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Abstract.

Background: Plasma neuronal-derived extracellular vesicles (NDEV) contain proteins of pathological, diagnostic, and
therapeutic relevance.

Objective: We investigated the associations of six plasma NDEV markers with Alzheimer’s disease (AD) severity, cognition
and functioning, and changes in these biomarkers after Cerebrolysin®, donepezil, and a combination therapy in AD.
Methods: Plasma NDEV levels of ARy, total tau, P-T181-tau, P-S393-tau, neurogranin, and REST were determined in: 1)
116 mild to advanced AD patients and in 20 control subjects; 2) 110 AD patients treated with Cerebrolysin®, donepezil, or
combination therapy in a randomized clinical trial (RCT). Samples for NDEV determinations were obtained at baseline in the
NDEYV study and at baseline and study endpoint in the RCT. Cognition and functioning were assessed at the same time points.
Results: NDEV levels of AR, total tau, P-T181-tau, and P-S393-tau were higher and those of neurogranin and REST were
lower in mild-to-moderate AD than in controls (p <0.05 to p<0.001). NDEV total tau, neurogranin, and REST increased
with AD severity (p <0.05to p<0.001). NDEV A4, and P-T181-tau correlated negatively with serum BDNF (p <0.05), and
total-tau levels were associated to plasma TNF-a (p < 0.01) and cognitive impairment (p < 0.05). Combination therapy reduced
NDEV A4, with respect to monotherapies (p <0.05); and NDEV total tau, P-T181-tau, and P-S396-tau were decreased in
Cerebrolysin-treated patients compared to those on donepezil monotherapy (p <0.05).

Conclusion: The present results demonstrate the utility of NDEV determinations of pathologic and synaptic proteins as
effective AD biomarkers, as markers of AD severity, and as potential tools for monitoring the effects of anti-AD drugs.
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INTRODUCTION

Amyloid-B (AB), tau pathology, and the loss of
synaptic elements are early neuropathological events
and useful biomarkers in the Alzheimer’s disease
(AD) continuum [1-5]. AD is characterized by the
loss of synapses and the pathologic accumulation
of AP and hyperphosphorylated tau into the brain
[4, 5]; as well as by reduced levels of AR and
synaptic proteins, and enhanced concentrations of
tau and phosphorylated tau in the cerebrospinal fluid
(CSF) [1-3]. The detection of these brain and CSF
biomarkers involves complicated, expensive and/or
invasive procedures that limit their routine use; and,
therefore, the implementation of reliable peripheral
biomarkers is a priority in current AD research [6,
7]. Neuronal-derived extracellular vesicles (NDEV)
are extracellular microvesicles of endosomal origin
released by neurons of the central nervous system that
are able to cross the blood-brain barrier and contain
biologically active cargo of tissue-specific molecules
which can be detected in the peripheral blood [7-10].
Recent investigations in AD demonstrated that cir-
culating NDEV contain pathological molecules such
as AB1-42 (AB42), total and phosphorylated tau, and
synaptic proteins [10-12]; which may contribute to
the spread of AD pathology [9, 13, 14], and can serve
as effective disease biomarkers [7-9, 15, 16].

In AD patients, plasma NDEV levels of A4, were
found to be increased as compared with controls
[10-12, 17-20], to correlate with CSF AB4y lev-
els and with PET imaging of brain amyloid plaque
load [12, 19], but not with measures of cognitive
impairment [18], and to represent an efficient blood
biomarker [7]. Enhanced plasma NDEV levels of
total tau, tau phosphorylated at threonine 181 (P-
T181-tau), and tau phosphorylated at serine 396
(P-S396-tau) have also been reported in AD cases
with respect to controls [10-12, 17, 21], but some
authors failed to show such group differences for
several of these tau parameters [11, 22, 23]. NDEV
total tau and P-T181-tau correlated positively with
their CSF values [12]; and higher plasma levels of
total tau were found to be associated with lower
cognitive performance [22] and with greater cog-
nitive decline in AD [21]. Neurogranin (NRGN) is
a post-synaptic protein that has been involved in
the regulation of synaptic plasticity and long-term
potentiation through calcium-mediated mechanisms
[16]. NRGN expression was reported to be reduced
in AD parietal and temporal cortices. Moreover,
reduced NRGN expression was shown to be asso-

