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Abstract: The hallmarks of Alzheimer’s disease (AD) pathology are senile plaques containing
amyloid-beta (Aβ) and neurofibrillary tangles containing hyperphosphorylated tau. Additional
pathologies often co-exist, whereas multiple pathogenic mechanisms are involved in AD, especially
synaptic degeneration, which necessitate the need for synaptic integrity-related biomarkers along-
side Aβ- and tau-related biomarkers. Plasma neuron-derived Extracellular Vesicles EVs (NDEVs)
provide biomarkers related to Aβ and tau and synaptic degeneration. Here, to further establish the
latter as a “liquid biopsy” for AD, we examined their relationship with ante-mortem cognition in
pathologically-confirmed AD cases. We immunoprecipitated NDEVs by targeting neuronal marker
L1CAM from ante-mortem plasma samples from 61 autopsy-confirmed cases of pure AD or AD with
additional pathologies and measured Aβ42, p181-Tau, total Tau, synaptophysin, synaptopodin and
three canonical EV markers, CD63, CD81 and CD9. Higher NDEV Aβ42 levels were consistently
associated with better cognitive status, memory, fluency, working memory and executive function.
Higher levels of NDEV synaptic integrity-related biomarkers were associated with better performance
on executive function tasks. Our findings motivate the hypothesis that releasing Aβ42-laden NDEVs
may be an adaptive mechanism in AD.

Keywords: extracellular vesicles; autopsy; Alzheimer’s disease; mixed pathology; exosomes; neuron-
derived extracellular vesicles

1. Introduction

The pathogenesis of Alzheimer’s disease (AD) involves the progressive accumula-
tion of extracellular plaques containing misfolded amyloid-beta (Aβ) and intracellular
neurofibrillary tangles (NFT) containing misfolded Tau, which lead to synaptic loss and
neurodegeneration. The definitive diagnosis of AD still relies on demonstrating the pres-
ence of these hallmark pathologies during autopsy [1,2]. However, it is increasingly being
recognized that AD pathologic changes are rarely the only ones to be found in individuals
who died with Mild Cognitive Impairment (MCI) or AD dementia. Additional pathologies,
such as cerebrovascular pathologies of variable severity (from frank infarcts to microscopic
cortical infarcts to microvascular disease), cortical and subcortical Lewy bodies, TDP-43
inclusions, and lesions associated with Frontotemporal Lobar Degenerations (FTLD) often
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co-exist with canonical AD pathologic lesions [3]. However precise they may be, neu-
ropathological assessments are not useful when it comes to diagnosing a living individual
with suspected AD in the clinic or establishing eligibility for clinical trials.

To accurately diagnose living individuals with AD, detect additional pathologies and
predict the course of their disease, we need to rely on biomarkers. The field has experienced
a paradigm shift so that the clinical diagnosis of probable AD is currently supplemented
by a diagnosis of high, medium or low probability of underlying AD pathology based
on biomarkers for “A/T/N”. This is a flexible and expandable conceptual framework
with the dual goal of categorizing various AD biomarkers that have been developed over
the years and staging the disease based on biomarkers that reflect different pathologic
processes [4]. Specifically, “A” reflects amyloid pathologies and is currently best being
ascertained by CSF Aβ42 and/or amyloid PET; “T” refers to fibrillar tau and is currently
being assessed by CSF p-Tau and/or Tau PET; and “N” denotes neurodegeneration or
neuronal injury and is currently being assessed by CSF total-Tau and atrophy on structural
MRI [4]. Furthermore, biomarkers reflecting synaptic loss, an early feature of AD that
correlates with cognitive impairment [5], are often being considered as part of “N”. Both
IWG and NIA-AA concluded that the minimum requirement for an individual to belong
in the AD spectrum is a demonstration of abnormal amyloid-related biomarkers [6,7];
therefore, currently, biomarkers reflecting “A” are foundational.

Current A/T/N biomarkers provide greater sensitivity and specificity compared
to clinical diagnosis and cognitive tests [8], yet they depend on CSF sampling and/or
amyloid and/or Tau PET, which are invasive and/or expensive and not widely available.
Blood-based biomarkers are without doubt less invasive, more convenient, affordable
and widely available compared to CSF and PET biomarkers. Moreover, current A/T/N
biomarkers have significant limitations, most notably the fact that they reach a plateau
during the progression of clinical AD, which makes them less than ideal for monitoring
disease evolution and assessment of treatment response [9,10].

Extracellular vesicles (EVs) are membranous nanoparticles released from all cells
including neurons, ranging from 30 nm to 1 µm in diameter and originating from the
endosomal system (exosomes) or through direct shedding from the plasma membrane
(microvesicles) [11,12]. It is widely accepted that their cargo reflects the physiologic state
and pathogenic processes in the originating cell [12]. We and others have contributed to the
development of a new class of blood biomarkers for AD by leveraging the cargo of neuron-
derived extracellular vesicles (NDEVs) selectively immunocaptured from plasma [13–16].
Previous studies have shown that NDEV biomarkers, including Aβ42, p-Tau and total Tau,
can accurately discriminate between individuals with clinical AD and controls, predict
future AD diagnosis at the preclinical stage, and predict conversion from MCI to AD
dementia and future cognitive decline among individuals at higher genetic risk for the
disease [13,15,17]. Moreover, others have shown that NDEV Aβ42 and Tau levels are
strongly correlated with their CSF levels [17]. Furthermore, synaptic proteins in NDEVs
have shown significant correlations with cross-sectional Mini-Mental State Examination
(MMSE) scores, suggesting that they may be able to reflect disease severity spanning clinical
disease [18]. Conceptually, amyloid, Tau and synaptic integrity-related NDEV biomarkers
can be readily incorporated into the A/T/N classification scheme. However, their ability to
discriminate between individuals harboring additional pathologies and those with pure
AD, as well as to track pathologic progression and cognitive decline in individuals with
clinical AD, has not been explored.

In this study, we hypothesized that NDEV biomarkers for A/T/N may achieve these
two goals: discriminate between individuals with definitive AD diagnosis with or without
additional pathologies and track cognitive decline across a wide range of disease severity.
To that end, we analyzed plasma samples of 61 cases from the Johns Hopkins Alzheimer’s
disease Research Center (ADRC) who received an ante-mortem dementia diagnosis and
underwent autopsy. We found that the NDEV markers examined were not able to dis-
criminate between individuals with Pure AD (PurAD) pathology and those with AD and
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mixed pathologies (mild or severe). However, NDEV Aβ42 levels were associated with
cognitive performance across multiple cognitive domains (and a trend with Braak stage),
whereas NDEV biomarkers for “T” (p181-Tau) and “N” (t-Tau and synaptophysin and
synaptopodin) showed associations with ante-mortem cognitive performance.

