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Abstract

Background Alzheimer’s disease (AD) is a neurodegenerative disease characterized by AB plaques and neurofi-
brillary tangles. Chronic inflammation and synaptic dysfunction lead to disease progression and cognitive decline.
Small extracellular vesicles (sEVs) are implicated in AD progression by facilitating the spread of pathological proteins
and inflammatory cytokines. This study investigates synaptic dysfunction and neuroinflammation protein markers
in plasma-derived sEVs (PsEVs), their association with Amyloid-3 and tau pathologies, and their correlation with AD
progression.

Methods A total of 90 [AD =35, mild cognitive impairment (MCl)=25, and healthy age-matched controls (AMC) =30]
participants were recruited. PsEVs were isolated using a chemical precipitation method, and their morphology

was characterized by transmission electron microscopy. Using nanoparticle tracking analysis, the size and concentra-
tion of PsEVs were determined. Antibody-based validation of PsEVs was done using CD63, CD81,T5G101, and L1CAM
antibodies. Synaptic dysfunction and neuroinflammation were evaluated with synaptophysin, TNF-a, IL-13, and GFAP
antibodies. AD-specific markers, amyloid-f (1-42), and p-Tau were examined within PsEVs using Western blot

and ELISA.

Results Our findings reveal higher concentrations of PsEVs in AD and MCl compared to AMC (p <0.0001). Amyloid-33
(1-42) expression within PsEVs is significantly elevated in MCl and AD compared to AMC. We could also differentiate
between the amyloid-f3 (1-42) expression in AD and MCI. Similarly, PsEVs-derived p-Tau exhibited elevated expression
in MCl compared with AMC, which is further increased in AD. Synaptophysin exhibited downregulated expression

in PsEVs from MCl to AD (p=0.047) compared to AMC, whereas IL-1[3, TNF-g, and GFAP showed increased expression
in MCl and AD compared to AMC. The correlation between the neuropsychological tests and PsEVs-derived proteins
(which included markers for synaptic integrity, neuroinflammation, and disease pathology) was also performed

in our study. The increased number of PsEVs correlates with disease pathological markers, synaptic dysfunction,

and neuroinflammation.
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Conclusions Elevated PsEVs, upregulated amyloid-f3 (1-42), and p-Tau expression show high diagnostic accuracy

in AD. The downregulated synaptophysin expression and upregulated neuroinflammatory markers in AD and MCI
patients suggest potential synaptic degeneration and neuroinflammation. These findings support the potential

of PsEV-associated biomarkers for AD diagnosis and highlight synaptic dysfunction and neuroinflammation in disease

progression.
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Background

The progressive neurodegenerative condition known as
Alzheimer’s disease (AD) is characterized by cognitive
decline as a result of the formation of amyloid-B (Ap)
plaques, neurofibrillary tangles (NFTs), and chronic
neuroinflammation that leads to neurodegeneration
[1-3]. Synapse loss is a crucial pathophysiological event
in disease progression, and synaptic proteins have been
extensively studied due to earlier perturbations [4, 5].
The pathological hallmark of AD, amyloid-p plaques,
originates from the imprecise cleavage of the amyloid
precursor protein (APP) by p-secretase (BACE1) and
y-secretase generating amyloid-p peptide forms [6-9].
Primary amyloid-p peptide forms are Ap40 and AB42,
where the majority of the amyloid-p plaques in AD
brains are composed of AB42 [10]. Many point muta-
tions in APP and y-secretase cause familial early-onset
AD, favoring AP42 formation, causing amyloid-p pep-
tides prone to aggregate as fibrils and plaques [9, 11—
14]. Hyperphosphorylation of tau causes the formation
of NFTs. The combined effect of accumulation of NFTs,
amyloid-f fibrils, and plaques leads to neuronal func-
tion loss and cell death [15, 16]. AP plaques activate
immune receptors on microglia, thereby releasing pro-
inflammatory cytokines and chemokines that mediate
neuroinflammation, which, if it reaches a chronic level,
causes damage to brain cells, including axonal demy-
elination and synaptic pruning [17-23]. In addition to
these, other proteins, including the neurofilament light
(NFL) protein, glial fibrillary acidic protein (GFAP), and
synaptic proteins, have also been identified as AD bio-
markers [24—28]. Understanding the intricate dynamics
of AD in terms of its varied pathophysiological mani-
festations, such as neuroinflammation, synaptic loss,
and proteinopathy, is essential for developing potential
therapeutic interventions for AD and biomarker dis-
covery. In clinical practice, cognitive assessment tools
such as the Addenbrooke’s Cognitive Examination
(ACE-III) and Mini-Mental State Examination (MMSE)
are used to diagnose AD. These tools evaluate verbal
fluency and temporal orientation, although results may
be influenced by subject bias [29-31].

In recent years, small extracellular vesicles (sEVs) or
exosomes have been acknowledged as crucial mediators
of communication and signaling within the body, contrib-
uting significantly to the transmission of cellular cargo in
various health and disease states. They also play a nota-
ble role in disseminating protein aggregates associated
with neurodegenerative diseases [32]. sEVs are bi-layered
membrane vesicles that have a heterogeneous group of
(<200 nm in diameter) that are found in different human
body fluids, including blood, urine, saliva, and ascites,
and that are actively released by all cell types [33—35]. For
their functions in various physiological and pathological
circumstances, sEVs are the most extensively researched
type of EV [36-38]. sEVs exchange information between
cells by transferring bioactive components (nucleic acids
and proteins) [39]. As the sEVs’ composition bears the
molecular signature of the secreting cell and bears an
intrinsic property of transversing the blood—brain bar-
rier (BBB) in both directions [40, 41], they are a target
of constant research in neurodegenerative disease. Fur-
thermore, sEVs released by neuronal cells are crucial in
transmitting signals to other nerve cells, influencing cen-
tral nervous system (CNS) development, synaptic activ-
ity regulation, and nerve injury regeneration. Moreover,
sEVs exhibit a dual function in neurodegenerative pro-
cesses, as sEVs not only play an essential role in clearing
misfolded proteins, thereby exerting detoxifying effects
and providing neuroprotection [42]. On the other hand,
they also have the potential to participate in the propa-
gation and aggregation of misfolded proteins, particularly
implicated in the pathological spread of Tau aggregates
as indicated by both in vitro and in vivo studies [43]. As
a protective mechanism, astrocytes (most abundant glial
cells) accumulate at the locations where AP peptides are
deposited, internalizing and breaking down aggregated
peptides [44]. However, severe endosomal-lysosomal
abnormalities arise in astrocytes when a significantly
large amount of AP accumulates within astrocytes for a
prolonged period without degradation [45, 46]. Astro-
cytes then release engulfed amyloid-p (1-42) protofibrils
through exosomes, leading to severe neurotoxicity to
neighboring neurons [44]. Additionally, it has been found
that the release of amyloid-p by microglia in association
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Table 1 Demographic details of samples
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Age-matched control (AMC)

