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Alzheimer’s disease (AD), frontotemporal dementia (FTD), and dementia with Lewy
bodies (DLB) are the three major neurodegenerative dementias. In this study, we provide
evidence that an alteration in extracellular vesicles (EVs) release is common across the
three most common neurodegenerative dementias, AD, DLB, and FTD. Specifically,
we analyzed plasma EVs in three groups of patients affected by AD, DLB, and FTD,
and we found a significant reduction in EVs concentration and larger EVs size in all
patient groups. We then investigated whether the loss of neurotrophic factors is also a
common pathogenic mechanism among FTD, DLB, and AD, and if levels of neurotrophic
factors might affect EVs release. Plasma levels of progranulin and cystatin C (CysC)
were partially altered; however, taking together all variables significantly associated
with the diagnostic groups only EVs size and concentration were able to distinguish
patients from controls. The diagnostic performance of these two EVs parameters
together (ratio) was high, with a sensitivity of 83.3% and a specificity of 86.7%, able to
distinguish patients from controls but not to differentiate the different forms of dementias.
Among the candidate neurotrophic factors, only CysC levels were associated with EVs
concentration. Our study suggests that an alteration in the intercellular communication
mediated by EVs might be a common molecular pathway underlying neurodegenerative
dementias. The identification of shared disease mechanisms is of pivotal importance
to develop treatments to delay disease progression. To this aim, further studies
investigating plasma EVs size and concentration as early biomarkers of dementia
are required.

Keywords: Alzheimer’s disease, dementia with Lewy bodies, frontotemporal dementia, extracellular vesicles,
nanoparticle tracking analysis, biomarkers, plasma
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INTRODUCTION

Alzheimer’s disease (AD), frontotemporal dementia (FTD),
and dementia with Lewy bodies (DLB) are the three
major neurodegenerative dementias. Brain abnormal
protein accumulation and inclusions characterize all these
neurodegenerative diseases (Jellinger, 2008; Soto and
Estrada, 2008): AD is characterized by deposition of beta-
amyloid peptides (Aβ) in amyloid plaques and deposition of
phosphorylated tau protein in neurofibrillary tangles (Hardy and
Higgins, 1992; Brion, 1998); DLB is characterized by α-synuclein
inclusions in neurons, neurites, glia, and presynaptic terminals
(Beyer et al., 2009; Donaghy and McKeith, 2014); FTD includes
different pathological subtypes, characterized by tau, ubiquitin,
Fused-in-Sarcoma (FUS), and TAR DNA-binding protein 43
(TDP-43)-positive inclusions (Mackenzie and Neumann, 2016;
Neumann and Mackenzie, 2019). It is now clear that the protein
aggregates spread from neuron to neuron contributing to the
progression of the disease (Goedert, 2015). Exosomes, a specific
subtype of extracellular vesicles (EVs) of endosomal origin,
are capable of transferring biomolecules between cells without
direct cell-to-cell contact (Raposo and Stoorvogel, 2013). Thus,
EVs, and specifically exosomes, have been suggested as potential
carriers of misfolded toxic proteins, such as Aβ peptide and
tau in AD (Saman et al., 2012; Rajendran et al., 2014) and
α-synuclein in Parkinson disease (PD)/DLB (Emmanouilidou
et al., 2010; Alvarez-Erviti et al., 2011). Regarding AD, the
discovery that Aβ precursors and members of the secretase
complex are secreted within exosomes grew interest in EVs in
the last decade, demonstrating that they are actively involved
in Aβ peptide generation and plaque formation (Ghidoni
et al., 2011). Since EVs can cross the blood–brain barrier and
reach the blood, it was possible to identify several potential
biomarkers in exosomes isolated from blood: increased levels
of t-tau, p-tau, and Aβ42 in plasma/serum neurally derived
blood exosomes were demonstrated to be an early marker for
AD and cognitive decline progression (Fiandaca et al., 2015).
Conversely, in blood-derived exosomes several synaptic proteins
as well as survival proteins were described to be reduced in
AD and FTD (Goetzl et al., 2015; Goetzl et al., 2016; Goetzl
et al., 2018). In addition, we demonstrated that CysC, a trophic
protein targeted to the classical secretory pathway, is secreted by
mouse primary neurons in association with exosomes and the
overexpression of familial AD-associated presenilin 2 mutations
(PS2 M239I and PS2 T122R) resulted in a loss of exosomal
CysC and of Aβ precursor protein (APP) metabolites within
exosomes (Ghidoni et al., 2011). FTD-causing progranulin null
mutations cause a loss of progranulin (PGRN), a neurotrophic
factor (Ghidoni et al., 2008b); we demonstrated that also PGRN,
a protein targeted to the classical secretory pathway, is secreted
in association with exosomes by human primary fibroblasts
and that null mutations in the GRN gene strongly reduce
the number of released exosomes and alter their composition
(Benussi et al., 2016). Brain-derived neurotrophic factor (BDNF),
a key regulator of neuronal survival, was suggested to play an
important role in the pathophysiology of neurodegenerative
diseases including AD, FTD, and DLB (Ventriglia et al., 2013;

