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1 | NARRATIVE

1.1 | Contextual background

Alzheimer’s disease (AD) and related dementias are a major source
of disability in the elderly, and the burden of these diseases on
caregivers and the medical system is expected to increase as the
population ages, especially in developed countries. For example, an
estimated 6.2 million Americans age 65 and older are living with
AD in 2021 in the United States, and the number is projected to
reach 12.7 million by 2050. The estimated costs of AD in the United
States for health care, long-term care, and hospice are estimated at
$355 billion in 2021 and is projected to be > $1.1 trillion in 2050
(in2021 dollars).t

The molecular mechanisms underlying AD pathogenesis are incom-
pletely defined, but amyloid beta (AB) peptides, derived from the
amyloid precursor protein (APP), appear to be central to AD patho-
genesis and are deposited in neuritic plaques found in the brains of
AD patients. Tau protein is also crucially involved in AD pathogene-
sis; hyperphosphorylation, truncation, and oligomerization of tau are
critical in the formation of neurofibrillary tangles, which constitute
another pathological defining characteristic of AD. Together with the
degeneration of neuronal cells, these pathological hallmarks have been
conceptualized as a framework for identifying AD.?

More recently, it has become clear that the fundamental patholog-
ical cause of the cognitive dysfunction associated with AD and other
dementias appears to be the loss of neuronal synapses or of commu-
nication among the synapses, both of which occur at an early stage,
in which neurons are injured, but not yet dead or dying. A range
of synergistic mechanisms may contribute to such synaptic failure,
possibly including alterations of normal APP regulation of presynap-
tic proteins, alterations in Ca?* homeostasis, and altered function
and distribution of hyperphosphorylated tau.® 4 Other proposed
mechanisms include genetic contributions, oxidative stress, and inflam-
mation, among others.>~® Clearly defining molecular mechanisms of
dementiais believed to be crucial in the development of therapies capa-
ble of preventing, slowing, or reversing the damage done to the brain

during neurodegeneration.

Results: Likely CNS-derived EVs in plasma were significantly reduced in AD compared
to HCs in both cohorts. Integrative models including CNS-derived EV markers and AD
markers present on EVs reached area under the curve of 0.915 in discovery cohort and
0.810 in validation cohort.

Discussion: This study demonstrated that robust and rapid analysis of individual
neuron-derived synaptic function-related EVs in peripheral blood may serve as a

helpful marker of synaptic dysfunction in AD and dementia.
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Another major challenge in effective treatment of AD and related
dementias is early and accurate diagnosis, as the characteristic impair-
ments in memory are often not identified in the clinic until after
significant damage to the brain has already occurred. Further, it is very
common for different types of dementia to appear clinically similar,
especially at early stages, or for multiple types to occur simultane-
ously in the same patient. One approach to the diagnostic challenges
is development of sensitive objective biomarkers. The best biomarker
candidates to date rely on either relatively invasive methods (i.e.,
collection of cerebrospinal fluid [CSF] obtained by lumbar puncture)
or expensive tests (such as magnetic resonance imaging or positron
emission tomography). These types of tests are often unacceptable,
particularly during early stages when symptoms are not apparent,
or inaccessible to patients. Thus, identification of non-invasive tests,
such as reliable blood tests, are highly desired for those with mild
symptoms or even those at asymptomatic, preclinical stages when
neuroprotective therapies are likely to be most effective.

Additionally, many biomarker studies to date have focused on the
two key proteins involved in the pathophysiology of AD: Af and tau.
Tests measuring these proteins may reflect accumulation of patholog-
ical proteins (AB), neuronal death (tau, neurofilament), or changes in
gross morphology associated with widespread damage (imaging), but
modalities to reflect current or dynamic functional states are lacking.
Thus, a marker capable of reporting the status of synaptic function
might provide better information regarding not only the progression
of the disease, but the engagement of putative medications with their
targets, and the functional response of the targeted systems. Robust
assays to measure these markers, preferably from a peripheral source
such as blood, could be quite useful for both diagnostic and prognostic
or monitoring purposes.

Unfortunately, because the brain is protected by a system of cellu-
lar interactions termed the blood-brain barrier (BBB), which prohibits
the diffusion of macromolecules to blood, it is difficult to monitor the
brain via peripheral fluids. Enormous efforts have been diverted to
identify blood-based biomarkers for AD and related disorders; how-
ever, only limited success has been achieved. While some molecules,
including AB and tau, are shuttled across the BBB and into the periph-

ery via transport mechanisms that are not yet well characterized, these
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RESEARCH IN CONTEXT

1. Systematic Review: The authors reviewed literature
using traditional sources such as PubMed. There is a
need for peripheral biomarkers for Alzheimer’s disease
(AD). Although several blood-based assays have been
introduced, more convenient, and accessible diagnostic
markers for AD are still critically needed. In particu-
lar, markers capable of reporting underlying pathological
mechanisms, such as synaptic dysfunction, are badly
needed.

2. Interpretation: We identified NMDAR2A, a protein
involved in synaptic function, as a novel marker of cen-
tral nervous system-derived plasma extracellular vesicles
(EVs). When used together with a previously identified EV
marker, LICAM, in a recently developed flow cytometry-
based technology, NMDAR2A demonstrated promising
results in differentiating AD from controls, and may serve
as a screening tool and surrogate marker for dementia in
AD diagnosis.

3. Future Directions: Future research will examine the util-
ity of NMDAR2A as a marker for non-AD types of
dementia, and explore its use as a marker for synaptic
dysfunction.

brain-derived molecules are often either indistinguishable from those
generated by peripheral systems, or are present in such low abundance
that they cannot be identified within the extremely complex molecular
milieu of the blood. In the last year or so, several blood-based assays
have been introduced, demonstrating promising results in differenti-
ating AD from controls, although validation by additional independent
groups is still critically needed.? 10

Increasing evidence has suggested that some of the molecules
exported from the brain are carried within extracellular vesicles (EVs),
including exosomes.!~13 EVs are membrane-bound, circulating com-
partments secreted by most cell types, and carry cargo generated by
the parent cells. They play important roles in communication between
cells, and can alter the behavior of downstream target cells. Because
they also carry protein markers that identify the type of cell from
which they were secreted, and can cross from the brain into the circula-
tion, they provide a subpopulation of brain-derived molecules that can
be enriched from the peripheral circulation (i.e., blood), isolated, and
measured, with reasonable confidence in their origin.