Mild cognitive impairment (MCl)  Alzheimer’s disease (AD)

Age (mean + SEM) 67.53+1.154
Male percentage 68.7%

ACE-IIl (mean + SEM) —

MMSE (mean + SEM) —_—

AB1-42 (mean +SEM) 7.889+0.5326
p-Tau (mean + SEM) 21.99+0.5978
TNF-a (mean = SEM) 66.86+11.06

IL-13 (mean +SEM) 10.13+£1.166

GFAP (mean +SEM) 19.06+1.727

Synaptophysin (mean +SEM) 49.06+1.70

73.08+1.501 74.09+0.8100
60.00% 62.85%
69.04+2323 39+3511
24.52+0.726 12.86+1.146
23.87+1.550 4240+1.256
29.09+1.248 42.20+0.7646
167.9+10.04 359.7+9.465
27.09+1.691 62.27+137
2834+0.994 39.27+2.886
36.85+2614 21.51£1.943

Addenbrooke Cognitive Examination (ACE-IIl) and Mini Mental State Examination (MMSE), amyloid-(3 (1-42), phospho-Tau (p-Tau), tumor necrosis factor-alpha (TNF-a),
interleukin 1 beta (IL-1p), glial fibrillary acidic protein (GFAP), and synaptophysin values are represented as mean + SEM

with large extracellular vesicles (AB-IEVs) damages syn-
aptic plasticity and modifies the architecture of the den-
dritic spine [47]. Thus, sEVs can be a compelling subject
for the investigation to understand AD’s inflammation
and synaptic dysfunction [48-52].

In this study, we reported that protein levels are asso-
ciated with AD pathology, neuroinflammation, and syn-
aptic dysfunction in plasma-derived small extracellular
vesicles (PsEVs). Our objective was to understand the
pathophysiological process, neuroinflammation, syn-
aptic dysfunction, and AP pathology through sEVs. Our
study revealed a significant correlation between the con-
centration of cargo proteins derived from PsEVs and
clinical diagnosis concerning ACE-III and MMSE scores.
Furthermore, the levels of these studied proteins within
PsEVs could differentiate between patients with MCI and
AD. Thus, our study sheds light on the potential of PSEVs
in understanding AD dynamics and offers insights into
the underlying mechanisms of disease progression.

Methods

Subject recruitment

A total of n=35 AD patients and n=25 subjects with
MCI were recruited from the Memory Clinic, Depart-
ment of Geriatrics, All India Institute of Medical Sci-
ences, New Delhi, India. Additionally, =30 healthy
AMC (volunteers) were recruited. The inclusion crite-
ria were as follows: a clinical diagnosis of MCI and AD
patients using ACE-III and MMSE tests. The exclusion
criteria encompass medical conditions such as can-
cer, autoimmune disorders, liver disease, hematological
disorders, or stroke, as well as psychiatric conditions,
substance abuse, or any impediment to participation.
Controls were healthy, age-matched adults without neu-
rological symptoms. AMC was 60-71, MCI was 65-79,
and AD was 70-80 years of age range (Table 1).

Neuropsychological scores, viz., ACE-III and MMSE,
were recorded before subject selection.

Study ethical approval

The institutional ethics committee of All India Institute
of Medical Sciences, New Delhi, India, granted the study
ethical permission. The study has been granted the ethi-
cal approval number IECPG-670/25.08.2022. Following
the acquisition of the written informed consent, all par-
ticipants were enrolled.

Sample collection

One milliliter of blood was drawn from each partici-
pant using venipuncture, and blood collection vials were
kept on ice during collection. The blood was centrifuged
at 1700 g for 20 min at 4 °C to remove the cells, and the
straw-colored plasma was collected. It was further clari-
fied by centrifuging for 30 mi at 4 °C at 10,000 g. Finally,
cleared plasma was stored at—80 °C until further use.
The samples were used for the downstream experiment
after being thawed on ice and centrifuged at 10,000 g.

Isolation of PSEVs

The PsEVs were extracted by chemical-based precipi-
tation from the plasma samples of AD patients, MCI
patients, and AMC, as discussed previously [53, 54]. In
brief, 180 pL of plasma sample was used and filtered with
0.22 pm filter (SENY25R, Axiva), followed by overnight
incubation with the chemical precipitant (14% polyeth-
ylene glycol 6000) (807,491, Sigma). The samples under-
went an hour-long, 13,000 g centrifugation at 4 °C the
next day. Before being resuspended in 200 pL of 1X PBS
(ML116-500ML, HiMedia), the pellet was first cleaned
twice with 1X PBS. Before downstream experiments, the
sEVs-enriched fraction was further filtered through a
100-kDa filter (UFC5100, Millipore).
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Nanoparticle tracking analysis (NTA)

5000-fold dilution in 1X-PBS buffer was used for the
NTA of PsEVs. In the ZetaView Twin system (Parti-
cle Metrix, Germany) sample chamber, 1 mL of diluted
PsEVs sample was introduced. The following param-
eters were used throughout three cycles of scanning 11
cell locations each, and 60 frames per position were col-
lected (video setting: high, focus: autofocus, shutter: 150,
488 nm internal laser, camera sensitivity: 80, cell tem-
perature: 25 °C. CMOS cameras were used for recording,
and the built-in ZetaView Software 8.05.12 (Particle Met-
rix, Germany) was used to analyze: 10 nm as minimum
particle size, 1000 nm as maximum particle size, and 30
minimum particle brightness.

Transmission electron microscopy for morphological
characterization

Transmission electron microscopy was employed to
investigate PsEVs’ ultrastructural morphology. The
resultant PsEVs pellet was diluted with PBS using 0.1 M
phosphate buffer (pH 7.4). A carbon-coated copper grid
of 300 mesh (01843, Ted Pella) was used to adsorb the
separated PsEVs at room temperature for 30 min. After
blot-drying, the adsorbed grids were dyed. For 10 s, 2%
aqueous uranyl acetate solution (81,405, SRL Chem)
as negative staining. After blotting the grids, they were
inspected using a Talos S transmission electron micro-
scope (ThermoScientific, USA).

