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ATP1A3 as a target for isolating neuron-specific
extracellular vesicles from human brain and biofluids
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Neuron-derived extracellular vesicles (NDEVs) are potential biomarkers of neurological diseases although their Commons Attribution

reliable molecular target is not well established. Here, we demonstrate that ATPase Na*/K* transporting subunit
alpha 3 (ATP1A3) is abundantly expressed in extracellular vesicles (EVs) isolated from induced human neuron,
brain, cerebrospinal fluid, and plasma in comparison with the presumed NDEV markers NCAM1 and L1CAM by
using super-resolution microscopy and biochemical assessments. Proteomic analysis of immunoprecipitated
ATP1A3" brain-derived EVs shows higher enrichment of synaptic markers and cargo proteins relevant to Alz-
heimer’s disease (AD) compared to NCAM1" or LICAM* EVs. Single particle analysis shows the elevated amyloid-
B positivity in ATP1A3* EVs from AD plasma, providing better diagnostic prediction of AD over other plasma
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biomarkers. Thus, ATP1A3 is a reliable target to isolate NDEV from biofluids for diagnostic research.

INTRODUCTION
Extracellular vesicles (EVs) are cell-derived small membranous ves-
icles carrying a large diversity of molecules including lipids, nucleic
acids, and proteins (1). EV cargos could be dynamically altered
under the pathophysiological conditions and reflect a disease-spe-
cific signature. Therefore, they are a promising source for under-
standing the state of brain and discovering biomarkers of
neurological disorders. Over the past several years, there has been
a keen interest in capturing neuron-specific EVs from patient-
derived biopsies or biofluids and characterizing their contents as
a pathological reflection of the central nervous system (CNS).
Most studies attempted to enrich putative neuron-derived EVs
(NDEVs) by immunocapturing a presumed neural marker L1 cell
adhesion molecule (LICAM) (2). Although this approach has iden-
tified LICAM-associated biomarker signatures that correlate with
neurodegenerative and psychiatric diseases, the reliability of using
L1CAM as a marker of brain neuronal EVs has been questioned (3).
Therefore, more reliable reproducible NDEV markers are needed to
isolate and characterize bona fide NDEV's from human samples.
Our recent study characterized proteomic profiles of EVs from
four human neural cell types, excitatory neurons, astrocytes, micro-
glia-like cells, and oligodendrocytes, and identified adenosine tri-
phosphatase (ATPase) Na'/K" transporting subunit alpha 3
(ATP1A3) as one of the abundant neuron-specific EV markers
(4). ATP1A3 is a-3 catalytic subunit of the neuronal Na'/K"
ATPase, an integral membrane protein regulating the electrochem-
ical gradients of Na" and K" ions (5). Unlike LICAM, which is
widely expressed in both CNS and periphery, ATP1A3 is mostly en-
riched in brains with some specific expression in heart muscles ac-
cording to the Human Protein Atlas database (https://proteinatlas.
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org/). Single-cell RNA sequencing analysis of human cerebral
cortex further shows enrichment of ATPIA3 in excitatory and in-
hibitory neurons (6), suggesting the neuronal origin of ATPIA3.
Here, we conduct both single and bulk EV analyses to evaluate
whether ATP1A3 is specific to NDEVs and a promising target for
NDEYV pulldown from accessible biofluids for disease monitoring.
The two proposed NDEV markers LICAM and neural cell adhesion
molecule 1 (NCAM1) (7) were also evaluated for the comparisons.

RESULTS

ATP1A3 is a neuron-specific protein and associated with
EVs in human brain tissues and biofluids

Immunofluorescent staining of ATP1A3 in adult mouse brain re-
vealed the abundant expression of its protein across different
brain regions including cortex, hippocampus, striatum, and thala-
mus (fig. SIA). To investigate the cell type—specific expression of
ATP1A3, colocalization analysis was conducted between ATP1A3
and specific cell markers, including neurons (MAP2"), astrocytes
(GFAP"), and microglia (IBA1"), in the hippocampal area of both
wild-type and Alzheimer’s disease (AD) mouse model (APPNL-GE,
fig. S1B). In addition, similar analysis was performed using human
brain tissues obtained from healthy individual and AD patient (fig.
S1C). Our data showed a higher degree of overlap in fluorescence
intensity and distribution between ATP1A3 and the neuronal
marker MAP2, as compared to glial fibrillar acidic protein
(GFAP) and ionized calcium-binding adapter molecule 1 (IBA1)
staining, in all experimental conditions. These results strongly
suggest that ATP1A3 expression is predominantly specific to
neurons. Moreover, RNA expression data accessed from the
Human Protein Atlas database further support our observation,
demonstrating a more confined expression pattern of ATP1A3 in
the brain with a notable enrichment in neurons than NCAM1
and L1ICAM (fig. S2).