Mitre et al., 2017). Moreover, some studies suggested the
efficacy of neurotrophic factors (NTF) for the treatment of
PD and DLB (Ramaswamy et al., 2009; Goldberg et al., 2015).
A systemic administration of glial-derived neurotrophic factor
(GDNF)-expressing macrophages significantly ameliorated
neurodegeneration and neuroinflammation in PD mice, and one
of the suggested mechanisms for this effect was the release of
exosomes containing the GDNF, followed by the efficient GDNF
transfer to target neurons (Zhao et al., 2014).

During progressive neurodegeneration and neuronal
loss, exosomes could become the key player for neuronal
communication and the crossroads of proteins: accordingly,
survival of neurons could be easily affected by factors modulating
exosome release and/or composition (Ghidoni et al., 2008a).
We hypothesize that an alteration in exosome release and or
composition might be a common pathological mechanism across
the three major neurodegenerative dementias influencing the
fate of disease-related proteins across dementias. Loss of NTF
might be one of the determinants affecting exosome release.

To test our hypothesis, herein we analyzed human plasma
EVs and NTF (CysC, PGRN, BDNF, and GDNF) in dementia
patients (AD, DLB, and FTD diagnoses), investigating also the
link between NTF and EVs.

MATERIALS AND METHODS

Participants
Human plasma samples from n = 30 AD, n = 30 DLB, n = 30 FTD
sporadic patients and from n = 30 elderly subjects with normal
cognitive function, as control group (CTRL), were analyzed.
Patients were enrolled at the MAC Memory Clinic IRCCS
Fatebenefratelli, Brescia, and at the Neurology 5/Neuropathology
Unit, IRCCS Besta, Milan. Clinical diagnosis for probable AD,
DLB, and FTD was made according to international guidelines
(McKhann et al., 1984; McKeith et al., 1996; Neary et al.,
1998; McKhann et al., 2011; Rascovsky et al., 2011): patient
diagnosis was derived by neurologists and neuropsychologists,
who performed extensive behavioral, neuropsychological, and
neuroimaging assessments. Differential diagnosis was supported
by CSF analysis and 18-FDG PET/dopamine-transporter scan,
when available. Clinical and demographic characteristics are
shown in Table 1. Patients provided written informed consent.
The study protocol was approved by the local ethics committee
(Prot. N. 111/2017).

Evs Isolation
EVs isolation was performed with Total Exosome Isolation Kit
from plasma (InvitrogenTM, California, United States) following
the manufacturer’s protocol. Briefly, 125 µl of plasma was
centrifuged at 2,000 × g for 20′ and then at 10,000 × g for 20′;
supernatants were then transferred into new tubes, mixed with
62.5 µl (0.5 × plasma volume) of 0.2 µm filtered 1× phosphate-
buffered saline (PBS), and then incubated with 37.5 µl (0.2× total
volume) of Exosome Precipitation Reagent for 10′ at room
temperature; after incubation, samples were then centrifuged at
10,000 × g for 5′. EVs pellets were resuspended in 100 µl of
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TABLE 1 | Clinical, demographic, and biological variables of patients and controls.

CTRL (n = 30) AD (n = 30) DLB (n = 30) FTD (n = 30) p-value

Gender (M:F) 8:22 9:21 17:13 13:17 0.069†

Age, years 65.8 ± 10.5 69.0 ± 7.8 75.4 ± 6.9 65.8 ± 8.5 <0.001∗

Disease onset, years – 65.2 ± 8.2 71.0 ± 7.7 62.8 ± 6.9 0.002∗

Education, years 11.9 ± 3.2 7.2 ± 3.9 7.9 ± 3.7 7.4 ± 4.2 <0.001∗∗

MMSE 28.9 ± 1.2 19.4 ± 4.9 20.7 ± 5.8 19.0 ± 6.7 <0.001∗∗

EVs concentration, EVs/ml 2.49 × 1011 ± 1.18 × 1011 1.47 × 1011
± 6.08 × 1010 1.26 × 1011

± 5.10 × 1010 1.39 × 1011
± 6.14 × 1010 <0.001∗

EVs size, nm 113.2 ± 13.2 133.8 ± 17.1 127.2 ± 12.0 130.2 ± 18.8 <0.001∗

BDNF, pg/ml 1,142.0 ± 1,798.4 631.6 ± 545.7 833.6 ± 740.1 765.3 ± 771.6 0.840∗∗

PGRN, ng/ml 38.8 ± 9.3 32.7 ± 7.3 37.9 ± 15.0 31.1 ± 11.6 0.003∗∗

CysC, ng/ml 881.8 ± 282.1 949.3 ± 247.3 1,064.0 ± 270.2 1,001.0 ± 301.2 0.043∗∗

All continuous variables were analyzed with the Kolmogorov–Smirnov test to evaluate normality. CTRL, controls; AD, Alzheimer’s disease patients; DLB, dementia with
Lewy bodies patients; FTD, frontotemporal dementia patients; MMSE, Mini-Mental State Examination. †Chi-square test; *One-way ANOVA test; **Kruskal–Wallis test. In
bold is reported the group which differs from others (post hoc tests). Means ± standard deviation.