Western blot

Based on the initial volume of biofluid input, all sam-
ples were normalized, i.e., 180 pL and the sample load-
ing dye (2xLaemmle Sample buffer) was mixed with
PsEVs sample, and 20 pL equal volume was loaded to
run on an 8-12% SDS PAGE [53, 55]. After the comple-
tion of SDS-PAGE, protein from the gel was subjected to
the Wet transfer onto the PVDF membrane of 0.22 um
(1,620,177, BioRad). The membrane-blocking with 3%
bovine serum albumin (BSA) (D0024, BioBasic) in Tris
(TB0194, BioBasic) base saline containing 0.1% of Tween
20 (65,296, SRL Chem) (TBST) using the BioRad West-
ern blotting apparatus (BioRad, USA). Following this,
overnight incubation of primary antibodies of CD63
(10628D, Invitrogen), CD81 (PA5-86,534, Invitrogen),
TSG101 (MA1-23,296, Invitrogen), LICAM (MAI-
46,045, Invitrogen), synaptophysin (ADI-VAM-SV011-
D, Enzo life sciences), GFAP (A19058, Abclonal),
amyloid-B (1-42) oligomer (AHB0052, Invitrogen),
phospho-Tau (s396) (35-5300, Invitrogen), interleukin
1B (IL-1B) (PA5-95,455, Invitrogen), tumor necrosis fac-
tor a (TNF-a) (E-AB-33121, Elabscience), and PB-actin
(AM4302, Invitrogen) were done at 4 °C. The membranes
were washed with TBST buffer four times before at RT
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incubating with HRP-conjugated secondary antibodies,
anti-rabbit (AB6721, Abcam), anti-mouse (31,430, Invit-
rogen). The Femto LUCENT " PLUS-HRP kit (AD0023,
GBiosciences) was used to develop the blot for visualiz-
ing the protein bands utilizing the method of enhanced

chemiluminescence.

Enzyme-linked Immunosorbent Assay (ELISA)

According to the previous protocol, ELISA was carried
out. [53]. PSEV samples were subjected to freeze—thaw
cycles; next, PsEVs were ultrasonicated for two minutes,
with a 30-s on-and-off cycle, at an amplitude of 25. Fol-
lowing this, they underwent a 10-min centrifugation at
10,000 g, at 4 °C, and the obtained supernatant was used.
The samples were kept at 37 °C before loading into the
ELISA plates. The bicinchoninic acid (BCA) protein assay
kit (23,225, ThermoFisher Scientific) was used to quan-
tify the total protein concentration using BSA (D0024,
BioBasic) as a reference. The ELISA kit was used to
detect the presence of protein in 100 uL of PSEV sample
are as follows: amyloid-p (1-42) (E-EL-HO0543, ELab-
sciences), p-Tau (s-396) (E-EL-H5314, ELabsciences),
IL-1p (ITLK01270, GBiosciences), TNF-a (ITLK01190,
GBiosciences), GFAP (E-EL-H6093, ELabsciences), and
synaptophysin (E-EL-H2014, ELabsciences). The manu-
facturer’s instructions were followed for every step of the
process. A 96-well microplate spectrophotometer (Spec-
traMax i3x Multi-Mode Microplate Reader, Molecular
devices) was used to measure the absorbance at 450 nm.

Data and statistical analysis

The mean age values, ACE-III score, and MMSE score
were ascertained using descriptive statistical analysis
Table 1. GraphPad Prism 8.0 was used for statistical data
analysis, including NTA concentration, Western blotting
densitometric analysis, and ELISA. Unpaired student
t-test and ANOVA were used for group analysis, and sta-
tistical significance was determined. p <0.05 was used to
assess significance. The Image J software (NIH, USA) was
used for the densitometry analysis. The receiver operat-
ing characteristic (ROC) curve was used to analyze the
efficiency of distinguishing the case from controls. Cor-
relation analysis was conducted between the concentra-
tion of PSEVs and the levels of ELISA proteins, including
amyloid-p (1-42), p-Tau, IL-1B, TNF-a, GFAP, and syn-
aptophysin, and additionally between the PsEVs-derived
levels of amyloid-p (1-42) f1-42, p-Tau, IL-1B, TNF-a,
GFAP, and synaptophysin with ACE-III and MMSE val-
ues. ROC curve is a probability curve utilized to assess
the accuracy of a test. The test’s ability to distinguish
between groups is indicated by the area under the curve
(AUC), which acts as a quantitative measure of separabil-
ity. An outstanding test typically exhibits an AUC close
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Fig. 1 Isolation and analysis of PsEVs. The isolated PsEV morphology characterize by transmission electron microscopy from age-matched healthy
controls (AMC) (A), mild-cognitive impairment (MCI) patients (B), and Alzheimer’s disease (AD) (C). The size distribution of PsEVs subpopulation (nm)
versus the concentration (particle/ml) in AMC (D), individuals with MCI (E), and AD (F). Comparison of the sEVs concentration of AD, MCl, and AMC
patients (G). Receiver operating characteristic (ROC) curve of PsEVs concentration in AMC v/s AD (H), AMC v/s MCI (1), and MCl v/s AD (J) (scale

bar 100 nm)

to 1, signifying a high level of separability. Conversely, a
subpar test tends to have an AUC closer to 0, indicating a
poor ability to distinguish between the two classes.