ciated with the degree of AP and tau pathology [24];
although other authors found no differences in the
levels of NRGN in Brodmann brain areas BA22 (in
the superior temporal gyrus) and BA6 (in the frontal
cortex) between AD and controls [25]. Several studies
showed that NRGN levels were elevated in the CSF
[16] and decreased in plasma NDEV [10, 16-18, 26]
of AD patients. Together these data support the use of
CSF and NDEV NRGN as a cognitive biomarker in
AD [16]. Repressor element 1-silencing transcription
factor (REST), also called neuron-restrictive silenc-
ing factor, regulates genes mediating cell death, stress
resistance, and AD pathology; is induced in the aging
human brain and almost absent in the nucleus of
vulnerable cortical and hippocampal neurons of AD
brains; and correlates with cognitive preservation
during aging and with longevity [27]. Reduced lev-
els of REST in plasma [28] and plasma NDEVs [10,
17, 29], but not in serum [30] have been demonstrated
and represent a candidate biomarker in AD. However,
changes in these plasma NDEV markers with disease
severity and their correlations with measures of cog-
nitive performance have been poorly investigated in
AD. Here, in this study we measured plasma NDEV
levels of AB42, total tau, P-T181-tau, P-S396-tau,
NRGN, and REST in 116 patients with mild to moder-
ately severe AD and in 20 cognitively normal control
subjects. We then analyzed changes in the levels of
these blood biomarkers as a function of AD sever-
ity; and assessed their correlations with cognition
and functioning scores, and with serum brain-derived
neurotrophic factor (BDNF) and plasma tumor necro-
sis factor-a (TNF-a) concentrations.

Brain derived extracellular vesicles (BEVs) are
also potential therapeutic tools for AD [8, 31], and
blood plasma NDEV biomarkers could be useful
for monitoring the effects of anti-AD drugs [32].
Finally, we evaluated changes in the levels of the
aforementioned NDEV parameters induced by the
treatment with Cerebrolysin®, donepezil or a com-
bination of both drugs in AD patients included in
a randomized clinical trial [33]. Cerebrolysin® is
a peptidergic preparation showing clinical efficacy
in AD [2, 33, 34], and the ability of reducing A
[35-39], tau [40-42], and synaptic pathology [35,
36] in several experimental models. Donepezil is
a cholinesterase inhibitor approved for the symp-
tomatic treatment of AD that was reported to reduce
AP levels in vitro, in the brain of a transgenic model
of AD and in the serum of AD patients [43—46],
and to increase the levels of tau protein in SH-SY5Y
cells [47].
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METHODS
Study design and participants

In this study, two sets of participants’ samples were
included and processed for neuronal EV cargo. First,
in an NDEV Study we determined the levels of AB42,
total tau, P-T181-tau, P-S396-tau, NRGN, and REST
in plasma neuronal derived cellular vesicles obtained
from 116 patients (93 females) with mild to mod-
erately severe AD (39 mild, 42 moderate, and 35
advanced AD cases) and from 20 (15 females) healthy
elderly controls. All participants were recruited and
evaluated through the Memor@ctiva Program of
the Medinova Institute of Neurosciences at Clinica
RehaSalud (A Coruiia, Spain), from January 2014
to July 2017. Diagnosis of probable AD was done
according to NINCDS-ADRDA [48] and DSM-V
[49] criteria; and patients with Mini-Mental State
Examination (MMSE) scores between 12 and 25
were selected. Elderly controls with a MMSE score
higher than 25 were included. We also assessed the
influence of treatment on the levels of plasma NDEV
biomarkers in samples available from 110 patients
with mild to moderate probable AD who completed
a randomized clinical trial (RCT) (clinicaltrials.gov
number NCT00911807) according to the protocol.
Eligible RCT patients had MMSE scores of 12-25
and were receiving double-dummy treatment with
Cerebrolysin® (10mL, five IV infusions/week at
weeks 1-4 and 13-16, n=138), donepezil (5 mg once
daily at weeks 1-4 and 10 mg once daily at weeks
5-28, n=136) or combination therapy of both (rn=36)
as previously described [33, 50].

Subjects having any other significant neurologi-
cal or psychiatric disease, active allergies, unstable
medical conditions, or clinically significant labora-
tory abnormalities were excluded. Brain CT and/or
MRI examinations supporting the clinical diagnosis
were required. Apolipoprotein E (APOE) genotype
was available for AD patients and control cases.
Patients and controls were not taking systemic cor-
ticosteroids, anti-parkinsonian agents, narcotics, or
cholinesterase inhibitors for at least one month prior
to blood sampling. Patients showing clinically sig-
nificant depression in the medical evaluation and/or
scores higher than fifteen points in the 17-item sub-
scale of the Hamilton Depression Scale [S1] were
not included in the study. None of the participants
reported changes in the general level of physical
activity in the month prior study evaluations. The
study was conducted in accordance with the last

version of the Declaration of Helsinki, with Good
Clinical Practice guidelines, and with applicable reg-
ulatory requirements. Written informed consent was
obtained from all participants before starting study
procedures. Study protocol was approved by an inde-
pendent ethics committee. Patient data was processed
in compliance with the regulations on personal data
protection.