0.2 µm filtered 1× PBS and stored at + 4◦C or −20◦C until
nanoparticle tracking analysis (NTA). As a negative control, an
aliquot of 125 µl of 1× PBS was processed as described above.

Nanoparticle Tracking Analysis (NTA)
Suspension containing EVs from all four groups were
analyzed with the Nano-Sight NS300 Instrument (Malvern,
Worcestershire, United Kingdom). Samples were diluted
with 0.2 µm filtered 1× PBS in order to obtain an optimal
range of 20–150 particles/frame. For each sample, 5 videos of
60′′ duration were recorded and data were processed using
NanoSight NTA Software 3.2. Post-acquisition settings were
kept constant between samples. Data obtained were: particle
concentration (particles/ml), average size (nm), and particle
size distribution (D10, D50, D90: particle size values indicating
that, respectively, 10, 50, and 90% of the distribution is below
this value). Raw concentration data (particles/ml) obtained
from NTA were normalized to obtain EVs concentrations in the
human plasma sample.

Biochemical Analyses
GDNF, BDNF, and PGRN plasma concentrations were measured
with Human Premixed Multiplex—Magnetic Luminex R© Assays
(R&D Systems R©, Minneapolis, United States) following the
manufacturer’s protocol. CysC plasma concentration was
measured with Human Cystatin C Quantikine R© ELISA kit
(R&D Systems R©, Minneapolis, United States) following the
manufacturer’s protocol. All analyses were performed in
duplicate. Measurements were carried out at the same study site
on consecutive days, and researchers were unaware of whether
the sample belonged to cases or to controls.

Statistical Analysis
Normality assumption of continuous variables was evaluated
with Kolmogorov–Smirnov. One-way ANOVA, with Bonferroni
post hoc tests, was used for the comparison across the four
subject groups of the normally distributed continuous variables.
Kruskal–Wallis test with Dunn’s post hoc tests was used
for the group comparisons of non-normally distributed

variables. Chi-square test was used to assess the association
between demographic characteristic (categorical variables)
of subjects with the four groups. A classification tree (CT)
(James et al., 2015) was applied to detect the best (in terms
of classification performance) predictors for discriminating
controls versus patients’ group. 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 is given by different classification
pathways (defined by estimated covariate cut offs), and for
each of them, the probability of the most likely diagnostic
group is provided. In order to take into consideration all
possible socio-demographic and clinical confounders, in
CT all variables which differ among groups were included.
Diagnostic performance of EVs concentration and EVs size
in discriminating across the four groups was assessed by
areas under the curve (AUC) obtained by receiver operating
characteristic (ROC). Comparison of the four AUC was assessed
by DeLong test. Regression analyses were performed on EVs
concentration and size (as dependent variables, respectively)
and NTF, group, and their interaction as independent
variables. All analyses were performed by SPSS software
and significance set at 0.05.

RESULTS

EVs isolated from plasma samples of dementia patients (AD
n = 30, DLB n = 30, and FTD n = 30) and cognitively healthy
controls (CTRL n = 30) were analyzed (Table 1). NTA revealed
EVs concentrations ranging from 4.16 × 1010 to 5.04 × 1011

EVs/ml and particle size from 81.5 to 177.7 nm (D50: 69.7–
152.4 nm; D90: 115.3–314.9 nm). Thus, the EVs preparations
were enriched in exosomes. The negative control was below the
detection limit, thus not interfering with the sample analysis
(data not shown).

NTA showed a significant decrease in plasma EVs
concentration in AD, DLB, and FTD samples compared to
CTRL samples (Table 1 and Figures 1A,B) (p < 0.001, one-way
ANOVA test with Bonferroni’s post test, CTRL vs. AD, DLB,
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FIGURE 1 | EVs concentration and size in patient and control groups. (A) Representative spectra from NTA of CTRL (yellow), AD (green), DLB (orange), and FTD
(red) plasma EVs. (B) Quantification of EVs concentration with NTA in CTRL, AD, DLB, and FTD plasma samples. A statistically significant decrease in EVs
concentration was observed in the three pathological groups compared to controls. (C) Representation of EVs size measured with NTA in CTRL, AD, DLB, and FTD
plasma samples. An increase in size was observed in AD, DLB, and FTD compared to CTRL samples. Average ± SEM; **p < 0.01, ***p < 0.001, one-way ANOVA
with Bonferroni’s post test.