Results

Characterization and validation of isolated sEVs

PsEVs were isolated, characterized, and validated fol-
lowing Minimal Information for Studies of Extracellu-
lar Vesicles (MISEV) 2018 guidelines, which suggest a

protocol for documenting work specifically with extracel-
lular vesicles [56]. PSEVs from AMC, MCI, and AD sub-
jects were morphologically characterized by transmission
electron microscopy, and spherical lipid bi-layered vesi-
cles were observed in the size range of sEVs (Fig. 1A-C).
In Fig. 1D-F, the size distribution and concentration of
PsEVs were observed in the size range of 30—200 nm in
diameter by NTA, which is within the sEVs’ size range.
The mean concentration of PSEVs in AMC, MCI, and AD
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patients were 5.12E+10, 2.6E+11, and 3.13E+11 parti-
cle/ml, respectively, with higher concentrations of PsEVs
in MCI and AD than in AMC (p<0.0001) (Fig. 1G). To
differentiate AD from AMC, ROC and AUC analyses
were performed where the AUC=0.9748, with a sensitiv-
ity of 97.14% and specificity of 70.01% (Fig. 1H), while in
AMC versus MCI, AUC=0.987, sensitivity of 96% and
specificity of 86.67% (Fig. 11). Furthermore, we could also
differentiate between MCI and AD, AUC=0.629, sensi-
tivity of 60%, and specificity of 56% (Fig. 1J). Validation
of PsEVs was done using immunoblot for sEVs-specific
markers (CD63, CD81, and TSG101), which showed a
significant increase in expressions in MCI and AD than
in AMC (CD63, p=0.0489, 0.0478 (Additional File 1: Fig.
S1); CD81, p=0.0172, 0.0133 (Additional File 1: Fig. S2);
TSG101 p=0.0240, 0.0329 (Additional File 1: Fig. S3))
for AD and MCI respectively (Fig. 2A-D). Additionally,
higher LICAM (neuron-associated marker) expression
was observed in MCI (p=0.0100) and AD (p=0.0184)
(Additional File 1: Fig. S4) compared to AMC (Fig. 2E).
All densitometric values were normalized against B-actin,
which was used as a loading control (Additional File 1:
Fig. S7).
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Differential expression of amyloid-p (1-42), p-Tau,
synaptophysin, GFAP markers, and levels of IL-13

and TNF-a in PsEVs

Using ELISA, we measured levels of amyloid-p (1-42)
and p-Tau in PsEVs from AMC, MCI, and AD patients.
The significant increase of amyloid-p (1-42) and p-Tau
among the groups (Fig. 3A-H). Amyloid-f (1-42) lev-
els were higher in MCI compared to AMC (p<0.0001)
and more significant in AD than in MCI and AMC
(p<0.0001) (Fig. 3A). Similarly, in comparison to MCI
and AMC, p-Tau levels were significantly higher in AD
(p<0.0001) (Fig. 3E). Similar levels of both markers were
found in their Western blots (Fig. 2). We checked GFAP
(astrocytic marker) and proinflammatory cytokines
(TNF-a and IL-1P) to evaluate neuroinflammation.
For proinflammatory markers, IL-1f and TNF-a levels
showed a significant increase among the three groups
(p<0.0001 for IL-1p and TNF-«) (Fig. 31, M). When com-
paring AD to MCI and AMC, the GFAP concentration
in PsEVs was significantly higher (p<0.0001) (Fig. 3Q).
Similar trends were observed with Western blot analy-
sis (Fig. 2, Additional File 1: Fig. S6, S9). Their elevated
levels suggest prominent neuroinflammatory conditions
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Fig. 2 Validation of PsEVs expression analysis of different markers in PsEVs in age-matched controls (AMC), mild cognitive impairment (MCI),

and Alzheimer's disease patients (AD) (A). Densitometric analysis of CD63 (B), densitometric analysis of CD81 (C), densitometric analysis of TSG101
(D), densitometric analysis of L1CAM (E), densitometric analysis of synaptophysin (F), densitometric analysis of GFAP (G), and densitometric analysis
of amyloid-f (1-42) oligomer (H). All densitometric values were normalized against 3-actin
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contributing to potential neuronal damage. The elevated
levels of these neuroinflammatory markers could be due
to the activation of astrocytes and microglia and the sub-
sequent increase in the secretion of PsEVs containing
proinflammatory proteins, which suggests prominent
neuroinflammatory conditions that may contribute to
neuronal damage [57]. While synaptophysin concentra-
tion in PSEVs was downregulated in AD and MCI com-
pared to AMC (p<0.0001) in ELISA (Fig. 3U), it shows
synaptic dysfunction. We also checked synaptophysin
levels in PsEVs in Western blotting, finding it was down-
regulated in AD compared to MCI and AMC (p=0.0045,
0.0142), indicating synaptic degeneration in AD (Fig. 2,
Additional File 1: Fig. S5). In MCI, synaptophysin lev-
els did not significantly differ from AMC (Fig. 2F). This
aligns with synaptic loss in AD, reflected in lower neu-
ropsychological test scores indicating more pronounced
cognitive impairment compared to MCI and AMC.

Determining the diagnostic potential of PsEVs-derived
amyloid-B (1-42), p-Tau, IL-1B, TNF-a, GFAP

and synaptophysin

We observed the levels of amyloid-p (1-42) and p-Tau
in PsEVs, where the increase in amyloid-f (1-42) and
p-Tau levels underscores their potential as biomarkers
of MCI and AD. The diagnostic efficacy of amyloid-f
(1-42) by ROC analysis was observed for AMC vs MCI
[AUC=0.9347, p<0.0001, sensitivity (Sn)=92%, speci-
ficity (Sp)=80%] (Fig. 3B), AMC vs AD (AUC=0.9862,
p<0.0001, Sn=91.43%, Sp=96.67%) (Fig. 3C), and
MCI vs AD (AUC of 0.8457, p<0.0001, Sn=80%, and
Sp=72%) (Fig. 3D). Similarly, diagnostic efficacy of
p-Tau by ROC analysis was observed for AMC vs MCI
(AUC=0.8760, p<0.0001, Sn=88%, Sp=83.33%)
(Fig. 3F), AMC vs AD (AUC=0.9757, p<0.0001,
Sn=94.29%, Sp=83.33%) (Fig. 3G), and MCI vs AD
(AUC of 0.9074, p<0.0001, Sn=88.57%, and Sp=92%)
(Fig. 3H). So, we observed that the pathological hall-
marks of the disease, viz., amyloid-f (1-42) and p-Tau
levels, are increased significantly in PsEVs cargo of AD
and MCI groups.