2. Materials and Methods
2.1. Participants

Participants were 61 volunteers with the Johns Hopkins Alzheimer’s Disease Research
Center (ADRC) Clinical Core for whom cognitive assessments, ante-mortem plasma, and
neuropathological data were available and who had AD pathology present at autopsy. A
Johns Hopkins University Institutional Review Board oversaw the activities of the ADRC
Clinical Core. Written informed consent from each participant was obtained, as well as
post-mortem autopsy consent provided by a legally authorized representative.

2.2. Neuropathological and Cognitive Assessments

The ADRC Clinical Core recruits and follows diverse participants aged 60 and older
and/or who suffer from cognitive disorders. The ADRC has been following participants
for over 30 years and offers a brain donation (autopsy) option. As of 31 December 2020, the
ADRC had 493 active participants.

Participants are seen annually for in-person comprehensive assessments involving
standardized history, neuropsychological testing, as well as neurologic and mental status
examinations. At the core of this annual assessment is the Uniform Data Set (UDS; https://
naccdata.org/data-collection/forms-documentation/uds-3) developed by the NIA-funded
AD Centers program, kept in a database curated by the National Alzheimer’s Coordinating
Center (NACC; https://naccdata.org). Blood specimens (i.e., plasma, serum and DNA),
for the purposes of studying blood biomarkers, were collected from approximately 96% of
participants over the last 14 years.

Approximately 75% of participants consented to brain donation and approximately
80% of individuals who died while enrolled in this program received an autopsy in the
department of pathology at Johns Hopkins. Standardized pathologic examination of the
brain was conducted for diagnostic purposes by the ADRC Neuropathology Core and
recorded in the NACC database. This autopsy case series involved all ADRC participants
who came to autopsy over the last 14 years for whom stored plasma was available.

Cognitive assessments [19] including Logical Memory, Digit Span Forward, Digit
Span Backwards, WAIS-R Digit Symbol, Logical Memory delayed, animal fluency, veg-
etable fluency, and Trails A and B were conducted at ADRC visits after 2005 when NACC
switched from the minimum dataset (MDS) [20] to the more comprehensive uniform dataset
(UDS) [21]. Visits prior to 2015 included MMSE, and visits after 2015 included the Montreal
Cognitive Assessment MoCA [22]. To enable comparison across participants and time
points we used a published “crosswalk” to translate MOCA scores to estimated MMSE
scores [23].

2.3. Extracellular Vesicle Isolation

Neuron-derived extracellular vesicles were isolated from 0.5 mL human plasma sam-
ples with minor modifications to our previously published protocol [14]. Briefly, aliquots
of 0.5 mL plasma were incubated with 5 µL of Thrombin preparation (System Biosciences,
Mountain View, CA, USA) for 30 min at room temperature, followed by addition of
0.495 mL of calcium- and magnesium-free Dulbecco’s balanced salt solution (DBS) with
protease inhibitor cocktail (Roche, Indianapolis, IN, USA) and phosphatase inhibitor cock-
tail (Thermo Fisher Scientific; DBS++) [16,24]. After centrifugation at 4000× g for 20 min
at 4 ◦C, total particles were precipitated with 252 µL per tube of ExoQuick (System Bio-
sciences, Mountain View, CA, USA) and centrifugation at 1500× g for 20 min at 4 ◦C. Of
note, recent investigations have shown that ExoQuick recovers the highest concentration
of EV material from small amounts of plasma among competing methods [25], which
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is the main objective of this step. To isolate an enriched subpopulation of NDEVs with
high purity, total particles (TEVs) were resuspended in 0.7 mL of ddH2O supplemented
with protease and phosphatase inhibitors and 0.5 mL of TEVs were incubated for 60 min
at room temperature with 2.7 µg of mouse anti-human CD171 (L1CAM neural adhesion
protein) biotinylated antibody (clone 5G3; eBiosciences, San Diego, CA, USA) in 3% BSA
with mixing for 120 min, followed by addition of 26 µL of streptavidin agarose Ultralink
resin, respectively (ThermoFisher Scientific, Waltham, MA, USA) in 3% BSA and incubation
for 60 min at room temperature with mixing. After centrifugation at 800× g for 10 min
at 4 ◦C and removal of the supernatant, each pellet was suspended in cold 0.1 M glycine-
HCl (pH 3.0) by gentle mixing for 10 s and centrifuged at 4500× g for 5 min, all at 4 ◦C.
Supernatants then were transferred to clean tubes containing 3% BSA and 1 M Tris-HCl
(pH 8.0) and mixed gently. An aliquot of 10 µL of intact NDEVs was removed from each
tube for NTA analysis before addition of mammalian protein extraction reagent (M-PER,
ThermoFisher Scientific Waltham, MA, USA). Resultant lysates of NDEVs were stored at
−80 ◦C.

We performed NDEV characterization by Western blots (more extensive NDEV char-
acterization was reported as part of previous manuscripts [15,16]), Exoview analysis and
Transmission Electron Microscopy (TEM) imaging. The protein concentration of the samples
was measured with BCA assay according to the manufacturer’s protocol. Five micrograms
of each sample were mixed with LDS sample loading buffer (ThermoFisher Scientific,
Waltham, MA, USA) and boiled at 70 ◦C for 10 min. Samples were separated in 4–12%
NuPAGETM Bis-Tris 1.0 mm gel system (ThermoFisher Scientific, Waltham, MA, USA)
and EV proteins were transferred system onto nitrocellulose membrane by iBlot 2 transfer
(ThermoFisher Scientific, Waltham, MA, USA). Membranes were blocked with 5% non-fat
dried milk (Cell Signaling, Denver, MA, USA, 9999) in 1X TBS-T for 1 hr at RT followed
by overnight incubation at +4 ◦C with following antibodies; CD9 (1:500; Biolegend, San
Diego, CA, USA, 312102) and ALIX (1:1000; Cell Signaling, Denver, MA, USA, 2171), as
positive EV markers; L1CAM (1:1000; BD Biosciences, SanDiego, CA, USA, 554273), the
target of enrichment; and ApoA1 (1:500, R&D Systems, Minneapolis, MN, USA; AF3664),
to examine relative plasma purity of lipoprotein contaminants. After incubation with
primary antibodies, membranes were incubated with HRP-conjugated anti-mouse (1:3000;
Cell Signaling, Denver, MA, USA, 7076) for CD9 and ALIX and L1CAM and anti-goat
(1:5000; Santacruz, Santa Cruz, CA, USA) for ApoA1. After washing four times with 1X
TBS-T, membranes were incubated with Amersham ECL prime solution (GE Healthcare,
Silver Spring, MD, USA) and images were captured with Azure Sapphire Biomolecular
imaging system (Azure Biosystems, Dublin, CA, USA) (Figure 1A). In addition, the average
diameter and concentration of intact NDEVs were quantified by Nanoparticle Tracking
Analysis (NTA) with NanoSight NS500 (Malvern Panalytical Ltd., Worcestershire, UK)
(Figure 1B).