FTD, p < 0.001). No significant differences were shown between
patients’ groups (AD vs. DLB vs. FTD) in EVs concentration.
Conversely, EVs size was significantly increased in AD, DLB,
and FTD samples as compared to CTRL samples (Table 1 and
Figure 1C) (p < 0.001, one-way ANOVA test with Bonferroni’s
post test, CTRL vs. AD, FTD, p < 0.001; CTRL vs. DLB, p < 0.01).
No significant differences were shown between patients’ groups
(AD vs. DLB vs. FTD) in EVs size.

NTF analysis revealed that plasma levels of BDNF were not
different among the four groups (Table 1); levels of PGRN
were reduced only in FTD samples compared to CTRL samples
(Table 1) (p < 0.01; Kruskal–Wallis test with Dunn’s post test,
CTRL vs. FTD, p < 0.01). CysC levels were increased in DLB
compared to CTRL (Table 1) (p < 0.05; Kruskal–Wallis test with
Dunn’s post test, CTRL vs. DLB, p < 0.05). Plasma GDNF was not
detectable in all samples.

Considering the socio-demographic, EVs, and NTF variables
significantly associated with the diagnostic groups, two
classification trees were performed respectively on (i) four
groups of outcome variable (CTRL, AD, FTD, DLB) and on
(ii) dichotomized group variables (CTRL vs. all patients—PTS)
in order to detect the predictors that best classify subjects into
CTRL or patients. The best classification was obtained using
dichotomized group variables in which the average EVs size and
average EVs concentration resulted to be the best predictors,
i.e., the variables able to better classify the subject into CTRL
or PTS. Although we considered all the socio-demographic and
NTF in the classification tree, the best discriminant performance
was found for EVs variables. Specifically, the EVs size alone
(with values larger than 119.7 nm) could classify the majority
of dementia patients from controls (91.7% vs. 8.3%). Moreover,
among the subjects, the ones with an EVs concentration
lower than 2.3 × 1011 particles/ml were classified as PTS
with very high percentage (96.8%, Figure 2). The inclusion
of all significant variables in CT leads to results that were

adjusted, and thus robust, for possible confounding effects of the
socio-demographic and clinical variables.

To estimate the diagnostic performance of these two EVs
parameters (concentration and size), we performed a ROC
analysis to measure the ability of the EVs concentration/size
ratio to distinguish dementia patients from CTRL (Figure 3A):
an AUC of 0.86 was calculated for the whole PTS group and a
sensitivity of 83.3% and specificity of 86.7% with a cut off point
of 1.49 × 109. As expected, ROC curves for AD, DLB, and FTD
had a similar AUC (0.84, 0.89, 0.85, respectively, with DeLong test
p-values for AUC comparisons all larger than 0.436).

Finally, in order to evaluate whether EVs size and
concentration might be influenced by the NTF, we performed a
linear regression analysis between these variables by adding the
interaction with dichotomized (CTRL vs. PTS) groups. We found
that only levels of CysC were associated with EVs concentration
and in a different way between groups (group × CysC
effect: p = 0.007) (Figure 3B): in CTRL, CysC levels were
negatively associated with EVs concentration (standardized
beta coefficient = −0.28), while in PTS the association
between these two parameters was positive (standardized
beta coefficient = 0.31). A positive association was found for all
three dementias (data not shown). No significant correlations
were found between EVs size and concentration and disease
duration (years), as well as disease severity (MMSE) among
patients: Spearman’s rho < 0.191 for all the four correlations
(p > 0.096 for all correlations, data not shown).

DISCUSSION

Extracellular vesicles represent a new concept in the biomarker
field, serving as transfer vehicles between cells of membrane and
cytosolic proteins, lipids, DNA, and RNA with a wide range of
regulatory functions (Raposo and Stoorvogel, 2013).
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FIGURE 2 | Classification tree. Subjects are classified on the basis of the most predictive variables, EVs size and concentration, among all the ones which resulted to
be significantly associated with subject groups. CTRL, controls; PTS, patients; AverageSize, EVs size; AverageConcentration, EVs/ml.

FIGURE 3 | (A) ROC curves for EVs concentration/size. The ratio of EVs concentration/size was used to evaluate the discrimination of PTS from CTRL; AUC CTRL
vs. PTS 0.86 (black); CTRL vs. AD 0.84 (red); CTRL vs. DLB 0.89 (green); CTRL vs. FTD 0.84 (orange); AUC comparison with DeLong test, p > 0.436. (B) CysC
levels and EVs concentration are negatively/positively associated with CTRL/PTS, respectively (std beta = –0.28; std beta = 0.31 respectively). CTRL, controls
(green); PTS, patients (red).