(See figure on next page.)
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Furthermore, we also checked GFAP, TNF-«, IL-1f,
and synaptophysin in PsEVs from MCI and AD
groups. The diagnostic efficacy of IL-1 by ROC analy-
sis was observed for AMC vs MCI (AUC=0.9520,
p<0.0001, Sn=96%, Sp=286.67%) (Fig. 3]), AMC vs AD
(AUC=0.9857, p<0.0001, Sn=94.29%, Sp=90%) com-
pared to AMC (Fig. 3K), MCI vs AD (AUC=0.9114,
p<0.0001, Sn=85.71%, Sp=92%) (Fig. 3L). Simi-
larly, diagnostic efficacy of TNF-a by ROC analy-
sis was observed for AMC vs MCI (AUC=0.8920,
p<0.0001, Sn=384%, Sp=80%) (Fig. 3N), AMC vs AD
(AUC=0.9848, p<0.0001, Sn=88.57%, Sp=96.67%),
and MCI vs AD (AUC=0.9280, p<0.0001, Sn=_88.57%,
Sp=96%) (Fig. 3P). So, we observed an elevated expres-
sion of neuroinflammatory markers within the PsEVs iso-
lated from the AD and MCI groups.

GFAP is an activation marker of astroglia, and in AD,
this activation is associated with synaptic dysfunction
[58]. In PsEVs, the diagnostic efficacy of GFAP by ROC
analysis was observed as for AMC vs MCI (AUC=0.8393,
£ <0.0001, Sn==88%, Sp=76.67%) (Fig. 3R), AMC vs. AD
(AUC=0.8814, p<0.0001, Sn=91.43%, Sp=76.67%)
compared to AMC (Fig. 3S); MCI vs AD (AUC=0.7657,
p<0.0001, Sn=74.29%, Sp=72%) (Fig. 3T). In addition
to this, we also checked the level of presynaptic protein,
i.e., synaptophysin, within the PsEVs, as the level of syn-
aptophysin correlates with cognitive decline in AD [59].
The diagnostic efficacy of synaptophysin by ROC analysis
was observed as follows for AMC vs MCI (AUC =0.8507,
p<0.0001, Sn=280%, Sp=_86.67%) (Fig. 3V), AMC vs AD
(AUC=0.9738, p<0.0001, Sn=88.57%, Sp=96.67%)
compared to AMC (Fig. 3W); MCI vs AD (AUC=0.8291,
p<0.0001, Sn=85.71%, and Sp=68%) (Fig. 3X). Table 2
summarizes all the AUC, sensitivity, specificity, and
p-value values for all the PsEVs-derived proteins.

Correlations of PsEVs concentration values with protein
levels of amyloid-B (1-42), p-Tau, IL-1B, TNF-a, GFAP,

and synaptophysin in PsEVs

As we found an elevated number of PsEVs in the dis-
eased condition, we performed a correlation analy-
sis between PsEVs concentration and the amyloid-p

Fig. 3 PsEVs derived amyloid-{3 (1-42), p-Tau, IL-13, TNF-a, GFAP, and synaptophysin protein concentration was measured. ELISA results in A shows
levels of PsEVs amyloid-B (1-42) in AMC, MCl, and AD and receiver operating characteristic (ROC) curve of PsEVs concentration in AMC v/s MCI (B),
AMC v/s AD (C), and MCl v/s AD (D). Similarly, p-Tau concentration in AMC, MCl, and AD (E), ROC curve of PsEVs concentration in AMC v/s MCI (F),
AMC v/s AD (G), and MCl v/s AD (H). PsEVs derived IL-1(3 concentration in AMC, MCl and AD (1), ROC curve of PsEVs concentration in AMC v/s MCI (J),
AMC v/s AD (K), and MCl v/s AD (L). PsEVs derived TNF-a concentration in AMC, MCl and AD (M), ROC curve of PsEVs concentration in AMC v/s MCl
(N), AMC v/s AD (0), and MCl v/s AD (P). Similarly, GFAP concentration in AMC, MCl, and AD (Q), ROC curve of PsEVs concentration in AMC v/s MCI
(R), AMC v/s AD (S), and MCI v/s AD (T). For PsEVs-derived synaptophysin concentration in AMC, MCl, and AD (U), ROC curve of PsEVs concentration
in AMC v/s MCI (V), AMC v/s AD (W), and MCl v/s AD (X). Abbreviations: AMC, age-matched control; MCI, mild-cognitive impairment patients; AD,
Alzheimer's disease patients; TNF-a, tumor necrosis factor-alpha; GFAP, glial fibrillary acidic protein
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Table 2 Determining the diagnostic potential of PsEVs-derived amyloid-f (1-42), p-Tau, IL-13, TNF-a, GFAP, and synaptophysin

S.no Markers Subject groups AUC values Sensitivity (%) Specificity (%) p-value
1 Amyloid-f (1-42) AMC v/s MCl 0.9347 92 80 <0.0001
2 AMC v/s AD 0.9862 9143 96.67 <0.0001
3 AD v/s MCI 0.8457 80 72 <0.0001
4 p-Tau AMC v/s MCI 0.8760 88 83.33 <0.0001
5 AMC v/s AD 09757 94.29 8333 <0.0001
6 AD v/s MCl 0.9074 88.57 92 <0.0001
7 IL-13 AMC v/s MCI 0.9520 96 86.67 <0.0001
8 AMC v/s AD 0.9857 94.29 90 <0.0001
9 AD v/s MCl 09114 85.71 92 <0.0001
10 TNF-a AMC v/s MCI 0.8920 84 80 <0.0001
I AMC v/s AD 0.9848 88.57 96.67 <0.0001
12 AD v/s MCl 0.9280 88.57 96 <0.0001
13 GFAP AMC v/s MCI 0.8393 88 76.67 <0.0001
14 AMC v/s AD 0.8814 9143 76.67 <0.0001
15 AD v/s MCI 0.7657 7429 72 0.0005

16 Synaptophysin AMC v/s MCl 0.8507 80 86.67 <0.0001
17 AMC v/s AD 0.9738 88.57 96.67 <0.0001
18 AD v/s MCl 0.8291 85.71 68 <0.0001

Abbreviations: TNF-a Tumor necrosis factor-alpha, GFAP Glial fibrillary acidic protein. Receiver operating characteristic (ROC) curves of all PSEVs derived-protein were
performed, where the area under the ROC curve (AUC) is tabulated with p-value

A PsEVs vs AB(1-42) B PsEVs vs pTau C PsEVs vs IL-1B

8x10™ r=0.7196 8x10" r=0.796 8x10™" r=0.722
5 p<0.0001 5 p<0.0001 5 p<0.0001
T =6x101" . T = 6x10M T = 6x10™ °
£E . £E £E -
£ gaxton o« & £ 4xto 53 4x0v o e, %
CE I S & oE ot € o °
S o * %% o Lo oo b .
> 1 (] > = 11 > 1 L4
H 2x10 (] : H H ouu 2x10 “,,‘, 2x10 ... '.Q.s: o oo
[-9 e o ° [-% o L'. o % o