Recently, we and others have developed new strategies for mea-
suring biomarkers for AD and other neurodegenerative disorders by
targeting EVs carrying proteins that mark them as derived from the
brain or nervous system.1l 14-17 These EVs can be purified or iden-
tified by targeting the cell type marker protein, and mechanistically
interesting cargo can be measured, allowing the quantification of

brain target biomarkers, without requiring invasive or expensive tests.
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Promising results demonstrating differences in EV-associated mark-
ers for AD were reported in multiple independent studies;1>16:18-22
however, many of these studies were conducted in small cohorts and
the procedures were relatively labor intensive and could be difficult to
follow, and thus further confirmation and validation are still needed.

1.2 | Study design and main results

In this study, we mainly focused on N-methyl-D-aspartate (NMDA)
receptor 2A (NMDAR2A, or GRIN2A), a protein closely relating to neu-
ronal synaptic function and a current therapeutic target of memantine,
and L1CAM, a neuronal marker identified by us previously!! to mea-
sure the number and cargo content of potential brain-derived EVs in
the plasma of AD patients, as well as patients with Parkinson’s disease
(PD) and age-matched neurologically healthy controls (HCs). We used
a highly sensitive microscopy technique to show that both of these
markers are present on EVs. For a more practical use of markers, we
then optimized a sensitive and rapid flow cytometry-based technol-
ogy (Apogee) we recently developed for measurements of CSF EVs23
to analyze individual EVs in blood for improved biomarker accuracy
and utility. In the Apogee system, target protein (EV surface marker)
is labeled with fluorescent antibodies, and the number of EVs carrying
the target is quantified.

The EV markers were measured first in a discovery cohort, con-
sisting of patients with AD, PD, and neurologically healthy age- and
sex-matched control subjects. The encouraging results obtained in this
local cohort were then largely confirmed in a second, validation cohort,
consisting of AD patients and HC subjects from the Alzheimer’s Dis-
ease Neuroimaging Initiative (ADNI) study, with the contribution of the
samples from many different hospitals throughout the United States.
CSF data collected in previous studies was used to ensure that subjects
included in the current work had CSF Ag and tau profiles that matched
their reported diagnoses.

We found that there were significantly fewer EVs carrying either of
the potential brain markers, NMDAR2A and L1CAM, in plasma from
AD subjects compared to controls or PD patients. When we used either
the NMDAR2A+ or LICAM+EVs alone, or a combination of the num-
ber of brain-derived EVs and EVs carrying AD-related proteins, we
were able to distinguish AD patients from controls, with the combined
markers performing best in separating the groups. This model worked
in the discovery cohort with relatively high sensitivity and specificity,
but less well in the ADNI cohort. Of note, while not reaching the
ideal degree of separation in the validation cohort, the EV markers

performed better than most previously examined peripheral markers.

1.3 | Study conclusions, potential clinical
applications, and other implications

We identified a novel marker of brain-derived EVs, NMDAR2A, which
likely reflects the state of synaptic function in the brain, using plasma
samples and a robust flow cytometry-based assay. Although these

results are preliminary, this assay has the potential to become a useful
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tool in clinical settings. Because it may reflect the process of neu-
ronal synaptic loss more directly than current assays, it could prove
a sensitive and rapid diagnostic test, capable of predicting cognitive
impairment in AD or other dementias or even detecting these disor-
ders at a stage where neurons are damaged and functioning poorly, but
not yet dying. An additional benefit could be utility in selecting subjects
for future clinical trials, ensuring that novel therapeutics are tested in
suitable candidates, rather than in highly heterogeneous populations
seen at most clinics.

Among all markers tested, NMDAR2A was most capable of dis-
tinguishing AD from the other diagnostic groups (PD or HCs). This
finding is of particular interest, because of the role of NMDAR2A in
the brain. This protein is a receptor for the neurotransmitter gluta-
mate, and it has key roles in such processes as long-term potentiation,
a strengthening of synaptic interactions important in learning and
memory.24~27 Changes in NMDA receptors occur early in the pro-
cesses underlying AD, and reducing NMDA activity is one of the
current strategies to treat AD;2’-2? thus, the new assay described
here may serve as a non-invasive proxy for a brain mechanism closely
related to dementia/cognitive impairment.

Another important result was L1CAM behaved similarly to
NMDAR2A in AD compared to control patients. Some controversy
exists regarding the use of LICAM as a neuronal marker, as it is known
to be expressed in some specialized and cancer cell types. Our exper-
iments using a robust microscopy technology clearly demonstrated
that both neuronal markers can be observed on the surface of EVs,
alongside general EV identity markers, and their similar performance
suggests that both markers represent a population enriched for CNS-
or neuron-derived EVs.

The flow cytometry-based assay used here (and in our recent CSF
study?23) also addressed an additional challenge of early L1CAM stud-
ies: the complicated procedures required to isolate the EVs. These sen-
sitive and rapid assays directly quantify intact, individual EVs, without
extensive purification before quantifying AD markers. This approach
bypasses some issues of EV isolation, potentially reducing inter-lab
variability and increasing the clinical utility of EV-based biomarkers.

1.4 | Limitations, unanswered questions, and
future directions

One major question that remains is whether these specific biomarkers
could be used for diagnosis in a clinical setting, and replication in larger
cohorts is necessary to determine this. Our cohorts had the advantage
of available CSF measurements, allowing us to identify the most likely
true AD cases, versus those with clinically similar dementias. While
this is a strength of the study, allowing for the assessment of the assay
in the population of interest (AD), the assay performance in a mixed
population, more similar to the population seen in clinics, remains to
be determined. Ideally, this should be carried out via large, multi-site
studies in well-characterized subjects, with the samples collected using
a robust protocol. In this study, samples were collected in the two

cohorts following slightly different protocols, which might account for

some of the differences observed within the same diagnostic groups
across the cohorts.