For TEM, NDEV samples were fixed with 2% PFA and samples were deposited on
Formvar-carbon coated EM grids for 20 min. Grids were then washed with PBS and
incubated with 1% glutaraldehyde for 5 min. Afterward, grids were washed with DI water
eight times. Grids were treated with uranyl–oxalate solution for 5 min and incubated with
methyl cellulose-UA for 10 min on ice. After removing any excess liquid on grids, they
were air-dried. TEM images were acquired with Hitachi 7600 TEM (Figure 1C).

We analyzed tetraspanin expression in NDEVs by ExoView R200 (Nanoview Bio-
sciences, Brighton, MA, USA) following the manufacturer’s instructions. Briefly, NDEV
samples were incubated on the ExoView Tetraspanin chip on a 24-well plate overnight
(for 16 h); then, the chip was washed three times with 1X Solution A; finally, we added
detection antibodies anti-CD81(CF 555), anti-CD63 (CF 488) and anti-CD9 (CF 647) for one
hour. The chip was then washed twice with solution A, once with solution B, and finally
with DI water. Images were acquired and analyzed with ExoScan software (Nanoview
Biosciences, Brighton, MA, USA) (Figure 1D).
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Figure 1. Western blot analysis of L1CAM, Alix, ApoA1 and CD9 in L1CAM + NDEVs, Total EVs,
and EV free plasma, N = 3 cognitively normal individuals (A). Representative size distribution of
three NDEV samples by NTA analysis. Average number of NDEVs was 2.73 × 1010 ± 1.72 × 1010 par-
ticles/mL and the mode of NDEV diameters was 179.44 nm ± 51.59 nm (B). Representative negative
stain (Oxalate) Transmission Electron Microscopy images of NDEV samples (C). Exoview analysis of
NDEVs by using ExoView Tetraspanin chip and characteristic image; the analysis demonstrates that
NDEVs express all major tetraspanins and that a majority of them express CD9 compared to CD81
and CD63 (D).

2.4. Biomarker Measurements

We quantified Aβ42, p181-Tau and total Tau levels using a Luminex-based multiplex
assay (EMD Millipore Corporation, Billerica, MA, USA), and used ELISAs to quantify
the presynaptic marker synaptophysin (Cusabio Biotech Co., Ltd., Houston, TX, USA)
and the post-synaptic marker synaptopodin (LifeSpan BioSciences, Seattle, WA, USA) in
NDEVs. Furthermore, we quantified three tetraspanin molecules (CD63, CD81 and CD9)
for NDEVs, which are widely considered as canonical EV markers [26], using a novel
electrochemiluminescence-based multiplex immunoassay for intact EVs developed by
Meso Scale Discovery (Meso Scale Discovery, Rockville, MD, USA). This assay depends on
capturing antibodies against three individual tetraspanins, CD63, CD9, CD81 and isotype
control mouse IgG and cocktail of all three tetraspanin antibodies conjugated with SULFO-
TAG for detection. The geometric mean of the concentrations for three tetraspanins was
calculated to better reflect the total yield of NDEV biomarkers for each sample since it is
now well-established that different sub-populations of EVs exist with variable tetraspanin
expression [27,28]. Essentially, normalization of NDEV biomarkers by the geometric mean
of tetraspanins is used to express their levels per standardized unit of EV content for
each sample (conceptually equivalent to expressing the measured concentration of each
biomarker per recovered EV).

2.5. Statistical Analysis

To account for varying EV isolation efficiency, NDEV biomarkers were standardized
by dividing their values by the geometric mean of their respective canonical EV marker
levels (tetraspanins CD9, CD181, and CD63).

To determine if it is possible to discriminate between “pure” AD (N = 21) and those
with mixed pathologies including AD (N = 40), we fit a series of independent sample
t-tests using individuals’ last biomarker sample. To examine the relationships between
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antemortem cognitive performance and NDEV biomarkers, we fit linear regressions with
a random intercept to account for autocorrelation among individuals contributing more
than one sample. All hypothesis tests were two-sided; due to the exploratory nature of our
work, we did not adjust p-values for multiple comparisons.

3. Results
3.1. Participants Characteristics

We analyzed 76 plasma samples from 61 participants who underwent autopsy, i.e.,
15 participants had two samples available, while 46 had one sample available. The cohort
consisted of 31 females and 30 males, 77.2 (9.6) (mean, (SD)) years old. Mean cognitive score
(MMSE/MOCA) at last visit was 21.1 (SD = 5.7). A mean of 52.8 months (SD = 27) elapsed
between the last ADRC visit with a plasma sample and death. During the pathological
examination, different proteinopathies (Lewy Body Disease, FTDL, etc.) and vascular
pathologies were observed in addition to AD pathologies (Table 1). Participants were
divided into groups of “pure” AD (N = 21) or AD with various degrees of additional
pathologies (N = 40) (mild or severe, as per McAleese et al. [29]).

Table 1. Demographics of the participants for this study.

Variables Pure AD
(n = 21)

Mixed AD
(n = 40)

Total
(n = 61)

Age at time of blood draw, mean (SD) 76.9 (12.3) 77.3 (8.5) 77.2 (9.6)
Male 13 (62%) 17 (43%) 30 (49%)

Race [White (%)/African American (%)] 21 (100%)/0 (0%) 35 (88%)/5 (13%) 56 (92%)/5 (8%)
Education, mean (SD) 15.7 (2.9) 15.7 (2.8) 15.7 (2.8)

MMSE total, mean (SD) 21.3 (5.9) 21.0 (5.6) 21.1 (5.7)
Years of follow-up from (earliest, if more

than one) sample to death, mean (SD) 8.6 (8.3) 7.3 (3.7) 7.7 (5.7)

Months from Visit to Death (mean (SD)) 50.7 (24.5) 53.7 (28.2) 52.8 (27.0)

3.2. NDEV A/T/N Biomarkers Did Not Distinguish between Pure AD and AD with
Mixed Pathologies

Examined A/T/N biomarkers did not distinguish between individuals with pure
AD pathology and those with additional pathologies (for all group comparisons, p > 0.05).
Moreover, there were no differences in NDEV average diameter and concentration by NTA.
Furthermore, individual tetraspanin levels in NDEVs and their geometric means did not
differ between groups (p > 0.05), ruling out the possibility of differences in the concentration
of circulating NDEVs between groups and in their recovery by our methods.