0 T T 1 0 0 T T T T 1
40 60 80 0 20 40 60 80 100
AB(1-42) Concentration (pg/ml) pTau Concentration (pg/ml) IL-1B Concentration (pg/ml)
PsEVs vs Synaptophysin

D PsEVs vs TNFa PSEVs vs GFAP F "

8x10" 8x1011+ 8x10"1 r=-0.5752

r=0.6473 r=0.5155 c p<0.0001
g p<0.0001 . p<0.0001 o :
k) =
T = 6x10" . 2 ex10M4 . © = 6x10""+ °
£E ° o . £z 3 t E °S .,
) . e ° S % LY . 82 [ .
g % 4x1011 .o ® Lo 5% 4%1011 oo o g S 4x1011 .
St AT S S ok o% AL S .
© - @
o ° Sl B oe 3 Lo ¢ °
> = 2x10" ® (TP TLE # 2= 2x101
G- SO0, WEee U BT X' . @ MR 28 et .
9 o [ )
. i, SRR AP 7 SR
0 T T 1 0 T 1
0 50 100 150 0 20 40 60 80

TNFa Concentration (pg/ml)

GFAP Concentration (pg/ml)

Synaptophysin Concentration (pg/ml)

Fig. 4 Correlation analysis between PsEVs concentration and PsEVs derived AD pathology markers. The correlation between PsEVs concentration
with the amyloid-f (1-42) (A), p-Tau (B), IL-1B (C), TNF-a (D), GFAP (E), and synaptophysin (F). Abbreviations: p-Tau, Phospho-Tau, TNF-g, tumor
necrosis factor-alpha; GFAP, glial fibrillary acidic protein. Spearman correlation was used for correlation analysis

(1-42) level, p-Tau, IL-1f, and TNF-a within PsEV. We
found that PsEV concentration was positively corre-
lated with all the protein levels except synaptophysin,
which showed a negative correlation (Fig. 4). In these

correlations, amyloid-p (1-42) was positively corre-
lated (r=0.7196, p <0.0001) (Fig. 4A); p-Tau positively
correlates (r=0.7960, p<0.0001) (Fig. 4B); IL-1B also
showed positive correlation (r=0.7220, p<0.0001)
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Fig. 5 Correlation between neuropsychological test (ACE-IIl and MMSE) and PsEV-derived AD pathology markers. Amyloid-f (1-42) (3, p-Tau, IL-14,
TNF-0, GFAP, and synaptophysin protein concentration. A-F Correlation between ACE-IIl scores and amyloid-f3 (1-42) (A), pTau (B), IL-1(3 (C), TNF-a
(D), GFAP (E), and synaptophysin (F) protein concentration. G-L A correlation between MMSE Score and amyloid-f (1-42) (G), p-Tau (H), IL-13 (1),
TNF-a (J), GFAP (K), and synaptophysin (L) protein concentration. Abbreviations: ACE-Ill, Addenbrooke Cognitive Examination; MMSE, Mini-Mental
State Examination; p-Tau, Phospho-Tau; TNF-a, tumor necrosis factor-alpha; GFAP, glial fibrillary acidic protein. Spearman correlation was used

for correlation analysis

(Fig. 4C); and TNF-«a also showed positive correla-
tion (r=0.6473, p<0.0001) (Fig. 4D). GFAP showed a
weak correlation with PsEVs concentration (r=0.5155,
p<0.0001) (Fig. 4E), and synaptophysin showed a weak

correlation (r=0.5752, p <0.0001) (Fig. 4F).

Correlations of ACE-Ill and MMSE scores with protein levels
of amyloid-f (1-42), p-Tau, IL-13, and TNF-a in PSEVs

We performed a correlation analysis between ACE-III
and MMSE values with the level of amyloid-p (1-42),

p-Tau, IL-13, TNF-a, GFAP, and synaptophysin (Fig. 5).
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We found that ACE-III and MMSE values were nega-
tively correlated with all the protein levels except syn-
aptophysin, which showed a positive value for the
correlation coefficient. ACE-III values showed a nega-
tive correlation with amyloid-f (1-42) (r=-0.5107,
p<0.0001) (Fig. 5A), p-Tau (r=-0.5055, p<0.0001)
(Fig. 5B), IL-1B (r= —0.5684, p<0.0001) (Fig. 5C), and
TNF-« (r= —0.6110, p <0.0001) (Fig. 5D). ACE-III values
showed a negative correlation with GFAP (r= —0.5024,
p<0.0001) (Fig. 5E), while synaptophysin showed a posi-
tive correlation (r=0.5036, p<0.0001) (Fig. 5F). In the
case of MMSE, the values were as follows: for amyloid-3
(1-42) (r=-05276, p<0.0001) (Fig. 5G), p-Tau
(r=—0.6081, p<0.0001) (Fig. 5H), IL-1p (r=—0.5743,
p<0.0001) (Fig. 5I), TNF-a (r=—0.5522, p<0.0001)
(Fig. 5]), GFAP (r=—0.4596 p=0.0002) (Fig. 5K), and
synaptophysin (r=0.5428, p<0.0001) (Fig. 5L). Table 3
summarizes all the values of Correlation coefficients for
all the PsEVs-derived proteins.

Discussion

In this study, we aimed to investigate the capacity of
PsEVs to mirror pathological processes linked to AD and
MCI. sEVs are extensively documented in the propaga-
tion of pathological processes associated with neurode-
generative and metabolic disorders [60]. The increased
secretion of sEVs, coupled with the transmission of
disease-related pathologies through sEVs-associated
cargo, makes sEVs a viable candidate for understanding
the physiological state of their originating cells, which
is reflected in sEVs cargo [61]. To isolate the PSEVs, we
employed a combined approach involving chemical pre-
cipitation followed by ultrafiltration, which effectively
eliminates co-precipitants and minute protein con-
taminants such as albumin and LDL. We employed the
neuronal protein LICAM as a marker to ascertain the
neuronal origin, although there is a debate surround-
ing its specificity for neuronal origin [62]. Neverthe-
less, in our study, the LICAM marker is used to check
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for protein markers and not to confirm L1CAM affinity-
based isolation. A two-step filtration procedure was used
to accompany the sEV isolation method in our study to
ensure high purity. Spherical lipid bi-layered vesicles
within the typical size range of small extracellular vesi-
cles (30-150 nm) were observed across AD, MCI, and
AMC subjects (Fig. 1A—C). NTA was employed to study
the size distribution of sEVs in AD, MCI, and AMC. We
observed that the isolated PsEVs come within the size
range of <200 nm, and there was a notable increase in the
number of particles in diseased conditions compared to
the control group. (Fig. 1D-G).