In this study, we provide evidence that an alteration
in EVs release is common across the three most common
neurodegenerative dementias, AD, DLB, and FTD and that
plasma EVs dosage and size characterization might be a
promising marker for dementias. The differential diagnosis
between dementias was not supported by biomarkers for all

patients: this could be a limitation of the study (reducing the
likelihood of finding differences).

Specifically, we analyzed plasma EVs in three groups of
patients affected by AD, DLB, and FTD, and we found a
significant reduction in EVs concentration in all groups: −40%,
−50%, and −45%, respectively. EVs size was also altered across
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dementias: in all patients’ groups, we detected a larger plasma EVs
size, and specifically +18% in AD, +12% in DLB, and +15% in
FTD. We then investigated whether the loss of a neurotrophic
factor is also a common pathogenic mechanism among FTD,
DLB, and AD and if levels of neurotrophic factor might affect
EVs release. To this aim, we chose four candidates that were
previously demonstrated to be altered in dementias: BDNF,
PGRN, CysC, and GDNF. Plasma levels of PGRN and CysC
were partially altered, and specifically PGRN was reduced in
FTD while CysC was increased in DLB; however, taking together
all variables significantly associated with the diagnostic groups,
including PGRN and CysC, only the two parameters related to
EVs, i.e., EVs concentration and EVs size, were able to distinguish
patients from controls. The diagnostic performance of these two
EVs parameters together (concentration/size) was high, with a
sensitivity of 83.3% and a specificity of 86.7% (with a cut off point
of 1.49 × 109 of the EVs concentration/size ratio). As expected,
this ratio could accurately distinguish patients from controls
but was not able to differentiate different forms of dementias.
A reduction of circulating EVs in dementia is in accordance
with our previous studies on FTD and AD cellular models,
demonstrating a loss of exosome/exosome-associated CysC in the
genetic forms of these diseases (Ghidoni et al., 2011; Ghidoni
et al., 2018). These data suggest that an alteration of EVs release is
also present in sporadic dementia and it is a common alteration
in the three main dementia forms. Of note, plasma EVs alteration
is not associated with disease duration and dementia severity.

To the best of our knowledge, this is the first study
describing an alteration in the number and size of blood-
derived EVs across dementias. Other studies in blood-derived
EVs demonstrated an alteration of their cargo in AD, and
specifically increased levels of Aβ and tau/p-tau181 (Fiandaca
et al., 2015), a dysregulation of a panel of miRNA (Serpente
et al., 2020), and a reduction of survival factors (Goetzl
et al., 2015, 2016, 2018). In CSF, EVs were increased in
subjects with mild cognitive impairment and in AD with
respect to controls (Agosta et al., 2014; Joshi et al., 2014).
Furthermore, in CSF EVs the percentage of p-tau181, relative
to t-tau, appears increased starting from the early stages
of AD (Saman et al., 2012). We further highlighted the
potential of circulating EVs as a biomarker, and specifically
our data suggest an alteration in EVs production (as measured
by different circulating EVs concentrations and size) that is
occurring in all neurodegenerative dementias, independently
from the cargo. Of note, among the candidate NTF only
CysC levels were associated with EVs concentration. In
dementia patients, CysC was positively associated with EVs,

suggesting that this neuroprotective factor, as well as an anti-
amyloidogenic protein, might affect EVs release. In line with this
observation, we demonstrated in vitro (primary neurons from
CysC knockout mice) and in vivo (CysC transgenic mice) that
CysC enhances brain-EVs secretion, resulting in a protective
effect (Pérez-González et al., 2019).

In conclusion, our study suggests that an alteration in
intercellular communication mediated by EVs might be a
common molecular pathway underlying neurodegenerative
diseases leading to dementia. CysC might be one of the
determinants affecting EVs release, representing a potential
therapeutic tool. The identification of shared disease mechanisms
is of pivotal importance to identify novel potential therapeutic
targets and to develop treatments to delay, slow, or block disease
progression. To this aim, further studies investigating plasma EVs
as early biomarkers of dementia are required.

DATA AVAILABILITY STATEMENT

The datasets of raw data generated for this study can be found in
the Mendeley Data Repository (doi: 10.17632/2pyfv3tjp9.1).

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Comitato Etico IRCCS San Giovanni di Dio
Fatebenefratelli Brescia. The patients/participants provided their
written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

AL, RN, SB, and CS: data generation. AL, CF, LB, and RG:
data analysis. RG: supervision and funding acquisition. GB and
GF: clinical samples and phenotyping. AL and LB: original
draft preparation for the manuscript. All authors contributed to
manuscript revision, read, and approved the submitted version.

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 EU Joint Programme—Neurodegenerative
Disease Research (JPND), grant number PATHWAYS-200-059.