An equally important question is whether these EV markers could
serve as an index to predict clinically meaningful characteristics of
AD and other dementias, such as problems with memory or function,
which is believed to be more important than just detection of the
disease.30 Identification of surrogate markers for synaptic dysfunc-
tion/degeneration is of fundamental importance, particularly in the
development of novel therapeutics, for which suitable surrogate mark-
ers that can report pathologically meaningful changes in the brain, as
well as predict clinically meaningful changes in cognition, is necessary
to improve the testing and approval of novel treatments. Further, the
available cognition measures tend to report relatively more severe
impairment, and are not sensitive enough to detect the earliest stages
of decline, when a marker of synaptic failure would be of the great-
est utility. The findings of NMDAR2A-carrying EVs in the present study
are thus of particular interest, due to the potential association of these
EVs with the state of synaptic function in the brain. In future studies,
whether NMDAR2A-positive EVs in plasma may serve as such a marker
to predict cognitive impairment or memory loss should be determined.
Such studies would ideally follow subjects longitudinally, to deter-
mine whether these markers predict/trace progressive impairment,
and whether the association persists beyond the stage of synaptic dys-
function, or reaches a plateau as neurons are lost. Moreover, whether
these markers could be used for early detection of cognitive impair-
ment in AD and related dementias should be studied by measuring
their levels in very early disease and even patients at risk of develop-
ing disease, to determine whether they have prognostic value, because
synaptic loss is believed to start in early stages of AD, like those with
mild cognitive impairment (MCI).

Another important unanswered question is whether the identified
EV markers are specific to AD, or appear in other neurological condi-
tions, with or without dementia. In this study we observed differences
in the number of brain-derived plasma EVs comparing AD and PD,
but these markers, particularly NMDAR2A-carrying EVs, might serve
as a more general marker of synaptic failure in different types of
cognitive impairment/dementia. Future studies should not only repli-
cate the AD versus PD finding, but also include subjects with other
types of dementia and neurological conditions (e.g., patients with fron-
totemporal dementia, PD dementia, or dementia with Lewy bodies),
to determine how specific the effect is to AD and/or dementia. Ide-
ally, a peripheral biomarker such as those we are proposing here would
also be useful in tracking progression, or even recovered/preserved
function with implementation of novel therapies. These uses are not
addressed in the present study, and must be examined by repeated
measurement in longitudinal studies.

Relatedly, the present study demonstrated that the number of prob-
able neuronal EVs carrying several markers were all lower in AD
compared to the other groups. Several potential explanations might
be consistent with this observation. For example, it may be a result
of the loss of neurons to produce them. Conversely, it is possible
that AD affects the EV-producing or exporting cellular machinery (for

shunting pathological proteins out of neurons and into the peripheral
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circulation) more broadly. To test these hypotheses, further exami-
nation of EV-related processes throughout the course of AD will be
required to fully elucidate the cause of the changes in the EV popula-
tion observed here. Future studies should also compare the number of
EVs from other cellular sources and bodily systems, to see if they are
also altered in AD patients. Notably, no such decrease was observed
in PD subjects, despite that PD also features the death of neurons,
and the reasons for this should also be identified. Some possibilities
might be the difference in the cell type, affected brain regions, or dis-
tribution of affected cells, or that the diseases differentially affect the
mechanisms by which the particles of interest exit the brain.

Another set of questions that must be answered relates to the
preliminary status of NMDAR2A as a novel marker of synaptic func-
tion and brain/neuron-derived EVs. The correlation of the number of
NMDAR2A+ EVs with cognitive function in patients and with synap-
tic degradation based on pathological analysis of tissue should be
measured, and the observed changes of these EVs in AD need to be con-
firmed in animal models. Moreover, the transportation of NMDAR2A+
EVs from the brain into peripheral blood also needs to be confirmed in
animal studies. The specificity of these EVs for the brain should be fur-
ther confirmed, probably by examining the presence of NMDAR2A in
conjunction with proteins that are present on EVs (e.g., tetraspanins),
and lack of expression on other EV types. However, communication
among different CNS cells via EVs, a phenomenon increasingly rec-

ognized recently,31-3°

might make this approach more complicated.
It is notable that this preliminary study has shown a similar perfor-
mance to some of the best plasma assays to date, including those
using extremely sensitive assays of tau proteins.?® Importantly, the
assay is capable of identifying multiple markers simultaneously, and
whether other combinations of markers related to different processes
might further improve the performance will be an important addition
to future studies.

Additional technical limitations and caveats related to the methods
used in this study are discussed in the Detailed Results below (section
3.2).

2 | CONSOLIDATED RESULTS AND STUDY
DESIGN

This is a multi-center study including a discovery cohort and a val-
idation cohort. The discovery cohort included 88 patients with AD,
84 patients with PD, and 99 age- and sex-matched (frequency match-
ing) HCs, enrolled in the University of Washington Alzheimer’s Disease
Research Center (UW ADRC) or the Pacific Northwest Udall Center
of Excellence in PD Research (PANUC). The validation cohort included
100 patients with AD and 100 HCs with a similar distribution of age
and sex, and was obtained from the ADNI. In some analyses, previously
obtained values for CSF AB and tau were used to further select a subset
of the subjects such that only those patients with a clinical diagnosis of
AD and a CSF signature consistent with AD were included in the “AD”
group, and only subjects with no clinical diagnosis and no CSF signature

typical to AD were considered “control.”
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First, we identified NMDAR2A as another, possibly more CNS-
specific (proteinatlas.org) EV marker compared to previously identified
L1CAM. These neuronal markers were confirmed to be present on
the surface of EVs using stochastic optical reconstruction microscopy
(STORM), a microscopy technique capable of imaging individual
EVs. Ultracentrifuged plasma EVs were analyzed by imaging the co-
localization of either NMDAR2A or L1CAM with a general marker of
EVs, or with AD-related markers (AB42, ABag, phosphorylated tau [p-
tau]231, or p-tau396). Each of these markers were identified in close
proximity to the marker of putative neuronal EVs, indicating that the
neuronal EV markers are indeed present on EVs, and the AD-related
markers are present on these likely neuronal EVs.

Next, nanoscale flow cytometry (Apogee) assays that we previ-
ously developed in CSF2® were optimized to measure NMDAR2A+,
L1CAM+, and AD marker+ EVs in blood plasma. We then used the
optimized assay to examine individual samples for discovery cohort
subjects meeting the CSF total tau (t-tau)/AB4, cutoff identified
previously37-38 to select “true” AD and HCs. EVs carrying each marker
were quantified as a ratio of all EVs, and the levels were compared
between groups. The ability of these values to distinguish between
groups was assessed by generating receiver operating characteristic
(ROC) curves.