Measurements of LI CAM-positive NDEV cargo
proteins

Blood samples for determinations of NDEV pro-
teins were obtained at baseline for AD and control
cases; as well as at baseline and week 28 (study
endpoint) for RCT AD patients. Isolation and char-
acterization of L1CAM-positive NDEV from plasma
were carried out according to procedures previously
described [52]. Briefly, EVs were extracted and
precipitated from 250 wL of human plasma, using
established methodology as previously described
[52]. Extracted EVs were enriched against a neuronal
protein (L1CAM; eBio5G3, Biotin, eBioscience)
using magnetic immunocapture (EXOFLOW; Sys-
tem Biosciences, Inc.) and fluorescence-activated cell
sorting (FACS) sorting (BD FACS Aria II) [52].
Nanoparticle Tracking Analysis (NTA) was used
to characterize NDEVs based on size distribution
[10]. Protein concentrations for NDEV's preparations
were determined using a bicinchoninic acid (BCA)
Protein Assay kit (Pierce Biotechnology). LICAM-
positive NDEV cargo proteins were quantified by
human-specific ELISAs for P-T181-tau (Fujirebio
US, Inc., Alpharetta, GA), AP42, P-S396-tau, and
total tau (Life Technologies/Invitrogen, Camarillo,
CA), neurogranin (Cloud Clone Corp, American
Research Products-Katy, TX), REST and tetraspan-
ning EV marker CD81 (Cusabio, American Research
Products—Waltham, MA) according to suppliers’
directions. The mean value for all determinations of
CDS81 in each assay group was set at 1.00, and the rel-
ative values for each sample were used to normalize
their recovery. Evidence for enrichment of exosomes
from neural sources in plasma has been demonstrated
previously [52, 53].

Clinical and other laboratory evaluations

Cognitive performance was evaluated by using the
MMSE [54] and the Alzheimer’s Disease Assessment
Scale-cognitive subscale modified (ADAS-cog+)
[55], a 14-item extended version of the AD Assess-
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ment Scale-cognitive subscale with an increased
sensitivity to detect cognitive changes in milder
patients. Functioning was assessed with the AD
Cooperative Study-Activities of Daily Living Scale
(ADCS-ADL) [56]. AD severity was graded on
the 7-point Clinical Interview Based Impression of
Severity with Caregiver Input scale (CIBIS+) and
patients CIBIS+scores 3—5 were included (3 =mild
AD; 4 =moderate AD; 5 =advanced AD) [57]. In the
ADAS-cog+, a lower score/negative score of change
indicates a better cognitive performance/cognitive
improvement; and the opposite applies for ADCS-
ADL functioning. Age, sex, APOE genotype, platelet
counts, BDNF, and TNF-a were also considered for
data analysis.

Statistical analysis

NDEV ARy, total-tau, P-T181-tau, P-S396-tau,
NRGN, and REST levels were analyzed in relation to
CD81 values. CD81-adjusted data for these parame-
ters did not follow a normal distribution. In order to
allow the control of non-normality and the influence
of covariates, NDEV concentrations of biomarkers
were log-transformed and parametric statistics were
used for the analysis of natural log (nL) data. Group
comparisons were done by Chi-Square, ANOVA,
and ANCOVA analyses as appropriate. Since plasma
NDEV levels were similar in mild and moderate
AD cases for all the six biomarkers investigated,
these two AD stages were merged for severity-related
statistical analyses. NDEV biomarkers data are pre-
sented as nL means plus/minus standard deviations
(X (SD)) in Tables 1-2 and as estimated nL. means
plus/minus standard errors (X (SE)) in Fig. 1; and
CDS81-adjusted scores are also described in the results
section. Treatment differences in the changes of
NDEYV biomarkers from baseline to week-28 were
analyzed by ANCOVA using nL data scores of change
from baseline as dependent variable and baseline
nL values as covariate with appropriate corrections
for age, gender, platelet counts, disease severity, and
APOEA4 status (APOE ¢4 allele present or not). Esti-
mated least square means change plus/minus standard
error (LS mean (SE)) of NDEV biomarkers are indi-
cated for each treatment group in Table 3 and Fig. 2.
Partial correlation analysis with appropriate correc-
tions for age, gender, APOE4 status, and disease
severity was employed. Probability values lower than
0.05 were considered statistically significant.

Sample size estimates have been made taking into
account the primary endpoints, i.e., baseline levels of

NDEV biomarkers of primary interest (APB42 and P-
T181-tau) for comparisons between AD patients and
controls, and changes from baseline in these parame-
ters for differences in treatment effects. According to
results of a previous study [10], it was calculated that
sample sizes of 20 controls and 100 patients would
allow to show significant group differences with
80% power for four-fold and two-fold differences in
NDEV levels of AB4> and P-T181-tau, respectively.
With a sample size of 33 AD cases per treatment
group, the power to detect treatment differences in
CDS81-adjusted AB42 and P-T181-tau changes from
baseline of 4 pg/ml and 12 pg/ml (approximately 25%
of average baseline values), respectively, was around
80%.