REFERENCES
Agosta, F., Dalla Libera, D., Spinelli, E. G., Finardi, A., Canu, E., Bergami, A., et al.

(2014). Myeloid microvesicles in cerebrospinal fluid are associated with myelin
damage and neuronal loss in mild cognitive impairment and Alzheimer disease.
Ann. Neurol. 76, 813–825. doi: 10.1002/ana.24235

Alvarez-Erviti, L., Seow, Y., Schapira, A. H., Gardiner, C., Sargent, I. L., Wood,
M. J., et al. (2011). Lysosomal dysfunction increases exosome-mediated

alpha-synuclein release and transmission. Neurobiol. Dis. 42, 360–367. doi:
10.1016/j.nbd.2011.01.029

Benussi, L., Ciani, M., Tonoli, E., Morbin, M., Palamara, L., Albani, D.,
et al. (2016). Loss of exosomes in progranulin-associated frontotemporal
dementia. Neurobiol. Aging 40, 41–49. doi: 10.1016/j.neurobiolaging.2016.
01.001

Beyer, K., Domingo-Sàbat, M., and Ariza, A. (2009). Molecular pathology of Lewy
body diseases. Int. J. Mol. Sci. 10, 724–745. doi: 10.3390/ijms10030724

Frontiers in Cell and Developmental Biology | www.frontiersin.org 6 May 2021 | Volume 9 | Article 667369

https://doi.org/10.17632/2pyfv3tjp9.1
https://doi.org/10.1002/ana.24235
https://doi.org/10.1016/j.nbd.2011.01.029
https://doi.org/10.1016/j.nbd.2011.01.029
https://doi.org/10.1016/j.neurobiolaging.2016.01.001
https://doi.org/10.1016/j.neurobiolaging.2016.01.001
https://doi.org/10.3390/ijms10030724
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-667369 May 5, 2021 Time: 18:17 # 7

Longobardi et al. Plasma EVs in Neurodegenerative Dementias

Brion, J. P. (1998). Neurofibrillary tangles and Alzheimer’s disease. Eur. Neurol. 40,
130–140.

Donaghy, P. C., and McKeith, I. G. (2014). The clinical characteristics of dementia
with Lewy bodies and a consideration of prodromal diagnosis. Alzheimers Res.
Ther. 6:46. doi: 10.1186/alzrt274

Emmanouilidou, E., Melachroinou, K., Roumeliotis, T., Garbis, S. D., Ntzouni,
M., Margaritis, L. H., et al. (2010). Cell-produced alpha-synuclein is secreted
in a calcium-dependent manner by exosomes and impacts neuronal survival.
J. Neurosci. 30, 6838–6851. doi: 10.1523/JNEUROSCI.5699-09.2010

Fiandaca, M. S., Kapogiannis, D., Mapstone, M., Boxer, A., Eitan, E., Schwartz,
J. B., et al. (2015). Identification of preclinical Alzheimer’s disease by a profile of
pathogenic proteins in neurally derived blood exosomes: a case-control study.
Alzheimers Dement. 11, 600–607.e1.

Ghidoni, R., Benussi, L., and Binetti, G. (2008a). Exosomes: the Trojan horses of
neurodegeneration. Med. Hypotheses 70, 1226–1227. doi: 10.1016/j.mehy.2007.
12.003

Ghidoni, R., Benussi, L., Glionna, M., Franzoni, M., and Binetti, G. (2008b). Low
plasma progranulin levels predict progranulin mutations in frontotemporal
lobar degeneration. Neurology 71, 1235–1239. doi: 10.1212/01.wnl.0000325058.
10218.fc

Ghidoni, R., Paterlini, A., Albertini, V., Glionna, M., Monti, E., Schiaffonati,
L., et al. (2011). Cystatin C is released in association with exosomes: a new
tool of neuronal communication which is unbalanced in Alzheimer’s disease.
Neurobiol. Aging 32, 1435–1442. doi: 10.1016/j.neurobiolaging.2009.08.013

Ghidoni, R., Squitti, R., Siotto, M., and Benussi, L. (2018). Innovative biomarkers
for Alzheimer’s disease: focus on the hidden disease biomarkers. J. Alzheimers
Dis. 62, 1507–1518. doi: 10.3233/JAD-170953

Goedert, M. (2015). NEURODEGENERATION. Alzheimer’s and Parkinson’s
diseases: the prion concept in relation to assembled Aβ, tau, and α-synuclein.
Science 349:1255555. doi: 10.1126/science.1255555

Goetzl, E. J., Abner, E. L., Jicha, G. A., Kapogiannis, D., and Schwartz, J. B. (2018).
Declining levels of functionally specialized synaptic proteins in plasma neuronal
exosomes with progression of Alzheimer’s disease. FASEB J. 32, 888–893. doi:
10.1096/fj.201700731R