As ATP1A3 is a multiple transmembrane protein expressed on
neurons, we expected that it is also associated with EVs on their
surface. We therefore isolated EVs derived from human induced
pluripotent stem cell-derived excitatory neurons (iNeurons),
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human brain tissues, cerebrospinal fluid (CSF), and plasma and
characterized the presence of molecules of interest using four com-
plementary techniques (Fig. 1A). Our iNeuron differentiation by
overexpressing the neuronal transcriptional factor neurogenin-2
(NGN2) after puromycin selection of transduced cells (8) resulted
in over 97% MAP2" neuronal cells with less contamination of
GFAP" astrocytes (fig. S3, A and B). The high purity of the
culture was also supported by our previously published proteomics
dataset (4), showing a remarkable enrichment of neuron-specific
proteins including MAP2, MAPT, and synaptic proteins in iNeur-
ons (fig. S3C). In addition, the NDEV marker candidates including
ATP1A3,NCAM]I, and L1CAM were also detected (fig. S3D). Next,
we applied immuno-electron microscopy to confirm the presence of
ATP1A3,NCAM], and LICAM on the EV surface by labeling with
5-nm gold particles for these markers and 10-nm gold particles for
CD9. The immuno-labeling of CD9 was detectable in iNeuron-,
brain-, CSF-, and plasma-EVs (Fig. 1B, left column). Double immu-
nostaining showed that ATP1A3, NCAMI, or LICAM was detected
with CD9 in a single EV in all of these samples (Fig. 1B, second to
fourth columns).

We next used single-particle interferometric reflectance imaging
sensor (SP-IRIS) analysis (9) to determine the population of these
NDEV markers in different EV preparations after EV affinity
binding to tetraspanins on Exoview chips (fig. S4A). Total fluores-
cent particles in each spot preconjugated with anti-CD9, anti-
CD81, anti-CD63, and isotype control immunoglobulin G (IgG)
antibodies were counted in EV samples, revealing the different tet-
raspanin subpopulations between iNeuron-, brain-, and CSF-EVs
(fig. S4, B and C). Analysis of the fluorescent expression of
NDEV markers confirmed the presence of ATP1A3, NCAMI,
and LICAM in those EV preparations and revealed their colocaliza-
tions with pan-tetraspanins. The captured iNeuron-EVs displayed a
higher level of ATP1A3 compared to NCAM1 and L1CAM, partic-
ularly in CD9 captured spots (Fig. 1, C and D). Intriguingly, we ob-
served the higher percentage of NCAM1" particles in CD9 and
CD81 captured spots from brain-EV, while ATP1A3" particles
were more enriched in CD63 captured spots from brain- and
CSF-EV (Fig. 1, E and F). The colocalization analysis showed
diverse EV subpopulations (e.g., pan-tetraspanins” EVs, ATP1A3"
EVs, NCAM1" EVs, LICAM" EVs, ATP1A3" NCAMI1" EVs,
ATP1A3" L1ICAM" EVs, etc.) in brain- and CSF-EVs (fig. $4D),
suggesting the heterogeneity of neuronal EVs in human samples.

Single- and bulk-EV analysis demonstrated the higher
enrichment of ATP1A3 associated EVs than NCAM1 and
L1CAM in human samples

To confirm the expression and colocalization of surface markers in
four EV preparations, we performed super-resolution imaging of
single EVs captured by EV profiler kit [Oxford Nanoimager
(ONI)] and stained with fluorescent antibodies against pan-
tetraspanins (CD9/CD81/CD63) and neuronal EV markers
(ATP1A3, NCAM1, and L1CAM) at a single vesicle resolution by
direct stochastic optical reconstruction microscopy (dSTORM)
(Fig. 2A) (10). The clustering analysis showed a higher percentage
of ATP1A3" EV subpopulation when compared to NCAM1 in
iNeuron-EV (35.7 versus 0.0%), CSF-EV (56.8 versus 0.5%), and
plasma-EV (11.4 versus 0.9%), while fewer ATP1A3" EV population
was identified compared to NCAMI1 in brain-EV (12.5 versus
33.1%; Fig. 2, B and C). Similarly, we can detect greater ATP1A3"
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EV subpopulation with respect to LICAM in iNeuron-EV (20.4
versus 0.1%), brain-EV (19.4 versus 4.5%), CSF-EV (29.7 versus
0.9%), and plasma-EV (8.1 versus 0.2%; Fig. 2, D to F). Thus, our
data demonstrated that those three candidate markers were present
on the surface of EVs isolated from iNeurons, brain, CSF, and
plasma and that the ATP1A3" EVs is more reliably detectable in
these human biospecimens than NCAM1" and LICAM" EVs by
dSTORM techniques.