RESULTS

As shown in Table 1, average age and the
distribution by gender were similar in control
and AD samples; while significant group differ-
ences (p<0.001) were observed for MMSE and
ADAS-cog+scores of cognitive performance. Aver-
age normalized NDEV CDS81 values were similar
in AD and control cases (0.39 pg/ml versus 0.32
pg/ml) and showed no differences by APOE4 sta-
tus and AD severity. Compared to controls, AD
patients had significantly higher NDEV levels of
AB42 (p<0.05; average CD81-adjusted levels: 19.60
pg/ml versus 5.00 pg/ml), total-tau (p <0.01; CD81-
adjusted levels: 110.58 pg/ml versus 38.71 pg/ml),
P-T181-tau (p <0.001; CD81-adjusted levels: 48.79
pg/ml versus 15.10 pg/ml), and P-S396-tau (p <0.05;
CDS81-adjusted levels: 32.63 pg/ml versus 17.78
pg/ml), and significantly lower NDEV concentrations
of NRGN (p<0.01; CD81-adjusted levels: 288.02
pg/ml versus 498.61 pg/ml) (Table 1). No signifi-
cant differences were found between AD and control
cases for NDEV REST (p=0.078; CD81-adjusted
levels: 418.10 pg/ml versus 529.92 pg/ml) (Table 1).
The levels of all these NDE markers did not show
any significant correlation with age, nor significant
differences between cases with and without APOEA4.

Significant severity-related changes were found
for plasma NDEV levels of AB4, (p<0.05), total
tau (p <0.001), P-T181-tau (p <0.001), P-S936-tau
(»<0.05), NRGN (p<0.001), and REST (p<0.01).
NDE A4, values were consistently elevated in
mild-to-moderate (p <0.05; CD81-adjusted levels:
18.05 pg/ml) and in advanced AD stages (p <0.05;
CDS81-adjusted levels: 23.06 pg/ml) but showed
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Table 1
Plasma neuronal-derived extracellular vesicles (NDEV) biomarkers in AD patients and controls
Control AD Group Analysis
Group (n=116)
(N=20)
N (%) N (%) x° df P
Females 15 (75.0) 93 (80.2) 0.279 1 0.597
Mean+SD Mean+SD F df P
Age (y) 74.35+5.76 74.87+7.55 0.086 1,134 0.770
MMSE (score) 28.10+0.91 17.59+4.70 98.321 1,134 0.000
ADAS-cog+(score) 17.07+£4.71 41.10+17.54 24.024 1,127 0.000
Plasma NDE levels (nL values) Mean = SD F df P
AB42 1.26£0.91 2.02+1.37 5.634 1, 131 0.019
Total-tau 3.39+0.88 4.26+0.98 11.102 1,129 0.001
P-T181-tau 2.35+1.40 3.544+0.83 36.592 1,134 0.000
P-S396-tau 2.64+1.46 3.03+0.93 5.217 1,130 0.024
NRGN 5.784+0.88 5.20+0.93 12.104 1,133 0.001
REST 6.08+0.58 5.69+0.89 3.152 1,130 0.078

AB42, amyloid-p 1-42; ADAS-cog+, AD assessment scale-cognitive subscale modified; MMSE, Mini-Mental State Examination; nL, natural
log; NRGN, Neurogranin; P-T181-tau, tau phosphorylated at threonine 181; P-S396-tau, tau phosphorylated at serine 396; REST, repressor
element 1-silencing transcription factor. Chi-Square (x>) and ANOVA (F) analyses were employed.

Table 2
Effects of Cerebrolysin®, donepezil, and combination therapy on plasma neuronal-derived extracellular vesicles (NDEV) biomarkers in AD:
Baseline clinical data and week 28 results

Cerebrolysin® Donepezil Combination Analysis
(n=38) (N=36) (n=36)

N (%) N (%) N (%) x* df P
Females 31 (81.6) 28 (71.8) 31 (86.1) 0.843 2 0.656
APOE €4 allele 19 (50.9) 15 (41.7) 15 (41.7) 0.699 2 0.705

Mean+SD Mean+SD Mean+SD F df p
Age (y) 75.44+6.21 76.08+7.87 72.5248.12 2.355 2,107 0.100
MMSE (score) 17.261+4.62 17.69+4.52 17.63+5.03 0.092 2,107 0.913
ADAS-Cog+(score) 41.38+16.11 40.80£17.56 40.73£19.75 0.015 2,107 0.985

Plasma NDE levels (nL) Mean = SD F df p
Baseline AB4» 1.74+1.36 1.87+1.63 1.68+1.21 0.170 2 0.844
Week-28 AB42 1.65+1.36 1.74£1.53 1.08+1.54 2.040 2 0.135
Baseline Total-tau 4.12+0.93 4.21£0.97 4.18+1.18 0.077 2 0.926
Week-28 Total-tau 4.01£0.95 4.51£0.92 4.06+1.01 2.824 2 0.064
Baseline P-T181-tau 3.414+0.97 3.631+0.80 3.30+0.85 1.307 2 0.275
Week-28 P-T181-tau 3.26+0.82* 3.73+0.66 3.23+0.78* 4.900 2 0.009
Baseline P-S396-tau 2.83+0.87 3.03£1.02 2.92+0.86 0.444 2 0.643
Week-28 P-S396-tau 2.75+0.85 3.13+£0.98 2.651+0.86 2.770 2 0.067
Baseline NRGN 5.09+1.05 5.20+0.90 4.92+0.75 0.811 2 0.447
Week-28 NRGN 4.79+1.26 5.14+£1.13 4.67+1.35 1.340 2 0.266
Baseline REST 5.74£0.91 5.78+1.06 5.45+0.68 1.476 2 0.233
Week-28 REST 5.714+0.88 5.73+0.78 5.404+0.91 1.597 2 0.207