3.3. NDEV Biomarkers and Ante-Mortem Cognitive Performance

We examined the association of A/T/N biomarkers in NDEVs with different ante-
mortem cognitive scores of participants. Higher Aβ42 levels were consistently significantly
associated with multiple cognitive performance measures indicating better global cognition,
memory, fluency, working memory and executive function (Figure 2). In an exploratory
fashion, we examined the association between Aβ42 levels in NDEVs and Braak stag-
ing and found an inverse association trend (β: −0.013; 95% CI −0.026–0.001; p: 0.073).
Higher NDEV p181-Tau levels were associated with worse digit span backward perfor-
mance (β: 0.029; 95% CI: 0.002–0.056; p: 0.038) and worse TMT-B scores (β: −1.512; 95%
CI −3.00–0.028; p: 0.046) (Supplementary Figure S1). However, NDEV t-Tau was not asso-
ciated with ante-mortem cognitive performance (Supplementary Figure S2). Both NDEV
t-Tau/Aβ42 (β: 0.035; 95% CI: 0.008–0.062; p: 0.009) and p-Tau/Aβ42 ratios (β: 1.454; 95%
CI: 0.676–2.232; p < 0.001) were associated with better forward digit span, but p-Tau/Aβ42
was associated with worse backward digit span (β: −1.555; 95% CI: −1.984–1.126; p < 0.001)
(Supplementary Figures S3 and S4).

Regarding synaptic integrity-related NDEV markers, higher synaptophysin levels were
associated with better digit-span backwards scores (β: 0.00004; 95% CI: 0.00006–0.00002;
p: 0.028), lower (better) TMT-B scores (β: −0.002; 95% CI: −0.003–−0.001; p: 0.030), and (at
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trend level) with higher (better) animal fluency scores (0.05 < p < 0.1). On the other hand,
higher synaptopodin levels were only associated with lower (better) TMT-B scores (β: −5.916;
95% CI: −8.665–−3.167; p: 0.031) (Figure 3 and Supplementary Figures S5 and S6).
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4. Discussion

Several lines of evidence suggest that EVs carry aggregation-prone peptides involved
in neurodegenerative diseases, including various Aβ and Tau species [30]. We and others
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have shown that NDEV A/T/N biomarkers, especially p181-Tau and p231-Tau, predict
future AD diagnosis and cognitive decline in older people [14,15,31]. Furthermore, in a
study involving multiple AD mouse models, we demonstrated that NDEV levels of Aβ42
and p181-Tau have moderate to strong correlations with their respective brain levels [32].
In this study, we examined the ability of plasma NDEV biomarkers reflecting A/T/N
processes to distinguish between individuals with pure AD pathology and those with
AD pathology and various degrees of additional pathologies on autopsy. Moreover, we
assessed their ability to track the cognitive severity of clinical AD. The lack of significant
differences between individuals harboring only AD pathology and those harboring addi-
tional pathologies suggest that these additional pathologies may not modify NDEV A/T/N
cargo although biomarkers capturing these additional pathologies might, suggesting an
additive effect to that of Aβ and Tau.

Our strongest findings concern NDEV Aβ42, which was consistently associated with
performance on multiple cognitive domains (cognitive status, memory, fluency, working
memory and executive function). In terms of its origin, NDEV Aβ42 may reflect intraneu-
ronal endosomal Aβ42 [31], according to the mechanism of EV biogenesis. However, the
fact that it is largely located on the outer surface of EVs [33] suggests that NDEV Aβ42 may
also reflect soluble Aβ42 that became associated with EVs in the extracellular environment
or even in plasma. CSF Aβ42 levels in healthy older adults have been associated with future
decreases in cognitive performances in [34], which is a report that agrees with our finding
of higher NDEV Aβ42 levels being associated with better cognitive performance.

NDEV p181-Tau levels were associated with the frontal lobe-mediated executive (Digit
Span Backward and TMT-B), although t-Tau was not associated with cognitive variables.
Higher CSF tau and p-Tau levels have been associated with worse cognitive performance
at the AD dementia stage [35,36], but in our sample blood, NDEV p181-Tau was associated
with better performance on Digit Span Backward and Trails B. A benefit of measuring
AD-related biomarkers in NDEVs compared to plasma is improved overall detectability,
especially in controls. For instance, in this study, NDEV P-tau181 concentrations measured
were above the lowest limit of quantification (LLOQ) for all samples, whereas in studies
of plasma using even highly sensitive novel assays (P-tau181 Eli Lilly, P-tau181 ADx, and
P-tau217 Eli Lilly), a large proportion of control samples were measured below the LLOQs
of the assays [37]. Finally, NDEV average diameter, concentration and canonical cargo did
not differ across stages of clinical AD, allowing the use of relevant measures as normalizers
and arguing against the possibility of changes in the concentration and size of circulating
NDEVs induced by the presence of AD pathology.

Synaptic function underlies cognitive and memory performance and the progressive
degeneration of synapses may underly the progressive cognitive decline in AD. Several
lines of evidence suggest that synaptic degeneration in AD is a downstream effect of neu-
roinflammation, tauopathy and amyloidosis [38–41]. A reduction in the synaptic density in
the frontal and temporal cortices, as well as the hippocampus, was documented in autopsy
studies of AD brains [42–44]. Moreover, synaptic integrity-related protein biomarkers
were shown to strongly correlate with cognitive deficits and decline in MMSE scores [45].
Furthermore, lower levels of synaptic proteins were associated with decreased cognitive
functions in 4.5-month-old APP/PS1 mice [46]. In contrast with these findings, in the
present study, we found that lower levels of synaptic proteins were associated with greater
impairments in some frontal lobe-mediated cognitive functions. This suggests that the
NDEV cargo of (at least) synaptophysin and synaptopodin may not reflect synaptic damage
and degeneration, but rather normal synaptic function, which diminishes with AD progres-
sion (as shown for some synaptic proteins [47]). Longitudinal studies spanning preclinical
and clinical stages of AD and involving the quantification of functionally distinct synaptic
proteins may clarify the relative role of degenerative and normal synaptic processes in EV
loading with synaptic cargo and might resolve such apparent contradictions.