Validation using sEVs-specific markers (CD63, CD81,
and TSG101) demonstrated a noteworthy upregulation
in MCI and AD, indicating PsEVs numbers are increased
in disease conditions (Fig. 2A-D). Levels of sEV-specific
markers in AD and MCI are elevated because PsEV num-
bers are increased in the disease condition. As docu-
mented by various studies in MCI and AD, there is an
increase in cross-talk between different pathophysi-
ological processes, which leads to an increase in sEVs
number and sEVs specific marker as a cellular response
to heightened cellular stress aggravating neuronal dam-
age and synaptic dysfunction [33, 63, 64]. Neuroinflam-
mation, a characteristic feature of AD and MCI, may
lead to the release of sEVs with inflammatory markers.
Synaptic dysfunction, evidenced by synaptic degen-
eration, could contribute to the increased sEV-specific
markers, reflecting vesicle release in response to altered
synaptic activity [9, 65]. Additionally, cells undergoing
stress might activate compensatory mechanisms, and the
elevated sEV-specific markers could signify communi-
cation for potential repair or damage mitigation. There-
fore, the increase in sEV-specific markers may be linked
to the progression of neurodegenerative processes, indi-
cating ongoing pathological changes in the brain as the
disease progresses. Additionally, the elevated expression
of LICAM, a neuron-associated marker, in MCI and AD
further strengthens the association between PsEVs and

Table 3 Correlation analysis of PsEVs-derived amyloid-f3 (1-42), p-Tau, IL-13, TNF-a, GFAP, and synaptophysin with neuropsychological

scores

S.no Markers PsEVs concentration ACE-Ill scores MMSE scores
1 Amyloid-B (1-42) r=0.7196 r=-0.5107 r=-0.5276

2 p-Tau r=0.7960 r=-0.5055 r=-0.6081

3 IL-13 r=0.7220 r=-0.5684 r=-0.5743

4 TNF-a r=0.6473 r=-06110 r=-0.5522

5 GFAP r=0.5155 r=-0.5024 r=—-04596

6 Synaptophysin r=0.5356 r=0.5036 r=0.5428

viz., Addenbrooke Cognitive Examination (ACE-IIl) and Mini-Mental State Examination (MMSE) scores

Abbreviations: TNF-a Tumor necrosis factor-alpha, GFAP Glial fibrillary acidic protein. Spearman correlation was used for correlation analysis
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neurodegenerative processes (Fig. 2E). Furthermore,
our observations extend beyond AD and MCI, showing
increased concentrations of sEVs in other health condi-
tions where higher levels of these vesicles correlate with
elevated levels of disease markers [53-55]. The results
of our research provide valuable insight into the char-
acterization, validation, and functional implications of
plasma-derived small extracellular vesicles (PsEVs) in
the context of AD and MCI. Our comprehensive analy-
sis encompassed morphological, biochemical, and func-
tional aspects, shedding light on the potential role of
PsEVs as biomarkers and contributors to neurodegenera-
tive processes.

For this purpose, we performed the ELISA of
amyloid-p (1-42) in PsEVs, where we observed higher
protein concentrations of amyloid-p (1-42) in MCIL. At
the same time, in AD, the concentration also significantly
increased (Fig. 3A). In a similar study by A. Manolopou-
los et al. [66], they studied levels of AB42, total Tau, and
pro-brain-derived neurotrophic factor (BDNF) in both
plasma neuron-derived extracellular vesicles (NDEVs)
and plasma. The study reported a lack of correlation
between the plasma and NDEVs, substantiating con-
cerns about levels of the AB42 and total Tau measured
in plasma originating from non-CNS sources. Multiple
studies support the involvement of extracellular vesicles
(EVs) in AD pathogenesis, where AP and Tau are released
in association with EVs, influencing neuronal cell death
and trans-synaptic spreading of the disease [7, 15, 54,
67]. A progressive elevation in PSEV levels of p-Tau was
observed in MCI, reaching a significantly higher AD
concentration (Fig. 3E). Previous research has revealed
that p-tau alone effectively differentiates Frontotemporal
Dementia (FTD) from AD with high specificity [68, 69].
In our study, the alone analysis of p-Tau and amyloid-§
(1-42) proved effective in distinguishing patients with
MCI from AMC (Table 2). Consequently, studies have
reported that the elevation of p-Tau suggests the future
likelihood of AD development [70]. This dual elevation in
amyloid-p (1-42) and p-Tau levels highlights their poten-
tial utility as concurrent biomarkers associated with MCI
and AD diagnosis, as indicated by our ROC analysis.
Therefore, the investigation into PsEV content revealed
significant alterations in key markers associated with AD
pathology, viz., amyloid-p (1-42) and p-Tau, which are
a well-established marker of AD and exhibit an elevated
level in PSEVs from AD and MCI patients compared to
AMC in our study.