AB42, amyloid-B 1-42; ADAS-cog+, AD assessment scale-cognitive subscale modified; MMSE, Mini-Mental State Examination; nL, natural
log; NRGN, Neurogranin; P-T181-tau, tau phosphorylated at threonine 181; P-S396-tau, tau phosphorylated at serine 396; REST, repressor
element 1-silencing transcription factor. Chi-Square (x%) and ANOVA (F) analyses were employed. *p<0.05 versus donepezil group

(ANOVA).

no differences between AD subgroups (Fig. la).
NDEV total tau levels increased with disease
severity (Fig. 1b), were significantly elevated in
mild-to-moderate AD (p <0.01; CD81-adjusted lev-
els: 97.16 pg/ml) and in advanced AD (p<0.001;
CDS81-adjusted levels: 140.85 pg/ml) compared with

controls and were higher in advanced AD cases than
in mild-to-moderate AD patients (p <0.05). Con-
centrations of NDEV P-T181-tau were significantly
increased (p <0.001) with respect to controls in mild-
to-moderate (CD81-adjusted levels: 44.28 pg/ml)
and advanced AD (CDS81-adjusted levels: 59.21
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Fig. 1. Severity-related changes in baseline plasma neuronal-derived extracellular vesicles (NDEV) levels of: (a) AB42, (b) total-tau, (c)
P-T181-tau, (d) P-S396-tau, (¢) NRGN, and (f) REST in controls, mild-to-moderate AD, and advanced AD. (a) *p<0.05 and **p <0.01
versus controls; (b) *p<0.01 and **p <0.001 versus controls, and #p <0.05 versus advanced AD; (c) **p <0.001 versus controls; (d)
*p <0.05 versus controls; (e) **p<0.001 versus controls, and #p <0.01 versus advanced AD; (f) *p <0.05 versus controls, and #p <0.01
versus advanced AD. Data are presented as LS mean (£SE) of natural log (nL) values and were analyzed by ANCOVA.

pg/ml), and did not show significant severity-related
differences in AD cases (Fig. 1c). Average NDEV P-
S396-tau levels were significantly higher (p <0.05) in
mild-to-moderate AD (CD81-adjusted levels: 34.13
pg/ml), but not in advanced AD (CD81-adjusted lev-
els: 28.82 pg/ml), than in controls (Fig. 1d). NDEV
levels of NRGN and REST exhibited a similar pattern
of decreased levels in mild-to-moderate AD patients
(NRGN CD81-adjusted levels: 233.23 pg/ml; REST

CD81-adjusted levels: 367.93 pg/ml) compared with
controls (»p<0.001 and p<0.05, respectively) and
advanced AD (p <0.01 both) (Fig. le,f).

In the population of AD patients, and after con-
trolling for the influence of covariates, NDEV levels
of total tau, NRGN, and REST correlated nega-
tively with MMSE (Total tau: r=-0.267, p<0.01;
NRGN: r=-0.262, p<0.01; REST: r=-0.194,
p<0.05) and ADCS-ADL scores (Total tau:
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r=-0.226, p<0.05; NRGN: r=-0.257, p<0.01;
REST: r=-0.269, p<0.01), and showed posi-
tive correlations with ADAS-cog+scores (Total tau:
r=0.237,p<0.05;NRGN: r=0.293,p <0.01; REST:
r=0.225, p<0.05). These correlations indicate that
increases in NDEV total-tau, NRGN, and REST are
associated with greater impairments in cognition and
functioning. However, since such correlations were
not significant in mild-to-moderate AD, they could
simple be a reflection of the progressive elevations
of these blood markers with increasing AD severity.
In fact, when controlling for disease severity as well,
the only correlation that remained significant was a
weak negative correlation between total tau values
and MMSE scores (r=-0.189, p<0.05). In addi-
tion, the levels of NDEV total tau and plasma TNF-a
were positively correlated in AD cases (r=0.254,
p<0.01), and NDE A4 and P-T181-tau showed
significant negative correlations with serum BDNF
(r=-274 and r=-250, respectively, p<0.05) in
patients with mild-to-moderate AD.