There were no differences in the total number of EVs detected in
plasma between AD and control subjects. The number of EVs carrying
NMDAR2A+ and L1CAM+ EVs were lower in AD versus HCs. Lev-
els of AB4o+, AB4o+, p-tau231+, and p-tau396+ EVs were also lower
in AD than HCs. To help distinguish AD-specific effects from general
effects of neurodegenerative disease, PD patient plasma samples were
also examined as a neurodegeneration control. AD levels of LICAM+,
ABgo+, ABsr+, p-tau231+, and p-tau396+ EVs were lower than
in PD.

ROC analysis was then performed to evaluate the ability of the
selected markers to distinguish between groups. Comparing AD and
HC, the sensitivity and specificity for NMDAR2A+ EVs were 82% and
81% (area under the curve [AUC] = 0.89, 95% confidence interval [Cl]
0.82-0.96) and 51% and 91% (AUC = 0.779, 95% CI = 0.68-0.88) for
L1CAM+ EVs. The markers only had moderate ability to distinguish
between AD and PD. An integrative model combining all EV markers
discriminated AD from HCs with an AUC 0f 0.915 (95% Cl =0.86-0.97;
sensitivity = 85%, specificity = 84%).

To validate these results, ADNI baseline samples from CSF t-
tau/AB42 confirmed cases were also assessed. Group differences
between AD and HCs were confirmed for total particles and all mark-
ers. Similar group differences between AD and HCs observed in the
discovery cohort were confirmed for all markers. In the validation
cohort, the ability of NMDAR2A- and L1CAM-positive EVs to dis-
tinguish AD patients from healthy controls was also assessed; the
sensitivity and specificity were 74% and 67% (AUC = 0.809, 95%
Cl1=0.74-0.88) for NMDAR2A+ EVs, 72% and 70% (AUC = 0.762, 95%
Cl = 0.69-0.84) for LICAM+ EVs. Intriguingly, the integrative model
performed well in the validation cohort, distinguishing AD from HC
with a sensitivity and specificity of 81% and 63% (AUC = 0.810, 95%
Cl=0.74-0.88).
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TABLE 1 Demographics and biomarker levels for two cohorts

Discovery cohort ADNI cohort

Control AD PD Control AD
Number 32 45 84 82 66
Age (years)
Mean + SD 69.97 +8.59 68.74 +9.48 67.59+5.59 74.04 +5.65 75.53+8.16
Range 55-88 52-85 57-83 62-90 56-90
EV markers (percent positive + SD) in CSF-confirmed cases
L1CAM 10.71+10.90*** 3.05+3.78 6.12+6.78" 557 +6.14"* 1.30+1.57
NMDAR2A 11.46 + 14.52*** 1.90+ 1.09 4.91+544 6.64+5.01" 242+1.61
AB40 7.57 +8.14** 2.70+3.75 6.53+7.51"" 6.37 +6.83"" 220+2.84
AB42 7.94 +5.42** 3.87+3.19 7.50+5.96"" 7.09 +5.65" 4.10+4.26
p-tau 231 6.54+821"" 2.00+2.96 4.43+6.0" 4.21+6.05"* 1.35+1.78
p-tau 396 16.81+7.64"** 10.29 + 6.60 18.08 +8.12*** 14.24+7.62* 10.73+7.02

*P < 0.05 compared to AD. ** P < 0.01 compared to AD. *** P < 0.001 compared to AD. ANOVA followed by Dunnett’s multiple comparisons test. Abbrevi-
ations: AB40, amyloid beta 1-40; AB42, amyloid beta 1-42; AD, Alzheimer’s disease; ADNI, Alzheimer’s Disease Neuroimaging Initiative; ANOVA, analysis
of variance; CSF cerebrospinal fluid; EV, extracellular vesicle; LICAM, L1 cell adhesion molecule; NMDAR2A, N-methyl-D-aspartate receptor 2A; PD,
Parkinson’s disease; p-tau231, tau phosphorylated at T231; p-tau396, tau phosphorylated at S236; SD, standard deviation.

3 | DETAILED METHODS AND RESULTS

3.1 | Methods

3.1.1 | Participants and sample collection
All procedures were approved by the respective institutional review
boards, and each subject provided informed consent. The discovery
cohort included 88 patients with AD, 84 patients with PD, and 99
age- and sex-matched (frequency matching) HCs, enrolled in the UW
ADRC or PANUC. When CSF AD molecular signature was used to
select “true” AD and HCs, 45 AD and 32 HCs met the CSF t-tau/AB4,
cutoff identified previously3”-38(Table 1). All participants underwent
extensive clinical evaluation, and the inclusion and exclusion crite-
ria as well as sample collection procedures have been previously
described.11,14.23,38,39

The validation cohort included 100 patients with AD and 100 HCs
with a similar distribution of age and sex, and was obtained from
ADNI.%0 The inclusion and exclusion criteria have been described pre-
viously and can be found on the ADNI website (adni.loni.usc.edu). The
diagnoses of 66 AD and 82 HC participants were confirmed using pre-
viously published cutoffs for ratios of CSF t-tau/AB424! (Table 1); AD
subjects were included for the analyses if their ratios met the cutoff of
AD diagnosis, and control subjects were included if their ratios did not.

Reference plasma samples (each pooled from 10-30 healthy con-
trols) were obtained at the University of Washington as described

previously,11:14:42

3.1.2 | Plasma sample processing

Plasma samples were thawed rapidly at 37°C and centrifuged at 3000
x g for 30 minutes (4°C), followed by 10,000 x g for 30 minutes

(4°C). One hundred ulL of cleared plasma was diluted with 1000 uL
of phosphate-buffered saline (PBS; 0.22 um-filtered) and then cen-
trifuged at 100,000 x g for 1 hour at 4°C. Pellets were resuspended in
~1 mL of filtered PBS and centrifuged again at 100,000 x g for 1 hour
at 4°C. The pelleted EVs were then resuspended in 200 uL of filtered
PBS and stored at -80°C before use.