Synaptic dysfunction is considered a core feature of
AD. It is suggested to precede other pathophysiological
events of AD rather than neurodegeneration, which man-
ifests during the later stages of the disease [71]. Synaptic
dysfunction interacts with other core pathophysiology
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events of AD, such as the amyloid-f cascade, tau pathol-
ogy, and neuroinflammation, eventually progressing to
irreversible neurodegeneration and atrophy [72, 73].
In this context, the synchronized exchange of proteins
involved in these pathological processes between the
CNS and neuronal-derived sEVs highlights the potential
of sEVs as reliable carriers of pathophysiological cascade
occurring at the pathological site [74]. In Fig. 3U, we
observed downregulated synaptophysin levels, a synap-
tic vesicle marker, in AD PsEVs compared to MCI and
AMC. This suggests synaptic degeneration, which has
also been discussed in several studies [59, 63, 64]. Syn-
aptic damage induced by amyloid-p deposition triggers a
response from the glia to eliminate impaired synapses. As
amyloid-p accumulates, the severity of synaptic dysfunc-
tion intensifies, leading to tau hyperphosphorylation and
the formation of tau tangles. Our study’s findings contra-
dict J. Utz et al. (2021), which showed increased synapto-
physin levels in microvesicles isolated from cerebrospinal
fluid (CSF) in AD [28]. This discrepancy could be due
to different biofluid sources, cellular origins, or clear-
ance mechanisms for synaptophysin in these compart-
ments. Our study also differs from Utz J et al. (2021) as
we have studied PsEVs compared to microvesicles; both
differ in biogenesis, structure, and functions. Moreo-
ver, our study aligns with existing studies that reported
lower synaptophysin levels in plasma neuronal-derived
EVs. Goetzl et al. [75] investigated the synaptic protein
levels in neuronal-derived exosomes in plasma (NDEs)
of patients with FTD and AD, where the authors found
significantly lower levels of synaptopodin, neurogranin,
synaptophysin, and synaptotagmin-2 in both conditions
compared to controls. Furthermore, our results also align
with the overall synaptic loss seen in AD patient’s brains,
where lower levels of synaptophysin in the hippocampus
have been reported to correlate with cognitive decline in
AD [59]. Our study found that no significant difference
in synaptophysin levels between MCI and AMC was
observed, indicating that synapse dysfunction is more
pronounced due to neuronal loss in the advanced disease
stage, and its indication is reflected in PsEVs. Since the
PsEVs pool also contains neuronal-derived EVs, we inter-
polate that the reduction in synaptic proteins in brain tis-
sue is reflected in our results.

IL-1B, a potent immunomodulating cytokine, has pre-
viously been identified as a trigger for various inflamma-
tory mediators in astrocytes and neurons [76]. Consistent
evidence from post-mortem AD brain studies indicates
the prevalent overexpression of IL-1f, with immunohis-
tochemical analyses revealing its localization to microglia
around plaques [77]. Moreover, pro-inflammatory mark-
ers (IL-1 and TNF-«) were significantly higher in PsEVs
from AD and MCI subjects, as evidenced by ELISA
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and Western blot findings in our study (Fig. 31 and M).
Table 3 summarizes the correlation between PSEVs and
neuroinflammatory markers. IL-1p plays a direct role
in the pathophysiological changes associated with AD
owing to its specific expression in the vicinity of plaques,
and this localization suggests IL-1[ as a mediator in the
formation of plaques and tangles, thereby contributing
to AD pathology [65]. TNF-a, another pro-inflammatory
cytokine primarily secreted by activated macrophages
and microglia, is recognized for its dual role in promot-
ing cell survival and death in the central nervous system
(78, 79].

The cytoskeletal GFAP is found in astrocytic cells [80].
Increased plasma GFAP levels could result from “reactive
astrogliosis,” another term for aberrant astrocytic func-
tion brought on by damage to neurons [81]. According to
research on animal and cell models, reactive astrocytes
encircle and penetrate amyloid-f plaques, contributing to
the amyloid-f pathological process [82, 83]. Research has
demonstrated a correlation between amyloid-f burden,
cognitive decline, and plasma GFAP [83]. PSEVs of GFAP
were elevated in AD [27] and MCI (Fig. 3Q). It is well
known that sEVs play a pivotal role in the progression of
disease pathologies in neurodegenerative and metabolic
diseases [33, 84]. The high levels of neuro-inflamma-
tory markers (GFAP, TNF-qa, and IL-1f) in PsEVs from
MCI and AD subjects suggest a potential role of PsEVs
in neuroinflammation. This activation of astrocytes and
microglia precedes increased secretion of pro-inflamma-
tory PsEVs and may contribute to neuronal damage and
progressive cognitive impairment. Diseased conditions
involve an increased secretion of sEVs and the cargo they
carry, including pathological hallmark proteins or immu-
nomodulatory cytokines [33].

Correlation analyses unveiled positive associations
between PsEVs concentration and the protein levels of
amyloid-p (1-42), p-Tau, IL-1B, TNF-a, GFAP, and syn-
aptophysin (Fig. 4). Furthermore, our study also analyzed
the correlation between cognitive examination scores
(ACE-III and MMSE) and PsEV-associated protein lev-
els (Fig. 5). The negative correlations observed imply
that lower cognitive scores align with elevated levels
of amyloid-f (1-42), p-Tau, IL-1B, and TNF-« in PsEVs
Table 3. This implies a strong connection between PSEV
biomarkers and cognitive decline, reinforcing that PSEVs
could serve as valuable diagnostic and prognostic tools.
These findings underscore the potential of PSEVs as reli-
able disease progression and pathology indicators. The
robust correlations further support the hypothesis that
PsEVs may actively participate in disseminating neurode-
generative signals.

Our study extensively studied the multiple pathophysi-
ological processes associated with AD by checking the
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protein levels involved in these processes within PSEVs,
including amyloid-B (1-42), p-Tau, neuroinflammatory
markers (IL-1B, TNF-a, GFAP), and synaptic protein lev-
els. This comprehensive approach enhances diagnostic
accuracy by considering the synergistic effects of these
processes, providing valuable insights into disease pro-
gression from MCI to AD. We have also performed a
systematic comparison with MCI, which was lacking in
previous studies. We observed a significant correlation
between these investigated protein levels within PsEVs
and neuropsychological tests, thus filling a research gap
addressing the clinical relevance of these dysregulated
pathophysiological processes. The observed downregu-
lated synaptophysin levels in AD PsEVs compared to
MCI and control subjects shed light on the combined
role of neuroinflammation and proteinopathy in the cog-
nitive decline observed as the disease progresses. This
finding suggests that PsEVs may reflect synaptic degen-
eration, opening avenues for further exploration into the
role of PsEVs in synaptic damage and dysfunction in neu-
rodegenerative diseases.

Conclusions

Our study provides a multifaceted examination of PSEVs,
offering compelling evidence of their potential as bio-
markers and functional contributors in AD. We have
comprehensively discussed the synergistic role of synap-
tic dysfunction and neuroinflammation and their asso-
ciation with amyloid-p and tau pathologies within the
PsEVs in AD progression. The pathophysiological con-
ditions in the MCI and AD brain are reflected in PsEVs,
as observed by the increased concentration of PsEVs
containing disease-associated markers and markers for
synaptic dysfunction and neuroinflammation. Therefore,
the PSEVs can be exploited to understand the pathophysi-
ological process involved in the progression and severity
of MCI and AD.
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