This study is remarkable in that, to the best of our knowledge, it is the first examination
of NDEV biomarkers in autopsy-confirmed AD. NDEV biomarkers offer both theoretical
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and practical benefits compared to plasma biomarkers of AD, which typically show low
blood concentrations against a complex matrix that further limits their detectability. Con-
ceptually, the attribution of plasma biomarkers to brain pathology is challenged by the fact
that peripheral tissues may also produce the marker of interest and may deliver it to the
circulation without the need to cross a complex barrier, such as the blood–brain barrier.
The (largely) neuronal derivation of L1CAM + EVs addresses this conceptual challenge
and brings us closer to a brain “liquid biopsy”. Finally, whereas multiple candidate plasma
biomarkers have failed to reproduce key findings other than their original cohorts, this
is not the case for NDEV biomarkers, since original findings [13,48] were reproduced
blindly by us [15] and others [17], and their biological plausibility was demonstrated in
multiple animal models [32]. Limitations include the lack of an autopsy-confirmed control
group, which would have allowed us to examine differences between AD and control
participants. Due to limited sample availability and the nature of our methodology, which
isolates a subset of total circulating EVs, our ability to measure multiple protein biomarkers
was limited. Although in principle desirable, we did not prioritize measurement of Nfl
in NDEVs from this cohort, choosing to favor Aβ-, Tau- and synaptic integrity-related
biomarkers. One factor for this decision is the fact that Nfl in other biofluids appears to be
a non-specific biomarker of neuronal damage. For instance, in a recent study, plasma NfL
showed associations with cognition and imaging markers of neurodegeneration, but, in
contrast to plasma p181-Tau, these associations were not AD specific [49]. Limited amounts
of available stored plasma also prevented us from examining a wider range of NDEV
biomarkers that might have allowed us to discover biomarkers distinguishing between
pure AD and AD with mixed pathologies. Moreover, the predominance of AD pathology
in all examined cases and the lack of cases with pure vascular dementia and/or LBD
discouraged us from investigating NDEV biomarkers that could be more specifically tied to
these specific pathologies (e.g., a-synuclein, TDP43, vascular endothelial proteins). Notably,
early pathologic stages of AD by Braak were relatively under-represented in this cohort.
Future research should aim to expand upon our findings and circumvent these difficulties.
The ongoing development of biomarkers from EVs reflecting other brain cell types, i.e.,
astrocytic [50,51] and/or endothelial EVs [52] may supplement A/T/N biomarkers and ex-
pand our conceptual framework for approaching cases of AD mixed with other pathologies
along the lines of Precision Medicine and ultimately allow clinicians to tailor secondary
prevention and clinical treatment strategies depending on the underlying pathology.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.339
0/cells11030436/s1, Figure S1: Associations of cognitive scores with NDEV tetraspanin-scaled p181-
Tau levels, Figure S2: Associations of cognitive scores with NDEV tetraspanin-scaled total Tau levels,
Figure S3: Associations of cognitive scores with NDEV tetraspanin-scaled p181-Tau/Aβ42 Ratios,
Figure S4: Associations of cognitive scores with NDEV tetraspanin-scaled total Tau/Aβ42 Ratios,
Figure S5: Associations of cognitive scores with NDEV tetraspanin-scaled Synaptophysin levels,
Figure S6: Associations of cognitive scores with NDEV tetraspanin-scaled Synaptopodin levels.

Author Contributions: Conceptualization, D.K., C.G.L. and E.S.O.; methodology, D.K., E.E., E.S.O.,
J.T. and J.-M.L.; formal analysis, J.-M.L., E.E. and D.K.; data curation, E.E., D.K., J.-M.L. and J.T.;
writing—original draft preparation, D.K. and E.E.; writing—review and editing, D.K., C.G.L., E.S.O.,
E.E., J.T. and J.-M.L.; visualization, D.K. and J.-M.L.; supervision, D.K., C.G.L. and E.S.O. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded in part by the National Institutes on Aging, Intramural Program,
in part by the NIA Grant P30 AG066507 to the Johns Hopkins Alzheimer Disease Research Center
(JHADRC), and in part by the Richman Family Precision Medicine Center of Excellence in Alzheimer’s
Disease at Johns Hopkins.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki under the oversight of a Johns Hopkins Institutional Review Board (protocol
code NA_00045104—PI: CGL).

https://www.mdpi.com/article/10.3390/cells11030436/s1
https://www.mdpi.com/article/10.3390/cells11030436/s1


Cells 2022, 11, 436 10 of 12

Informed Consent Statement: Informed consent was obtained from all participants involved in the
study, or their next of kin.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We acknowledge the contribution of Michael Delannoy (https://microscopy.
jhmi.edu/people.html) and the JHU Microscopy Facility (https://microscopy.jhmi.edu/index.htm)
in acquiring the TEM image in Figure 1.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. DeTure, M.A.; Dickson, D.W. The neuropathological diagnosis of Alzheimer’s disease. Mol. Neurodegener. 2019, 14, 32. [CrossRef]

[PubMed]
2. Dubois, B.; Hampel, H.; Feldman, H.H.; Scheltens, P.; Aisen, P.; Andrieu, S.; Bakardjian, H.; Benali, H.; Bertram, L.; Blennow, K.;

et al. Preclinical Alzheimer’s disease: Definition, natural history, and diagnostic criteria. Alzheimers Dement. 2016, 12, 292–323.
[CrossRef] [PubMed]

3. Rahimi, J.; Kovacs, G.G. Prevalence of mixed pathologies in the aging brain. Alzheimers Res. Ther. 2014, 6, 82. [CrossRef] [PubMed]
4. Jack, C.R., Jr.; Bennett, D.A.; Blennow, K.; Carrillo, M.C.; Feldman, H.H.; Frisoni, G.B.; Hampel, H.; Jagust, W.J.; Johnson, K.A.;

Knopman, D.S.; et al. A/T/N: An unbiased descriptive classification scheme for Alzheimer disease biomarkers. Neurology 2016,
87, 539–547. [CrossRef] [PubMed]

5. Terry, R.D.; Masliah, E.; Salmon, D.P.; Butters, N.; DeTeresa, R.; Hill, R.; Hansen, L.A.; Katzman, R. Physical basis of cognitive
alterations in Alzheimer’s disease: Synapse loss is the major correlate of cognitive impairment. Ann. Neurol. 1991, 30, 572–580.
[CrossRef] [PubMed]

6. Cummings, J.L.; Dubois, B.; Molinuevo, J.L.; Scheltens, P. International Work Group criteria for the diagnosis of Alzheimer
disease. Med. Clin. N. Am. 2013, 97, 363–368. [CrossRef]

7. Jack, C.R., Jr.; Bennett, D.A.; Blennow, K.; Carrillo, M.C.; Dunn, B.; Haeberlein, S.B.; Holtzman, D.M.; Jagust, W.; Jessen, F.;
Karlawish, J.; et al. NIA-AA Research Framework: Toward a biological definition of Alzheimer’s disease. Alzheimers Dement.
2018, 14, 535–562. [CrossRef]

8. Zetterberg, H.; Blennow, K. Blood Biomarkers: Democratizing Alzheimer’s Diagnostics. Neuron 2020, 106, 881–883. [CrossRef]
9. Rosenmann, H. CSF biomarkers for amyloid and tau pathology in Alzheimer’s disease. J. Mol. Neurosci. 2012, 47, 1–14. [CrossRef]
10. Hadjichrysanthou, C.; Evans, S.; Bajaj, S.; Siakallis, L.C.; McRae-McKee, K.; de Wolf, F.; Anderson, R.M.; Alzheimer’s Disease

Neuroimaging, I. The dynamics of biomarkers across the clinical spectrum of Alzheimer’s disease. Alzheimers Res. Ther. 2020,
12, 74. [CrossRef]