3.1.3 | Stochastic optical reconstruction
microscopy

All images were acquired on a Nikon N-STORM super-resolution
system (Nikon Instruments Inc.) with a Nikon Eclipse Ti inverted micro-
scope and a 100xTIRF lens (numerical aperture 1.49). The 561 nm
semiconductor laser was used to excite fluorophores of Alexa 561, the
488 nm semiconductor laser was used to excite fluorophores of Alexa
488, the 647 nm semiconductor laser was used to excite fluorophores
of Alexa 647, and the lower 405 nm laser was used to increase the num-
ber of on-state fluorophores according to general recommendation.
Two thousand frames with a 60 ms exposure time were recorded to
image one cell by an electron multiplying CCD camera (Andor ixon DU-
897). The capture time of one cell was usually about 20 minutes. During
the fluorescence acquisition, a Nikon microscopic imaging device pro-
vided a Perfect Focus System (PFS) to achieve real-time correction of
focus drift in Z axis direction.

Ultracentrifuged plasma EVs were washed three times with PBS
and then immersed in 200 uL of a buffer specialized for STORM
imaging (7 uL of oxygen-scavenging GLOX buffer [14 mg of glucose oxi-
dase, 50 uL of 17 mg/mL catalase in 200 uL of 10 mM Tris, 50 mM
NaCl, pH 8.0], 70 uL of MEA buffer [1 M]), plus 620 uL of Buffer B
(50 mM Tris-HCI [pH8.0], 10 mM NaCl, 10% glucose]) before data

acquisition.
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3.1.4 | Electron microscopy

Five uL ultracentrifuged reference plasma, prepared identically to the
cohort samples, were deposited on an electron microscopy (EM) grid
coated with a perforated carbon film and incubated for 30 minutes;
the liquid was blotted from the back side of the grid and the grid was
quickly plunged into liquid ethane using a Leica EMCPC cryo-chamber.
EM grids were stored under liquid nitrogen prior to EM observation.
Cryogenic EM (Cryo-EM) was performed with a Titan Krios electron

microscope (Thermo Fisher Scientific).

3.1.5 | Nanoparticle tracking analysis

Nanoparticle tracking analysis (NTA) was performed using a NanoSight
NS300 instrument with a 405 nm violet laser (Malvern Panalytical)
according to the manufacturer’s instructions. Briefly, 10 uL ultracen-
trifuged reference plasma were diluted 1:100 with 0.22 um-filtered
PBS (pH 7.4) to a final volume of 1 mL for direct scatter measurement.
Ideal measurement concentrations were identified by pre-testing the
ideal particle per frame value (20-100 particles/frame). The ideal
detection threshold was determined to include as many particles as
possible with the restrictions that 10 to 100 red crosses were counted
while only < 10% were not associated with distinct particles. For each
measurement, five 1-minute videos were captured under the following
conditions: cell temperature: 25°C; syringe speed: 40 uL/s. The videos
were analyzed using NanoSight Software NTA 3.1 build 3.1.46 with a
detection threshold of five.

3.1.6 | EV analysis with Apogee nanoscale flow
cytometry

Fluorophore-conjugated antibodies were generated using Zenon IgG
labeling kits (Invitrogen/Life Technologies) according to the manufac-
turer’s protocol. Specifically, mouse anti-L1 cell adhesion molecule
(L1ACAM) monoclonal antibody (80832, Abcam) was labeled with the
Zenon Alexa Fluor 405 mouse IgG, labeling kit; and mouse anti-N-
methyl-D-aspartate (NMDA) receptor subunit 2A (NMDAR2A) mon-
oclonal antibody (MA5-27693, Thermo Fisher Scientific) was labeled
with Zenon Alexa Fluor 405 mouse IgG,, labeling kit. Mouse anti-
AB4o monoclonal antibody (805401, BioLegend) was labeled with the
Zenon Alexa Fluor 647 mouse 1gG4 labeling kit; and rabbit anti-AB4,
monoclonal antibody (700254, Thermo Fisher Scientific) was labeled
with the Zenon Alexa Fluor 647 Rabbit IgG labeling kit. Mouse anti-p-
tau231 monoclonal antibody (MN1040, Thermo Fisher Scientific) was
labeled with the Zenon Alexa Fluor 647 mouse IgG4 labeling kit; and
mouse anti-p-tau396 monoclonal antibody (35-5300, Thermo Fisher
Scientific) was labeled with the Zenon Alexa Fluor 647 mouse I1gG,y,
labeling kit.

Immunoglobulin isotype controls of corresponding species were
also labeled at the same final concentrations as all the antibodies.
Another negative control (no antibody “Blank,” i.e., dye only) was the
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use of the same volume of PBS instead of specific antibodies during the
labeling reaction.

Labeled anti-L1CAM or anti-NMDAR2A (Alexa Fluor 405 labeled),
together with another Alexa Fluor 647 labeled antibody (AB4q, AB42, P-
tau231, or p-tau396), were added to 10 uL of ultracentrifuged plasma
sample (equivalent antibody amount per sample: 0.1 ug) and incubated
overnight at 4°C. Labeled sample was then fixed with 20 uL of 0.22 um-
filtered 4% paraformaldehyde for 20 minutes at room temperature.

Samples were analyzed using an Apogee Micro-PLUS flow cytome-
ter (Apogee Flow Systems) with a 70 mW 405 nm laser for light scatter-
ing in forward and side directions and blue fluorescence and a 200 mW
488 nm laser for green fluorescence as previously described.23 Under
the optimized micro-flow cytometry settings, the sample maintains a
stable particle number count and no aggregation. Apparent sample
concentrations showed dilution linearity after dilution of the sam-
ple. The reference beads and EV samples were run at the following
high-threshold settings (minimizing background noise): the threshold
numerical values for lasers 405-LALS and 405-Blue were set at 17 and
25, respectively; the numerical value and voltage for laser 405-Blue
were set at 1 and 450V, respectively. The sheath fluid pressure was set
at 150 mbar and samples were introduced at a flow rate of 1.5 uL/min.

All samples were kept at 4°C and tested within 8 hours after label-
ing, and labeling was stable under these conditions. For each cohort,
clinical samples were analyzed in a single batch in 2 days, and samples
from different diagnostic groups were distributed across each day. Two
reference plasma samples, pooled from ~30 HCs, were added into each

day’s measurements to help to assess day-to-day variations (< 5%).