Clinical characteristics and baseline levels of
CDS81-adjusted NDEV biomarkers were similar in
the three treatment subgroups of AD patients and
are summarized in Table 2. The combination ther-
apy induced a significant reduction (p<0.05) of
NDEV A4, from baseline to week-28 in comparison
with Cerebrolysin® and donepezil monotherapies
(Table 3, Fig. 2a). Estimated reductions from
baseline in AB4p levels were around 10% after
Cerebrolysin® and donepezil treatment, and more
than 40% in patients on combination therapy. In
patients treated with Cerebrolysin® alone and/or
combined with donepezil, NDEV total-tau, P-
T181-tau, and P-S396-tau concentrations decreased
significantly from baseline to week-28 (p<0.05)
as compared to patients on donepezil monother-
apy (Table 3, Fig. 2b—d). Changes from baseline
in total-tau levels represent a 20% reduction in the
Cerebrolysin® group and a 30% increase in the
donepezil group. Regarding changes from baseline in
P-T181-tau values, Cerebrolysin® and combination
therapy induced an approximately 25% decrease and
donepezil-treated patients showed a 15% increase.
Combination therapy reduced NDEV P-S396-tau by
more than 30%, while P-S396-tau levels increased by
15% compared to baseline in patients on donepezil
monotherapy. Changes from baseline in NDEV total-
tau and ADAS-cog+correlated positively (r=0.231,
p=0.019), this correlation indicating that treatment-
induced reductions in total tau are associated with
cognitive improvements. No significant treatment

differences were found for changes from baseline in
NDEV NRGN and REST concentrations (Table 3).
Decreases in the levels of these synaptic mark-
ers after treatment were significant for NRGN in
the whole trial population (pairwise comparison:
F=4.206, p=0.043), and were more pronounced
in Cerebrolysin-treated cases (pairwise comparison:
F=5.060, p=0.028).

DISCUSSION

Two recent meta-analyses support determinations
of the levels of AB4p, total-tau, P-T181-tau, P-
S396-tau, and NRGN in plasma NDEVs as effective
diagnostic and cognitive blood biomarkers for AD
[7, 16]. A previous investigation demonstrated that
elevated APg4p, P-T181-tau, and P-S936-tau, and
reduced NRGN and REST levels in plasma NDEV
distinguished control subjects from mild to moderate
AD patients and from patients with mild cognitive
impairment (MCI) who progressed to AD with a high
sensitivity [10]. Enhanced NDEV levels of P-T181-
tau, P-S396-tau, and AB4, were also found to predict
the development of AD up to 10 years before clinical
diagnosis [11] while increased NDEV A4, levels
in MCI subjects have been associated with an 8.5-
fold greater risk of developing AD dementia [20].
Other authors reported that plasma NDEV AR4;, total
tau, P-T181-tau, and NRGN had a similar diagnos-
tic power as their CSF markers in differentiating AD
from controls [12, 26]. Moreover, reduced NDEV lev-
els of NRGN [10, 17, 18, 26] and REST [10, 17, 29]
with respect to controls were observed at both preclin-
ical and dementia AD stages as well. All these studies,
however, included mainly patients with mild AD, and
do not allow the assessment of changes in the levels of
these blood biomarkers or in their associations with
cognition through the clinical course of AD dementia.
Therefore, the first goal of the present investigation
was to determine plasma NDEV levels of these six
markers and their correlations with cognition and
functioning in patients with mild-to-moderate and
advanced AD and in age-matched controls.

Our results show significant differences between
controls and AD for all blood markers except REST
(Table 1). In line with data reported by most stud-
ies [10-12, 16-20, 26], we found that plasma NDEV
levels of AB4y, total-tau, P-T181-tau, and P-S393-
tau are higher and those of NRGN and REST lower
in patients with mild-to-moderate AD than in control
subjects (Fig. 1a—f). In the AD patient population, all
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Table 3
Effects of Cerebrolysin®, donepezil, and combination therapy on plasma neuronal-derived extracellular vesicles (NDEV) biomarkers in AD:
Changes from baseline to week 28 (study endpoint)

Baseline Week 28
N Baseline LS mean Treatment P
Score change = SE Difference
(pg/mL) (nL data) (95% CI)
AB4p
Cerebrolysin® 37 17.10 -0.079£0.172 0.558 (0.061/1.055) 0.028
Donepezil 36 22.38 -0.097 +£0.176 0.540 (0.035/1.045) 0.036
Combination 35 14.90 -0.638 £0.180
Total-tau
Cerebrolysin® 37 85.78 -0.141+0.129 -0.445 (-0.811/-0.079) 0.018
Donepezil 35 96.37 0.304 £0.132
Combination 35 108.46 —-0.052+0.132 —0.356 (-0.727/0.015) 0.060
P-T181-tau
Cerebrolysin® 38 45.99 -0.170+0.108 —0.374 (-0.683/-0.065) 0.018
Donepezil 36 53.79 0.204+0.112
Combination 36 39.23 -0.158+0.112 —-0.362 (-0.677/-0.046) 0.025
P-S396-tau
Cerebrolysin® 36 25.51 -0.110£0.132 —0.261 (-0.638/0.116) 0.172
Donepezil 34 36.49 0.152£0.132
Combination 35 25.90 -0.284+0.134 —0.435 (-0.814/-0.057) 0.025
NRGN
Cerebrolysin® 38 266.47 -0.292+0.167 —-0.262 (-0.737/0.213) 0.277
Donepezil 36 304.39 -0.031+0.172
Combination 36 224.38 -0.281+0.172 —0.250 (-0.735/0.234) 0.308
REST
Cerebrolysin® 37 444.88 —0.049 £ 0.098 —-0.027 (-0.307/0.253) 0.850
Donepezil 34 480.82 -0.022+£0.102
Combination 35 316.01 —0.104 £0.100 —0.082 (-0.368/0.203) 0.570

AB42, amyloid-B 1-42; nL, natural log; NRGN, Neurogranin; P-T181-tau, tau phosphorylated at threonine 181; P-S396-tau, tau phosphory-
lated at serine 396; REST, repressor element 1-silencing transcription factor. ANCOVA analysis was used.