11. Doyle, L.M.; Wang, M.Z. Overview of Extracellular Vesicles, Their Origin, Composition, Purpose, and Methods for Exosome
Isolation and Analysis. Cells 2019, 8, 727. [CrossRef] [PubMed]

12. Zaborowski, M.P.; Balaj, L.; Breakefield, X.O.; Lai, C.P. Extracellular Vesicles: Composition, Biological Relevance, and Methods of
Study. Bioscience 2015, 65, 783–797. [CrossRef] [PubMed]

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

14. Eren, E.; Hunt, J.F.V.; Shardell, M.; Chawla, S.; Tran, J.; Gu, J.; Vogt, N.M.; Johnson, S.C.; Bendlin, B.B.; Kapogiannis, D. Extracellular
vesicle biomarkers of Alzheimer’s disease associated with sub-clinical cognitive decline in late middle age. Alzheimers Dement.
2020, 16, 1293–1304. [CrossRef]

15. Kapogiannis, D.; Mustapic, M.; Shardell, M.D.; Berkowitz, S.T.; Diehl, T.C.; Spangler, R.D.; Tran, J.; Lazaropoulos, M.P.; Chawla,
S.; Gulyani, S.; et al. Association of Extracellular Vesicle Biomarkers with Alzheimer Disease in the Baltimore Longitudinal Study
of Aging. JAMA Neurol. 2019, 76, 1340–1351. [CrossRef]

16. Mustapic, M.; Eitan, E.; Werner, J.K., Jr.; Berkowitz, S.T.; Lazaropoulos, M.P.; Tran, J.; Goetzl, E.J.; Kapogiannis, D. Plasma
Extracellular Vesicles Enriched for Neuronal Origin: A Potential Window into Brain Pathologic Processes. Front. Neurosci. 2017,
11, 278. [CrossRef]

17. Jia, L.; Qiu, Q.; Zhang, H.; Chu, L.; Du, Y.; Zhang, J.; Zhou, C.; Liang, F.; Shi, S.; Wang, S.; et al. Concordance between the
assessment of Abeta42, T-tau, and P-T181-tau in peripheral blood neuronal-derived exosomes and cerebrospinal fluid. Alzheimers
Dement. 2019, 15, 1071–1080. [CrossRef]

18. Jia, L.; Zhu, M.; Kong, C.; Pang, Y.; Zhang, H.; Qiu, Q.; Wei, C.; Tang, Y.; Wang, Q.; Li, Y.; et al. Blood neuro-exosomal synaptic
proteins predict Alzheimer’s disease at the asymptomatic stage. Alzheimers Dement. 2021, 17, 49–60. [CrossRef]

19. Culhane, J.E.; Chan, K.C.G.; Teylan, M.A.; Chen, Y.C.; Mock, C.; Gauthreaux, K.; Kukull, W.A. Factor Consistency of Neuropsy-
chological Test Battery Versions in the NACC Uniform Data Set. Alzheimer Dis. Assoc. Disord. 2020, 34, 175–177. [CrossRef]

https://microscopy.jhmi.edu/people.html
https://microscopy.jhmi.edu/people.html
https://microscopy.jhmi.edu/index.htm
http://doi.org/10.1186/s13024-019-0333-5
http://www.ncbi.nlm.nih.gov/pubmed/31375134
http://doi.org/10.1016/j.jalz.2016.02.002
http://www.ncbi.nlm.nih.gov/pubmed/27012484
http://doi.org/10.1186/s13195-014-0082-1
http://www.ncbi.nlm.nih.gov/pubmed/25419243
http://doi.org/10.1212/WNL.0000000000002923
http://www.ncbi.nlm.nih.gov/pubmed/27371494
http://doi.org/10.1002/ana.410300410
http://www.ncbi.nlm.nih.gov/pubmed/1789684
http://doi.org/10.1016/j.mcna.2013.01.001
http://doi.org/10.1016/j.jalz.2018.02.018
http://doi.org/10.1016/j.neuron.2020.06.004
http://doi.org/10.1007/s12031-011-9665-5
http://doi.org/10.1186/s13195-020-00636-z
http://doi.org/10.3390/cells8070727
http://www.ncbi.nlm.nih.gov/pubmed/31311206
http://doi.org/10.1093/biosci/biv084
http://www.ncbi.nlm.nih.gov/pubmed/26955082
http://doi.org/10.1016/j.jalz.2014.06.008
http://www.ncbi.nlm.nih.gov/pubmed/25130657
http://doi.org/10.1002/alz.12130
http://doi.org/10.1001/jamaneurol.2019.2462
http://doi.org/10.3389/fnins.2017.00278
http://doi.org/10.1016/j.jalz.2019.05.002
http://doi.org/10.1002/alz.12166
http://doi.org/10.1097/WAD.0000000000000376


Cells 2022, 11, 436 11 of 12

20. Beekly, D.L.; Ramos, E.M.; van Belle, G.; Deitrich, W.; Clark, A.D.; Jacka, M.E.; Kukull, W.A.; Centers, N.I.-A.S.D. The National
Alzheimer’s Coordinating Center (NACC) Database: An Alzheimer disease database. Alzheimer Dis. Assoc. Disord. 2004, 18,
270–277.

21. Beekly, D.L.; Ramos, E.M.; Lee, W.W.; Deitrich, W.D.; Jacka, M.E.; Wu, J.; Hubbard, J.L.; Koepsell, T.D.; Morris, J.C.; Kukull, W.A.;
et al. The National Alzheimer’s Coordinating Center (NACC) database: The Uniform Data Set. Alzheimer Dis. Assoc. Disord. 2007,
21, 249–258. [CrossRef] [PubMed]

22. Nasreddine, Z.S.; Phillips, N.A.; Bedirian, V.; Charbonneau, S.; Whitehead, V.; Collin, I.; Cummings, J.L.; Chertkow, H. The
Montreal Cognitive Assessment, MoCA: A brief screening tool for mild cognitive impairment. J. Am. Geriatr. Soc. 2005, 53,
695–699. [CrossRef] [PubMed]

23. Saczynski, J.S.; Inouye, S.K.; Guess, J.; Jones, R.N.; Fong, T.G.; Nemeth, E.; Hodara, A.; Ngo, L.; Marcantonio, E.R. The Montreal
Cognitive Assessment: Creating a Crosswalk with the Mini-Mental State Examination. J. Am. Geriatr. Soc. 2015, 63, 2370–2374.
[CrossRef] [PubMed]

24. Goetzl, E.J.; Kapogiannis, D.; Schwartz, J.B.; Lobach, I.V.; Goetzl, L.; Abner, E.L.; Jicha, G.A.; Karydas, A.M.; Boxer, A.; Miller,
B.L. Decreased synaptic proteins in neuronal exosomes of frontotemporal dementia and Alzheime’s disease. FASEB J. 2016, 30,
4141–4148. [CrossRef] [PubMed]