3.1.7 | CSF protein measurements

CSF AB4y, t-tau, and p-tau181 in the discovery cohort were measured
by using the INNO-BIA AlzBio3 Luminex assay (Innogenetics) and were
published previously.3”-28 Values for these CSF proteins in the ADNI
cohorts measured with Roche Elecsys assays were obtained from the
ADNI database (adni.loni.usc.edu).

3.1.8 | High-density lipoprotein and low-density
lipoprotein measurements

Low-density lipoprotein (LDL) and high-density lipoprotein (HDL)
levels in plasma samples, including whole plasma, ultracentrifugation-
enriched plasma EVs, and EV-poor plasma (supernatant after ultra-
centrifugation), were measured with a Roche Cobas c701 automatic
analyzer (Roche Diagnostics). All testing reagents, including calibra-
tors and controls, were supplied by Roche Diagnostics. 200 uL of each
sample were used for LDL and HDL measurements.

3.1.9 | Statistical analysis

All analyses were performed in SPSS 25.0 (IBM) or Prism 8.0 (Graph-

Pad Software). The normality of distribution of dataset was analyzed
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(Shapiro-Wilk test). Mann-Whitney U test (for two groups) or one-
way non-parametric analysis of variance, Kruskal-Wallis test (for three
groups) were used to compare group mean total particle number
detected by scatter (independent of any fluorescent cell type label), or
ratio of a given positive marker to total events. ROC curves for ana-
lytes were generated to evaluate their sensitivities and specificities in
distinguishing AD from HCs or PD. Logistic regression was used to gen-
erate an integrative model that included multiple plasma biomarkers.
P < 0.05 was regarded as significant.

4 | RESULTS

EVs to be examined in this work were characterized after their enrich-
ment from plasma via ultracentrifugation according to MISEV2018
recommendations.*® To analyze their morphology and size, we per-
formed cryo-EM analysis of the EVs after ultracentrifugation. We were
able to detect double membrane structured EVs with a diameter of
~150 nm (Figure 1). NTA was further used to determine the sizes and
distribution of EVs, showing a broad peak with a maximum ~70 nm.
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FIGURE 1 Characterization of extracellular vesicles (EVs) enriched by ultracentrifugation. A, EV structure revealed by cryo-EM showed
double layered membrane-bound vesicles with a diameter ~100 nm. B, Nanoparticle tracking analysis showed a population of EVs with a peak
~70 nm. C, EV and neuron marker proteins were present in the EV fraction obtained by ultracentrifugation. D, High-density lipoprotein (HDL) and
low-density lipoprotein (LDL) were present in both EV and supernatant fractions, with the majority remaining in the supernatant
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FIGURE 2 L1CAM and NMDAR2A are present on extracellular e e oo o

vesicle (EV) membranes. A, Stochastic optical reconstruction
microscopy (STORM) imaging of neuronal cell type markers (green)
with EV marker CD9 (red). Fluorescent beads with a diameter of

100 nm are included to show scale. B, STORM imaging was performed
to confirm L1CAM or NMDAR2A and phosphorylated tau
(p-tau)231/396 presence of EV membranes together. To confirm the
EV identity of the detected signal in ultracentrifuged plasma samples,
L1CAM or NMDAR2A was compared to the EV marker CD9 and
p-tau231/396 on the EV membranes together. Overlap of both
markers with CD9 indicates their presence on EV membranes. Scale
bar =0.1 um. C, STORM imaging was performed to confirm L1CAM or
NMDARZ2A and amyloid beta (A3)40/AB42 presence of EV membranes
together. To confirm the EV identity of the detected signal in
ultracentrifuged plasma samples, L1ICAM was compared to the EV
marker CD9 and AB40/AB342 on the EV membranes together. Overlap
of both markers with CD9 indicates their presence on EV membranes.
Scale bar =0.1 um

FIGURE 3 Development of novel, flow cytometry-based assays
for central nervous system (CNS) and Alzheimer’s disease (AD)
markers on plasma extracellular vesicles (EVs). A, Example histograms
showing populations of EVs positive for each marker after labeling
with fluorophore-conjugated antibody. B, Histograms of plasma
samples labeled using fluorophore-conjugated immunoglobulin G
isotype control for the indicated marker target antibody. C, Histogram
showing blank (fluorophore only, no antibody) control experiment. D,
Histogram of remaining particles after depletion of EVs from plasma
by ultracentrifugation. E-J, Summary data from experiments
demonstrating specificity of EV assays, linearity in different dilutions
of EV plasma samples, and stability of reference plasma (two
replicates run each day on 5 separate days of the experiment) for (E)
L1CAM, (F) NMDARZ2A, (G) amyloid beta (AB) 40, (H) AB42, (1)
phosphorylated tau (p-tau 231, (J) p-tau 396
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FIGURE 4 Apogee flow cytometry. A, Apogee flow cytometry was regularly calibrated using a set of standard beads. B, Sample dilution

showing linearity to exclude detection of excess doublets

We also analyzed EV-specific markers by western blot. As expected,
western blot analyses demonstrated that EV samples from ultracen-
trifugation were enriched for NMDAR2A as well as general EV markers
Alix and CD9 proteins. To determine whether this process enriched
other lipid-containing particles, we also used immunoassays to ana-
lyze the content of raw plasma, ultracentrifugation-enriched EVs, and
EV-poor plasma (supernatant after ultracentrifugation) for lipopro-
teins, and found that the majority of HDL and LDL remained in the
supernatant after centrifugation (Figure 1).

Previous studies by us and others used LICAM as a marker
for CNS/neuron-derived EVs.111419 |n this study, we further identi-

fied NMDAR2A as another, possibly more CNS-specific (proteinat-

las.org) EV marker. STORM, a super-resolution microscopy technique
for single-molecule imaging, was performed to confirm L1CAM or
NMDAR2A and EV general marker CD9 presence together on EV
membranes. Nanoscale-sized fluorescent beads with a diameter of
100 nm were included as a scale standard. To confirm the EV iden-
tity of the detected signal in ultracentrifuged plasma samples, LICAM
or NMDAR2A was compared to the EV marker CD9 on the EV mem-
branes together (Figure 2A). Colocalization of NMDAR2A or LICAM
together with general EV marker (CD9), on the same plasma EV sur-
face was observed. Colocalization of NMDAR2A or L1CAM together
with p-tau231 or p-tau396, along with a general EV marker (CD9),

on the same plasma EV surface was also confirmed using STORM
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technology (Figure 2B). Additionally, we found that NMDAR2A or
L1CAM together with AB4q or AB4, and CD9 were on the same plasma
EV surface by STORM technology (Figure 2C).