NDEYV markers except P-S396-tau followed a com-
mon pattern of progressive increase with dementia
severity that was significant for total tau, NRGN, and
REST, but not for A4, and P-T181-tau (Fig. la—c, e,
f). In contrast, NDEV levels of P-S396-tau appear to
decrease with dementia severity, although not signifi-
cantly (Fig. 1d). The lack of previous studies does not
allow us to contrast our findings in advanced AD, and
in particular the lack of differences with respect to the
control cases observed for the levels of P-S396-tau,
NRGN, and REST (Fig. 1d-f).

The absence of significant changes related to AD
severity that we observed for AB4, and P-T181-tau
seem to indicate that major changes in these blood
markers occur early in AD pathology, as supported
by the findings that alterations in NDEV and CSF
levels of both parameters are similar in the preclini-
cal and dementia stages of AD [10, 11, 18, 58]. NDE
levels of AB4> and P-T181-tau correlated negatively
with serum BDNF values in mild-to-moderate AD
cases, but did not show any significant correlation
with measures of cognition and functioning in AD.

The negative associations of BDNF with AB4; and
P-T181-tau suggest that neurotrophic factors could
counteract AD pathogenic factors. Reduced serum
BDNF in preclinical AD [58] and in AD dementia
APOE4 + females [59], and significant positive corre-
lations of serum BDNF with CSF A4, [58] and with
MMSE [59] in AD have been reported. Other authors
also found a lack of correlation between NDE AB4;
and P-T181-tau levels and MMSE and ADAS-cog
indices of cognition [11, 18].

Elevations in NDEV total tau, NRGN and REST
levels with advancing AD severity and their asso-
ciations with cognitive and functional decline might
reflect the aggravation of neuronal and synaptic dam-
age during the course of AD dementia. In any case, the
enhanced expression of total tau, NRGN and REST
in plasma NDEVs from advanced AD cases is not
due to severity-related variations in CD81+ NDEV
counts, and needs to be replicated and further inves-
tigated. Increases in plasma NDEV levels of total tau
and reductions in NRGN and REST along the AD
continuum (C-MCI-AD) have been shown in several
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Fig. 2. Effects of Cerebrolysin®, donepezil, and the combination therapy on plasma neuronal-derived extracellular vesicles (NDEV) levels
of: (a) ABi—42, (b) total-tau, (c) P-T181-tau, and (d) P-S396-tau at week 28 (end of the study) in patients with mild-to-moderate AD. (a)
*p <0.05 versus donepezil and Cerebrolysin® groups; (b, ¢, d) *p <0.05 versus donepezil group. Data are presented as LS mean (£SE)
change from baseline of natural log (nL) values and were analyzed by ANCOVA.

studies [10, 12, 21, 22, 26]. In our AD population,
total tau was the only plasma NDEV biomarker asso-
ciated to cognitive impairment with independence of
the dementia severity. Shi et al. [22] reported a signif-
icant negative correlation of plasma, but not NDEYV,
tau with MMSE scores in mild-to-moderate AD. Nam
et al. [21] also found that higher serum and NDEV
levels of total tau predicted a faster deterioration of
cognition and global functioning in mild AD. The
correlation of NDEV total tau with plasma TNF-a
suggests an interaction of these neurodegenerative
and inflammatory factors in AD pathology. Circu-
lating levels of TNF-a were found to be enhanced
and negatively associated with the expression of the
trophic factor IGF-1 in AD and MClI patients [60], and
a recent investigation demonstrated that plasma and

CSF analytes of the TNF signaling pathway correlate
with CSF total tau in MCI patients [61].
Characterization of the behavior of these plasma
NDEYV biomarkers throughout the entire AD contin-
uum could be relevant for the design and monitoring
of therapeutic interventions in clinical trials with MCI
and AD patients. Results of a recent 20-week clini-
cal trial showed that plasma NDEV levels of AB43,
NRGN, and other synaptic markers were not modu-
lated by the treatment with growth hormone releasing
hormone in MCI patients [52]. Another study found
that a mindfulness-based stress reduction interven-
tion increased plasma REST levels compared with a
placebo intervention in older adults with psychiatric
risk factors for AD, and that elevated REST levels
were associated with a reduction in psychiatric symp-
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toms related to stress and AD risk [26]. The protocol
of a clinical trial aimed at investigating the associa-
tions of plasma NDEV NRGN with changes in brain
structures and cognition in early AD stages has also
been published recently [62].