25. Veerman, R.E.; Teeuwen, L.; Czarnewski, P.; Gucluler Akpinar, G.; Sandberg, A.; Cao, X.; Pernemalm, M.; Orre, L.M.; Gabrielsson,
S.; Eldh, M. Molecular evaluation of five different isolation methods for extracellular vesicles reveals different clinical applicability
and subcellular origin. J. Extracell. Vesicles 2021, 10, e12128. [CrossRef] [PubMed]

26. Thery, C.; Witwer, K.W.; Aikawa, E.; Alcaraz, M.J.; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.; Arab, T.; Archer, F.;
Atkin-Smith, G.K.; et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): A position statement of the
International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J. Extracell. Vesicles 2018, 7, 1535750.
[CrossRef]

27. Matsui, T.; Osaki, F.; Hiragi, S.; Sakamaki, Y.; Fukuda, M. ALIX and ceramide differentially control polarized small extracellular
vesicle release from epithelial cells. EMBO Rep. 2021, 22, e51475. [CrossRef]

28. Mathieu, M.; Nevo, N.; Jouve, M.; Valenzuela, J.I.; Maurin, M.; Verweij, F.J.; Palmulli, R.; Lankar, D.; Dingli, F.; Loew, D.; et al.
Specificities of exosome versus small ectosome secretion revealed by live intracellular tracking of CD63 and CD9. Nat. Commun.
2021, 12, 4389. [CrossRef]

29. McAleese, K.E.; Colloby, S.J.; Thomas, A.J.; Al-Sarraj, S.; Ansorge, O.; Neal, J.; Roncaroli, F.; Love, S.; Francis, P.T.; Attems, J.
Concomitant neurodegenerative pathologies contribute to the transition from mild cognitive impairment to dementia. Alzheimers
Dement. 2021, 17, 1121–1133. [CrossRef]

30. Hill, A.F. Extracellular Vesicles and Neurodegenerative Diseases. J. Neurosci. 2019, 39, 9269–9273. [CrossRef]
31. Yuyama, K.; Igarashi, Y. Exosomes as Carriers of Alzheimer’s Amyloid-ss. Front. Neurosci. 2017, 11, 229. [CrossRef] [PubMed]
32. Delgado-Peraza, F.; Nogueras-Ortiz, C.J.; Volpert, O.; Liu, D.; Goetzl, E.J.; Mattson, M.P.; Greig, N.H.; Eitan, E.; Kapogiannis, D.

Neuronal and Astrocytic Extracellular Vesicle Biomarkers in Blood Reflect Brain Pathology in Mouse Models of Alzheimer’s
Disease. Cells 2021, 10, 993. [CrossRef] [PubMed]

33. Eitan, E.; Hutchison, E.R.; Marosi, K.; Comotto, J.; Mustapic, M.; Nigam, S.M.; Suire, C.; Maharana, C.; Jicha, G.A.; Liu, D.; et al.
Extracellular Vesicle-Associated Abeta Mediates Trans-Neuronal Bioenergetic and Ca2+-Handling Deficits in Alzheimer’s Disease
Models. NPJ Aging Mech. Dis. 2016, 2, 16019. [CrossRef] [PubMed]

34. Clark, L.R.; Berman, S.E.; Norton, D.; Koscik, R.L.; Jonaitis, E.; Blennow, K.; Bendlin, B.B.; Asthana, S.; Johnson, S.C.; Zetterberg,
H.; et al. Age-accelerated cognitive decline in asymptomatic adults with CSF beta-amyloid. Neurology 2018, 90, e1306–e1315.
[CrossRef] [PubMed]

35. Stomrud, E.; Hansson, O.; Zetterberg, H.; Blennow, K.; Minthon, L.; Londos, E. Correlation of longitudinal cerebrospinal fluid
biomarkers with cognitive decline in healthy older adults. Arch. Neurol. 2010, 67, 217–223. [CrossRef]

36. Brys, M.; Pirraglia, E.; Rich, K.; Rolstad, S.; Mosconi, L.; Switalski, R.; Glodzik-Sobanska, L.; De Santi, S.; Zinkowski, R.; Mehta, P.;
et al. Prediction and longitudinal study of CSF biomarkers in mild cognitive impairment. Neurobiol. Aging 2009, 30, 682–690.
[CrossRef]

37. Bayoumy, S.; Verberk, I.M.W.; den Dulk, B.; Hussainali, Z.; Zwan, M.; van der Flier, W.M.; Ashton, N.J.; Zetterberg, H.; Blennow,
K.; Vanbrabant, J.; et al. Clinical and analytical comparison of six Simoa assays for plasma P-tau isoforms P-tau181, P-tau217, and
P-tau231. Alzheimers Res. Ther. 2021, 13, 198. [CrossRef]

38. Pickett, E.K.; Rose, J.; McCrory, C.; McKenzie, C.A.; King, D.; Smith, C.; Gillingwater, T.H.; Henstridge, C.M.; Spires-Jones, T.L.
Region-specific depletion of synaptic mitochondria in the brains of patients with Alzheimer’s disease. Acta Neuropathol. 2018, 136,
747–757. [CrossRef]

39. Wang, Z.; Jackson, R.J.; Hong, W.; Taylor, W.M.; Corbett, G.T.; Moreno, A.; Liu, W.; Li, S.; Frosch, M.P.; Slutsky, I.; et al. Human
Brain-Derived Abeta Oligomers Bind to Synapses and Disrupt Synaptic Activity in a Manner That Requires APP. J. Neurosci. 2017,
37, 11947–11966. [CrossRef]

40. Polydoro, M.; Acker, C.M.; Duff, K.; Castillo, P.E.; Davies, P. Age-dependent impairment of cognitive and synaptic function in the
htau mouse model of tau pathology. J. Neurosci. 2009, 29, 10741–10749. [CrossRef]

http://doi.org/10.1097/WAD.0b013e318142774e
http://www.ncbi.nlm.nih.gov/pubmed/17804958
http://doi.org/10.1111/j.1532-5415.2005.53221.x
http://www.ncbi.nlm.nih.gov/pubmed/15817019
http://doi.org/10.1111/jgs.13710
http://www.ncbi.nlm.nih.gov/pubmed/26503296
http://doi.org/10.1096/fj.201600816R
http://www.ncbi.nlm.nih.gov/pubmed/27601437
http://doi.org/10.1002/jev2.12128
http://www.ncbi.nlm.nih.gov/pubmed/34322205
http://doi.org/10.1080/20013078.2018.1535750
http://doi.org/10.15252/embr.202051475
http://doi.org/10.1038/s41467-021-24384-2
http://doi.org/10.1002/alz.12291
http://doi.org/10.1523/JNEUROSCI.0147-18.2019
http://doi.org/10.3389/fnins.2017.00229
http://www.ncbi.nlm.nih.gov/pubmed/28487629
http://doi.org/10.3390/cells10050993
http://www.ncbi.nlm.nih.gov/pubmed/33922642
http://doi.org/10.1038/npjamd.2016.19
http://www.ncbi.nlm.nih.gov/pubmed/27928512
http://doi.org/10.1212/WNL.0000000000005291
http://www.ncbi.nlm.nih.gov/pubmed/29523644
http://doi.org/10.1001/archneurol.2009.316
http://doi.org/10.1016/j.neurobiolaging.2007.08.010
http://doi.org/10.1186/s13195-021-00939-9
http://doi.org/10.1007/s00401-018-1903-2
http://doi.org/10.1523/JNEUROSCI.2009-17.2017
http://doi.org/10.1523/JNEUROSCI.1065-09.2009