Nanoscale flow cytometry (Apogee) assays that we previously
developed in CSF23 were optimized to measure NMDAR2A+,
L1CAM+, and AD marker+ EVs in plasma. Assay specificities and
dilution linearity were confirmed (Figure 3). A single reference plasma
sample was run in duplicate, repeated over 5 days, to demonstrate the
day-to-day stability. Coefficients of variation for intra- and inter-day
assay comparisons were < 10% for all markers. Reference standards
(fluorescent beads of known size) were run regularly to calibrate
Apogee performance (Figure 4A). The relationship between total
gated positive events and sample dilution is presented in Figure 4B, to
address the coincidence of events by swarming.

Next, we examined individual samples for discovery cohort subjects
meeting the CSF t-tau/AB,, cutoff identified previously3”® to select
“true” AD and HCs. There were no differences in the total number of
EVs detected in plasma between AD and control subjects (mean num-
ber of total particles detected by scatter, regardless of fluorescence;
P = 0.21, Kruskal-Wallis, Figure S1 in supporting information). More-
over, no differences were observed in either large or small particles
when particles above versus below 150 nm were analyzed separately
(Figure S1). Further, because Apogee technology cannot detect the par-
ticles smaller than 80 nm readily, an NTA analysis was performed in a
small cohort of 30 AD and 30 controls, showing no significant differ-
ence in total particle number or number of exosome-size (40-150 nm)
particles versus larger (> 150 nm) particles (Table S1 in supporting
information).

More interestingly, levels of NMDAR2A+ and LICAM+ EVs were
lower in AD versus HCs in the discovery cohort (Table 1; Figure 5A-B)
and this trend was the same in small (<150 nm) and larger (> 150 nm)
EVs (Figure S2 in supporting information). Levels of ABso+, AB4r+,
p-tau231+ and p-tau396+ EVs were also lower in AD than HCs
(Table 1; Figure 5C-F). As neurodegenerative disease controls, PD
patient plasma samples were also examined; AD levels of LICAM+,
AB4o+, ABsr+, p-tau231+, and p-tau396+ EVs were lower than in
PD (Figure 5A-F). Marker levels did not correlate with age; however,
correlations were observed between markers (Table 2).

ROC analysis was then performed to evaluate diagnostic perfor-
mance. Comparing AD and HC, the sensitivity and specificity for
NMDAR2A+ EVs were 82% and 81% (AUC = 0.89, 95% Cl 0.82-0.96)
and 51% and 91% (AUC =0.779,95% Cl = 0.68-0.88) for LLICAM+ EVs
(Figure 5G). For other EV markers, and PD versus AD, the performance
was moderate (Table 3). However, an integrative model combining all
EV markers (Figure 5H) discriminated AD from HCs with an AUC of
0.915 (95% Cl = 0.86-0.97; sensitivity = 85%, specificity = 84%).
EVs carrying AB and or tau species, alone or in combination with
NMDAR2A or L1CAM, did not further increase the diagnostic power
over NMDAR2A or LICAM.

To validate these results, ADNI baseline samples from CSF t-
tau/AB4, confirmed cases were also assessed. Group differences
between AD and HCs were confirmed for total particles (P = 0.58,
Mann-Whitney) and all markers (Table 1; Figure 6A-F). The sensitivity
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FIGURE 5 Performance of central nervous system (CNS)-derived
extracellular vesicle (EV) markers in the discovery cohort. A, The
percentage of LLICAM+ EVs was significantly lower in Alzheimer’s
disease (AD) than in Parkinson'’s disease (PD) and healthy control. B,
The percentage of NMDAR2A+ EVs was significantly lower in AD than
in healthy controls, and trended lower than in PD. AD subjects also
had lower percent positive than healthy controls or PD patients for (C)
amyloid beta (AB)40, (D) AB42, (E) phosphorylated tau (p-tau)231, and
(F) p-tau 396. G, When individual markers were used to distinguish AD
from controls, their performance was moderate. Receiver operating
characteristic curves showing separation of AD from control using EVs
carrying LICAM, NMDAR2A, AB40, AB42, p-tau231, and p-tau396. H,
Integrative model including all EV markers distinguishes AD from
control. *P < 0.05 compared to AD. ** P < 0.01 compared to AD. ***

P < 0.001 compared to AD. Kruskal-Wallis test followed by Dunnett’s
multiple comparisons test
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TABLE 2 Correlation matrix of EV markers and age

Age

L1CAM

NMDAR2A

AB40

Ag42

231

396

Age

-0.066
0.41
0.046
0.57

-0.117
0.14

-0.096
0.23

-0.092
0.25

-0.107
0.177

L1CAM
0.076
0.36

0.760
0.000
0.816
0.000
0.599
0.000
0.673
0.000
0.370
0.000

TIAN ET AL.

NMDAR2A AB40 AB42 231 396
0.061 0.053 0.058 0.088 0.033
0.46 0.52 0.524 0.29 0.69
0.879 0.790 0.565 0.762 0.376
0.000 0.000 0.000 0.000 0.000

0.689 0.518 0.674 0.387

0.000 0.000 0.000 0.000
0.551 0.852 0.809 0.0629
0.000 0.000 0.000 0.000
0.352 0.876 0.676 0.826
0.000 0.000 0.000 0.000
0.766 0.750 0.620 0.378
0.000 0.000 0.000 0.000
0.290 0.515 0.648 0.487
0.000 0.000 0.000 0.000

Note: Blue boxes show correlations of markers with age, and correlations between markers, in the discovery cohort. Red boxes show the same correlations in

the ADNI validation cohort.

Abbreviations: AB40, amyloid beta 1-40; AB42, amyloid beta 1-42; ADNI, Alzheimer’s Disease Neuroimaging Initiative; EV, extracellular vesicle; LICAM, L1
cell adhesion molecule; NMDAR2A, N-methyl-D-aspartate receptor 2A; 231, tau phosphorylated at T231; 396, tau phosphorylated at S236.