Goetzl, E. J., Boxer, A., Schwartz, J. B., Abner, E. L., Petersen, R. C., Miller, B. L., et al.
(2015). Low neural exosomal levels of cellular survival factors in Alzheimer’s
disease. Ann. Clin. Transl. Neurol. 2, 769–773. doi: 10.1002/acn3.211

Goetzl, E. J., Kapogiannis, D., Schwartz, J. B., Lobach, I. V., Goetzl, L., Abner,
E. L., et al. (2016). Decreased synaptic proteins in neuronal exosomes of
frontotemporal dementia and Alzheimer’s disease. FASEB J. 30, 4141–4148.
doi: 10.1096/fj.201600816r

Goldberg, N. R. S., Caesar, J., Park, A., Sedgh, S., Finogenov, G., Masliah, E., et al.
(2015). Neural stem cells rescue cognitive and motor dysfunction in a transgenic
model of dementia with lewy bodies through a BDNF-dependent mechanism.
Stem Cell. Reports 5, 791–804. doi: 10.1016/j.stemcr.2015.09.008

Hardy, J. A., and Higgins, G. A. (1992). Alzheimer’s disease: the amyloid cascade
hypothesis. Science 256, 184–185. doi: 10.1126/science.1566067

James, G., Witten, D., Hastie, T., and Tibshirani, R. (2015). An Introduction to
Statistical Learning : With Applications in R: Corrected at 6th Printing 2015.
New York, NY: Springer.

Jellinger, K. A. (2008). Neuropathological aspects of Alzheimer disease, Parkinson
disease and frontotemporal dementia. Neurodegener. Dis. 5, 118–121. doi: 10.
1159/000113679

Joshi, P., Turola, E., Ruiz, A., Bergami, A., Libera, D. D., Benussi, L., et al. (2014).
Microglia convert aggregated amyloid-β into neurotoxic forms through the
shedding of microvesicles. Cell Death Differ. 21, 582–593. doi: 10.1038/cdd.
2013.180

Mackenzie, I. R., and Neumann, M. (2016). Molecular neuropathology of
frontotemporal dementia: insights into disease mechanisms from postmortem
studies. J. Neurochem. 138(Suppl. 1), 54–70. doi: 10.1111/jnc.13588

McKeith, I. G., Galasko, D., Kosaka, K., Perry, E. K., Dickson, D. W., Hansen, L. A.,
et al. (1996). Consensus guidelines for the clinical and pathologic diagnosis
of dementia with Lewy bodies (DLB): report of the consortium on DLB
international workshop. Neurology 47, 1113–1124. doi: 10.1212/wnl.47.5.1113

McKhann, G., Drachman, D., Folstein, M., Katzman, R., Price, D., and Stadlan,
E. M. (1984). 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 34, 939–944. doi: 10.1212/
wnl.34.7.939

McKhann, G. M., Knopman, D. S., Chertkow, H., Hyman, B. T., Jack, C. R. Jr.,
Kawas, C. H., et al. (2011). 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.
Alzheimers Dement. 7, 263–269. doi: 10.1016/j.jalz.2011.03.005

Mitre, M., Mariga, A., and Chao, M. V. (2017). Neurotrophin signalling: novel
insights into mechanisms and pathophysiology. Clin. Sci. (Lond) 131, 13–23.

Neary, D., Snowden, J. S., Gustafson, L., Passant, U., Stuss, D., Black, S., et al. (1998).
Frontotemporal lobar degeneration: a consensus on clinical diagnostic criteria.
Neurology 51, 1546–1554. doi: 10.1212/wnl.51.6.1546

Neumann, M., and Mackenzie, I. R. A. (2019). Review: neuropathology of non-tau
frontotemporal lobar degeneration. Neuropathol. Appl. Neurobiol. 45, 19–40.
doi: 10.1111/nan.12526

Pérez-González, R., Sahoo, S., Gauthier, S. A., Kim, Y., Li, M., Kumar, A., et al.
(2019). Neuroprotection mediated by cystatin C-loaded extracellular vesicles.
Sci. Rep. 9:11104. doi: 10.1038/s41598-019-47524-7

Rajendran, L., Bali, J., Barr, M. M., Court, F. A., Krämer-Albers, E. M., Picou, F.,
et al. (2014). Emerging roles of extracellular vesicles in the nervous system.
J. Neurosci. 34, 15482–15489. doi: 10.1523/JNEUROSCI.3258-14.2014

Ramaswamy, S., Soderstrom, K. E., and Kordower, J. H. (2009). Trophic factors
therapy in Parkinson’s disease. Prog. Brain Res. 175, 201–216. doi: 10.1016/
S0079-6123(09)17514-3