Cells 2022, 11, 436 12 of 12

41. Hong, S.; Beja-Glasser, V.F.; Nfonoyim, B.M.; Frouin, A.; Li, S.; Ramakrishnan, S.; Merry, K.M.; Shi, Q.; Rosenthal, A.; Barres, B.A.;
et al. Complement and microglia mediate early synapse loss in Alzheimer mouse models. Science 2016, 352, 712–716. [CrossRef]
[PubMed]

42. De Wilde, M.C.; Overk, C.R.; Sijben, J.W.; Masliah, E. Meta-analysis of synaptic pathology in Alzheimer’s disease reveals selective
molecular vesicular machinery vulnerability. Alzheimers Dement. 2016, 12, 633–644. [CrossRef] [PubMed]

43. Blennow, K.; Bogdanovic, N.; Alafuzoff, I.; Ekman, R.; Davidsson, P. Synaptic pathology in Alzheimer’s disease: Relation to
severity of dementia, but not to senile plaques, neurofibrillary tangles, or the ApoE4 allele. J. Neural. Transm. 1996, 103, 603–618.
[CrossRef] [PubMed]

44. DeKosky, S.T.; Scheff, S.W.; Styren, S.D. Structural correlates of cognition in dementia: Quantification and assessment of synapse
change. Neurodegeneration 1996, 5, 417–421. [CrossRef]

45. Bereczki, E.; Branca, R.M.; Francis, P.T.; Pereira, J.B.; Baek, J.H.; Hortobagyi, T.; Winblad, B.; Ballard, C.; Lehtio, J.; Aarsland, D.
Synaptic markers of cognitive decline in neurodegenerative diseases: A proteomic approach. Brain 2018, 141, 582–595. [CrossRef]

46. Sanchez-Varo, R.; Sanchez-Mejias, E.; Fernandez-Valenzuela, J.J.; De Castro, V.; Mejias-Ortega, M.; Gomez-Arboledas, A.; Jimenez,
S.; Sanchez-Mico, M.V.; Trujillo-Estrada, L.; Moreno-Gonzalez, I.; et al. Plaque-Associated Oligomeric Amyloid-Beta Drives Early
Synaptotoxicity in APP/PS1 Mice Hippocampus: Ultrastructural Pathology Analysis. Front. Neurosci. 2021, 15, 752594. [CrossRef]

47. Vilcaes, A.A.; Chanaday, N.L.; Kavalali, E.T. Interneuronal exchange and functional integration of synaptobrevin via extracellular
vesicles. Neuron 2021, 109, 971–983.e5. [CrossRef]

48. Kapogiannis, D.; Boxer, A.; Schwartz, J.B.; Abner, E.L.; Biragyn, A.; Masharani, U.; Frassetto, L.; Petersen, R.C.; Miller, B.L.;
Goetzl, E.J. Dysfunctionally phosphorylated type 1 insulin receptor substrate in neural-derived blood exosomes of preclinical
Alzheimer’s disease. FASEB J. 2015, 29, 589–596. [CrossRef]

49. Moscoso, A.; Grothe, M.J.; Ashton, N.J.; Karikari, T.K.; Lantero Rodriguez, J.; Snellman, A.; Suarez-Calvet, M.; Blennow, K.;
Zetterberg, H.; Scholl, M.; et al. Longitudinal Associations of Blood Phosphorylated Tau181 and Neurofilament Light Chain with
Neurodegeneration in Alzheimer Disease. JAMA Neurol. 2021, 78, 396–406. [CrossRef]

50. Goetzl, E.J.; Schwartz, J.B.; Abner, E.L.; Jicha, G.A.; Kapogiannis, D. High complement levels in astrocyte-derived exosomes of
Alzheimer disease. Ann. Neurol. 2018, 83, 544–552. [CrossRef]

51. Goetzl, E.J.; Mustapic, M.; Kapogiannis, D.; Eitan, E.; Lobach, I.V.; Goetzl, L.; Schwartz, J.B.; Miller, B.L. Cargo proteins of plasma
astrocyte-derived exosomes in Alzheimer’s disease. FASEB J. 2016, 30, 3853–3859. [CrossRef] [PubMed]

52. Abner, E.L.; Elahi, F.M.; Jicha, G.A.; Mustapic, M.; Al-Janabi, O.; Kramer, J.H.; Kapogiannis, D.; Goetzl, E.J. Endothelial-derived
plasma exosome proteins in Alzheimer’s disease angiopathy. FASEB J. 2020, 34, 5967–5974. [CrossRef] [PubMed]

http://doi.org/10.1126/science.aad8373
http://www.ncbi.nlm.nih.gov/pubmed/27033548
http://doi.org/10.1016/j.jalz.2015.12.005
http://www.ncbi.nlm.nih.gov/pubmed/26776762
http://doi.org/10.1007/BF01273157
http://www.ncbi.nlm.nih.gov/pubmed/8811505
http://doi.org/10.1006/neur.1996.0056
http://doi.org/10.1093/brain/awx352
http://doi.org/10.3389/fnins.2021.752594
http://doi.org/10.1016/j.neuron.2021.01.007
http://doi.org/10.1096/fj.14-262048
http://doi.org/10.1001/jamaneurol.2020.4986
http://doi.org/10.1002/ana.25172
http://doi.org/10.1096/fj.201600756R
http://www.ncbi.nlm.nih.gov/pubmed/27511944
http://doi.org/10.1096/fj.202000034R
http://www.ncbi.nlm.nih.gov/pubmed/32157747

	Introduction 
	Materials and Methods 
	Participants 
	Neuropathological and Cognitive Assessments 
	Extracellular Vesicle Isolation 
	Biomarker Measurements 
	Statistical Analysis 

	Results 
	Participants Characteristics 
	NDEV A/T/N Biomarkers Did Not Distinguish between Pure AD and AD with Mixed Pathologies 
	NDEV Biomarkers and Ante-Mortem Cognitive Performance 

	Discussion 
	References