In the present investigation, we found for the first
time that Cerebrolysin® and donepezil induced a
synergistic reduction in plasma NDE A4, and that
Cerebrolysin® and/or combination therapy reduced
NDEYV levels of total tau, P-T181-tau, and P-S396-
tau with respect to donepezil monotherapy in mild to
moderately severe AD patients. Changes in plasma
NDEYV expression of these biomarkers could reflect
neuroprotective and anti-degenerative activities of
Cerebrolysin® and combination therapy resulting
in diminutions in AP4> and tau production and
tau phosphorylation in neurons, and eventually in
less neuronal loss. The finding that treatment-related
decreases in NDEV total tau levels were associ-
ated with improvements in cognitive performance
as assessed by ADAS-cog-+highlights the relevance
of this biomarker for cognition in AD and supports
the possibility that Cerebrolysin® and combination
therapy effects on tau expression and cognition are
mediated by direct actions on the brain. Correlations
at baseline of this biomarker with MMSE (r = -0.278,
p=0.004) and ADAS-cog+(r=0.266, p=0.006) in
the RCT and with MMSE in the NDEV Study are also
indicating a negative relationship between NDEV
total tau and cognition in our AD population. In agree-
ment with these findings, other authors observed a
faster deterioration in mild AD patients with elevated
circulating levels of total tau [21]. Therefore, it seems
that decreases in NDEV total tau are contributing to
the amelioration of cognitive deficits in AD patients.

The mechanisms by which Cerebrolysin® and
donepezil may influence AB4, and tau expression,
and tau phosphorylation had not been investigated
in AD patients but increases in serum BDNF and
reductions in TNF-a induced by Cerebrolysin® and
the combination therapy [2, 50, 63, 64] might con-
tribute to the decreases in NDE biomarkers observed
in this study. We previously found that Cerebrolysin®
increased serum BNDF levels and that Cerebrolysin®
and donepezil acted synergistically to augment and
prolong the increase of BDNF in patients of the
RCT [64]. Here we observed negative associations
between serum BDNF and NDEV A4 and P-T181-
tau in AD samples of both the NDEV Study and
the RCT (A42: r=-0.207, p=0.034; P-T181-tau:
r=-0.218, p=0.024), suggesting that an interaction
between increases in serum BDNF and reductions

in NDEV AB4, and P-T181-tau might exist and has
to be further investigated. The recent finding of a
positive correlation between serum BDNF and CSF
AB42 is supporting our observations and indicates
that elevated serum BDNF could represent a protec-
tive factor against AR pathology [58]. Thus, increases
in serum BDNF might have some influence on the
reductions in NDEV A4; and P-T181-tau produced
by Cerebrolysin® and the combination therapy. On
the other hand, Cerebrolysin® and the combination
therapy were also found to reduce circulating TNF-
a in AD patients [50, 63], and baseline NDEV total
tau showed positive correlations with plasma TNF-
o in the NDEV Study and in the RCT (r=0.299,
p=0.002). Therefore, reductions in plasma TNF-
o could influence to some extent the decrease
of total tau in plasma NDEVs of patients treated
with Cerebrolysin®, and this potential interaction
deserves future investigation. Finally, our results
are consistent with and supported by experimental
studies demonstrating that Cerebrolysin® reduces
AP and tau pathology [35-42] and that donepezil
decreases A3 and increases tau expression [43—47].

Based on the results of the present investigation,
we conclude the following:

1) Inagreement with previous studies, we showed
that plasma NDEV levels of AR4», total tau, P-
T181-tau, and P-S393-tau are higher and those
of NRGN and REST are lower in mild-to-
moderate AD patients than in controls;

2) This report is the first to show that:

a. NDEV total tau, NRGN, and REST
increase with AD severity and in associa-
tion with cognitive and functional decline;

b. NDEV AP4; and P-T181-tau correlate
negatively with serum BDNF;

c. Higher levels of NDE total-tau are associ-
ated with elevated plasma TNF-a and with
worse cognition in AD patients;

3) We also demonstrated here for the first time that:

a. Cerebrolysin® and donepezil reduce
NDEV A4, synergistically;

b. Compared with donepezil monother-
apy, Cerebrolysin® treatment induced
decreases in the plasma NDEV levels of
total tau, P-T181-tau, and P-S396-tau.

4) This is one of the first studies to support the
use of neuronal-derived extracellular vesicles
as effective tools to monitor AD the clinical
continuum and AD drug therapy interventions.
Future studies are warranted to confirm our
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findings on changes in plasma NDEV biomark-
ers in advanced AD and after treatment with
Cerebrolysin® and donepezil, as well as on
correlations of these biomarkers with the neu-
rotrophic and inflammatory factors BDNF and
TNF-a, because this is the first report on these
topics. Future research should also overcome
the main limitations of our investigation, such
as the lack of inclusion of MCI subjects in the
NDEV Study and of a placebo group in the
RCT, and the absence of CSF and plasma AD
biomarkers determinations in cases and con-
trols.
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