Raposo, G., and Stoorvogel, W. (2013). Extracellular vesicles: exosomes,
microvesicles, and friends. J. Cell Biol. 200, 373–383. doi: 10.1083/jcb.
201211138

Rascovsky, K., Hodges, J. R., Knopman, D., Mendez, M. F., Kramer, J. H., Neuhaus,
J., et al. (2011). Sensitivity of revised diagnostic criteria for the behavioural
variant of frontotemporal dementia. Brain 134, 2456–2477. doi: 10.1093/brain/
awr179

Saman, S., Kim, W., Raya, M., Visnick, Y., Miro, S., Saman, S., et al. (2012).
Exosome-associated tau is secreted in tauopathy models and is selectively
phosphorylated in cerebrospinal fluid in early Alzheimer disease. J. Biol. Chem.
287, 3842–3849. doi: 10.1074/jbc.M111.277061

Serpente, M., Fenoglio, C., D’Anca, M., Arcaro, M., Sorrentino, F., Visconte, C.,
et al. (2020). MiRNA profiling in plasma neural-derived small extracellular
vesicles from patients with Alzheimer’s disease. Cells 9:1443. doi: 10.3390/
cells9061443

Soto, C., and Estrada, L. D. (2008). Protein misfolding and neurodegeneration.
Arch. Neurol. 65, 184–189. doi: 10.1001/archneurol.2007.56

Ventriglia, M., Zanardini, R., Bonomini, C., Zanetti, O., Volpe, D., Pasqualetti,
P., et al. (2013). Serum brain-derived neurotrophic factor levels in different
neurological diseases. Biomed. Res. Int. 2013, 901082. doi: 10.1155/2013/
901082

Zhao, Y., Haney, M. J., Gupta, R., Bohnsack, J. P., He, Z., Kabanov, A. V., et al.
(2014). GDNF-transfected macrophages produce potent neuroprotective effects
in Parkinson’s disease mouse model. PLoS One 9:e106867. doi: 10.1371/journal.
pone.0106867

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Longobardi, Benussi, Nicsanu, Bellini, Ferrari, Saraceno,
Zanardini, Catania, Di Fede, Squitti, Binetti and Ghidoni. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 7 May 2021 | Volume 9 | Article 667369

https://doi.org/10.1186/alzrt274
https://doi.org/10.1523/JNEUROSCI.5699-09.2010
https://doi.org/10.1016/j.mehy.2007.12.003
https://doi.org/10.1016/j.mehy.2007.12.003
https://doi.org/10.1212/01.wnl.0000325058.10218.fc
https://doi.org/10.1212/01.wnl.0000325058.10218.fc
https://doi.org/10.1016/j.neurobiolaging.2009.08.013
https://doi.org/10.3233/JAD-170953
https://doi.org/10.1126/science.1255555
https://doi.org/10.1096/fj.201700731R
https://doi.org/10.1096/fj.201700731R
https://doi.org/10.1002/acn3.211
https://doi.org/10.1096/fj.201600816r
https://doi.org/10.1016/j.stemcr.2015.09.008
https://doi.org/10.1126/science.1566067
https://doi.org/10.1159/000113679
https://doi.org/10.1159/000113679
https://doi.org/10.1038/cdd.2013.180
https://doi.org/10.1038/cdd.2013.180
https://doi.org/10.1111/jnc.13588
https://doi.org/10.1212/wnl.47.5.1113
https://doi.org/10.1212/wnl.34.7.939
https://doi.org/10.1212/wnl.34.7.939
https://doi.org/10.1016/j.jalz.2011.03.005
https://doi.org/10.1212/wnl.51.6.1546
https://doi.org/10.1111/nan.12526
https://doi.org/10.1038/s41598-019-47524-7
https://doi.org/10.1523/JNEUROSCI.3258-14.2014
https://doi.org/10.1016/S0079-6123(09)17514-3
https://doi.org/10.1016/S0079-6123(09)17514-3
https://doi.org/10.1083/jcb.201211138
https://doi.org/10.1083/jcb.201211138
https://doi.org/10.1093/brain/awr179
https://doi.org/10.1093/brain/awr179
https://doi.org/10.1074/jbc.M111.277061
https://doi.org/10.3390/cells9061443
https://doi.org/10.3390/cells9061443
https://doi.org/10.1001/archneurol.2007.56
https://doi.org/10.1155/2013/901082
https://doi.org/10.1155/2013/901082
https://doi.org/10.1371/journal.pone.0106867
https://doi.org/10.1371/journal.pone.0106867
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Plasma Extracellular Vesicle Size  and Concentration Are Altered in Alzheimer's Disease, Dementia With Lewy Bodies, and Frontotemporal Dementia
	Introduction
	Materials and Methods
	Participants
	Evs Isolation
	Nanoparticle Tracking Analysis (NTA)
	Biochemical Analyses
	Statistical Analysis

	Results
	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