TABLE 3 Areasunder the curve for ROC analyses

Comparison
Discovery cohort

AD vs. Control

AD vs.PD

Validation cohort (ADNI)

AD vs. Control

Marker

L1CAM
NMDAR2A
AB40

AB42

p-tau 231
p-tau 396
L1CAM
NMDAR2A
AB40

Ap42

p-tau 231
p-tau 396

L1CAM
NMDAR2A
AB40

AB42

p-tau 231
p-tau 396

AUC

0.763
0.882
0.741
0.759
0.758
0.740
0.660
0.729
0.738
0.727
0.704
0.773

0.762
0.809
0.725
0.696
0.693
0.655

95% Cl

0.662-0.865
0.813-0.951
0.635-0.846
0.657-0.860
0.654-0.862
0.634-0.846
0.564-0.757
0.643-0.814
0.647-0.830
0.636-0.817
0.611-0.798
0.686-0.859

0.687-0.838
0.742-0.876
0.644-0.805
0.611-0.781
0.609-0.777
0.566-0.744

Cut-off

5.62%
2.20%
5.54%
9.18%
2.00%
10.34%
5.08%
2.10%
5.64%
9.91%
2.41%
11.51%

5.01%
3.47%
5.59%
5.73%
2.40%
17.28%

Abbreviations: AB40, amyloid beta 1-40; AB42, amyloid beta 1-42; AD, Alzheimer’s disease; ADNI, Alzheimer’s Disease Neuroimaging Initiative; AUC, area
under the curve; Cl, confidence interval; LICAM, L1 cell adhesion molecule; NMDAR2A, N-methyl-D-aspartate receptor 2A; PD, Parkinson’s disease; p-
tau231, tau phosphorylated at T231; p-tau396, tau phosphorylated at S236.
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FIGURE 6 Performance of central nervous system (CNS)-derived
extracellular vesicle (EV) markers in the validation cohort. The
percentages of (A) LLCAM+, (B) NMDAR2A+, (C) amyloid beta
(AB)40+, (D) AB42+, (E) phosphorylated tau (p-tau)231+, and (F) p-tau
396+ EVs were significantly lower in Alzheimer’s disease (AD) than in
control. (G) When individual markers were used to distinguish AD
from control, their performance was moderate. Receiver operating
characteristic curves showing separation of AD from control using EVs
carrying LICAM, NMDAR2A, AB40, AB42, p-tau 231, and p-tau 396.
Hm Integrative model including all EV markers distinguishes AD from
control. * P<0.05,** P < 0.01, *** P < 0.001, Mann-Whitney test

and specificity were 74% and 67% (AUC = 0.809, 95% Cl = 0.74-0.88)
for NMDAR2A+ EVs, 72% and 70% (AUC = 0.762, 95% Cl = 0.69-
0.84) for LICAM+ EVs (Figure 6G). Intriguingly, the integrative model
(Figure 6H) distinguished AD from HC with a sensitivity and specificity
of 81% and 63% (AUC = 0.810, 95% Cl = 0.74-0.88).

It should be noted that, in addition to NMDAR2A- and L1CAM-

carrying EVs, in this study we also investigated EVs carrying traditional
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AD biomarkers (AB and tau). For AB, it has been reported that some
cleavage of APP to AB peptides have been found to occur in the
endosome, and some AS peptides are released from cells in associ-
ation with exosomal membranes.** A peptides are thus commonly
detected in EVs, particularly on the surface of EVs,** from the CSF and
blood of AD patients.*® In contrast, although tau has been reported
to be secreted into EVs and its disease-associated phosphoforms are
enriched in EVs from AD CSF,** the presence of p-tau species on the
surface of EVs appears to be counterintuitive because they are typically
considered intracellularly distributed. Though more details remain
to be investigated, one possibility is that intracellular proteins are
flipped along with the membrane when EVs are formed. Yet, the “flip-
ping” hypothesis is not applicable to all proteins because monomeric
or oligomeric a-synuclein, proteins investigated in our recent arti-
cle, cannot be detected until the EVs are permeated.23 Clearly, more
studies are needed to characterize EVs, especially those related to
neurodegenerative disorders.

Our study adds to a growing literature of biomarkers for AD car-
ried on or within EVs. Several previous studies have reported levels of
classical AD-related proteins, including Ag species as well as total and
phosphorylated tau species, indicating increased levels of these mark-
ers in brain-derived plasma EVs,1% 214748 pyt the results on total tau
levels in such EVs have been inconsistent.141521.2249 Notably, each
of these studies quantified the concentration of target proteins in a
sample of lysed EVs isolated from the plasma via immunocapture. In
contrast, the fluorescent label and flow cytometry method used here
quantifies the number of intact EVs carrying the marker of interest;
thus, although we observed a decrease in EVs carrying these markers,
the results do not necessarily conflict with previous works. Notably,
similar studies focusing not on classical AD markers, but on synaptic
proteins, have frequently observed decreased levels, possibly reflect-
ing the loss of synapses characteristic of neurodegeneration.*”:°0-52
Further studies are needed to confirm whether potentially brain-
derived EV levels, specific marker levels contained in each EV, or both,
are changed in AD.

Additionally, several technical caveats must be considered regard-
ing these detailed results. The current Apogee system may not
detect EVs < 100 nm accurately, and complementary technologies
are required in future studies to examine smaller EVs precisely. Addi-
tionally, because the isolation technique used to enrich the EVs from
plasma, ultracentrifugation, in this study is known to sometimes cause
particles to aggregate, it is possible that the imaging data showing that
these neuronal markers co-localized with general EV markers may have
actually represented two separate EVs, each with one of the markers,
closely associated with each other. These possibilities can be distin-
guished in future experiments using a label to mark the interior of the
EVs, as a contrast to the membrane labels used in the present study.
Finally, the variability between subjects in total EVs, as well as the dif-
ficulty in ensuring specificity for EVs in measures of plasma particles,
make normalization of the marker-positive EVs both necessary and
challenging. Here, we have addressed the issue by normalizing posi-
tive EVs to all detected particles, accounting for variation by reporting

the positive ratio. A more rigorous control would be to normalize to a
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fluorescent marker that labels all EVs (and only EVs); however, such
specific markers are lacking. Tetraspanins, for example CD9 used in
our STORM study, the most widely used EV markers, label only a sub-
set of probable EV particles,”3>* making them unsuitable as a total
marker. Thus, identification of such universal EV markers in the future
will improve further studies of EVs.
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