dementia Patients 
	Cystatin C and Progranulin CSF Are Altered in DLB and AD 
	EV Parameters Are Able to Discern Patients from Controls 
	EV Parameters Are Related to CSF Core Biomarkers for AD 

	Discussion 
	References