Next, we biochemically characterized EVs from brain, CSF, and
plasma samples. Immunoblotting confirmed the expression of EV
specific markers (CD9 and CD81) and the absence of non-EV
markers [GM130, cytochrome C (CytoC), and H2A] in brain-EV
(fig. S5A). Notably, ATP1A3 showed significantly higher enrich-
ment in EV fractions compared to brain lysates, while we did not
observe such enrichment with NCAM1 and LICAM (fig. S5B). In
CSF and plasma samples, ATP1A3 was also highly enriched in EV
fractions although both NCAM1 and L1CAM were rather depleted
in EVs (fig. S6, A and B). To determine whether those three NDEV
markers were expressed on the EV surface, we performed proteinase
treatment assay (fig. S7A). Proteinase K treatment significantly di-
minished the amount of ATP1A3, NCAMI, LICAM, and CD81 in
brain-EVs compared to microtubule associated protein tau (Tau)
and glyceraldehyde phosphate dehydrogenase (GAPDH), which
were intraluminal proteins of EVs (fig. S7, B and C) (11, 12).
These biochemical evaluations ensure that ATP1A3 is associated
with neuronal EV surface and enriched in human brain-, CSF-,
and plasma- EV samples compared to NCAM1 and L1CAM.

ATP1A3* EV immunoprecipitated from human brain tissues
displays higher neuronal cell type specificity over NCAM1*
and L1CAM™ EVs by label-free mass spectrometry

EV cargo molecules can reflect the physiological or disease status of
the cells of origin (13). To characterize the signature of cargo mol-
ecules in three different NDEVs, we performed proteomic analysis
of ATP1A3, L1CAM, or NCAM1-associated brain-EVs separated by
affinity capture method (Fig. 3A). First, we examined markers for
EV, synapse, and glia in ATP1A3", NCAM1", or LICAM" EV im-
munocaptured from the equal amount of brain-EVs by immuno-
blotting (Fig. 3B). The common EV markers (e.g., FLOT1, CD8I,
and CD9) were present in all the immunoprecipitated EV samples
(Fig. 3B). We observed a better enrichment of neuron-specific pro-
teins including Tau, synaptophysin (SYP), and synaptosome-asso-
ciated protein 25 (SNAP25) by ATP1A3 and NCAMI
immunoprecipitation than LICAM (Fig. 3B). In addition, the pre-
sumed glia makers (microglial TMEM119 and astrocytic GFAP)
were undetectable in these immunoprecipitated NDEVs. Label-
free liquid chromatography—mass spectrometry analysis of
ATP1A3", NCAM1", and LICAM" brain-EVs (table S1) identified
a total of 318 proteins in ATP1A3" EVs, 275 proteins in NCAM1™
EVs, and 131 proteins in LICAM" EVs after the exclusion of non-
specific proteins coimmunoprecipitated by isotype control IgG
(Fig. 3, C and D). The heatmap displayed the clustering of total
507 identified EV protein, which showed neuronal markers
(ATP1A3, NCAMI1, and L1CAM), common EV markers (e.g.,
CD9 and CD81), and neuron-specific molecules [e.g., SYP,
SNAP25, and neuroplastin (NPTN)] (fig. S8A). Among the 249
overlapping proteins between ATP1A3" and NCAM1" EVs, we
ranked the differentially expressed proteins (DEPs) based on the
fold change in protein abundance and determined a higher
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Fig. 1. ATP1A3 is a neuron-specific EV marker candidate besides NCAM1 and L1CAM and associated with EVs in human brain tissues and biofluids at a single-
particle level. (A) Experimental design for evaluating whether NDEV marker candidates (ATP1A3, NCAM1, and L1CAM) is associated with EVs. UC, ultracentrifugation; SU-
GG, sucrose gradient centrifugation; SEC, size exclusion chromatography. (B) Transmission electron micrograph showing immunogold labeling of EVs isolated from
iNeuron, brain, CSF, and plasma stained with anti-CD9 antibody (10 nm) and anti-ATP1A3, NCAM1, and L1CAM antibody (5 nm). Scale bars, 100 nm. (C) Representative
fluorescent images of iNeuron-EV detected by fluorescent-conjugated antibodies (red: ATP1A3-AF647, NCAM1-AF647 or L1CAM-AF647; blue: CD9/81C/63-AF488) on
Exoview chip CD63 capture spots. The round circle in magnified images masks costained particles with tetraspanins. Scale bars, 25 and 5 pm. (D) Percentages of
ATP1A3, NCAM1, and L1CAM fluorescent particle counts relative to total particles in iNeuron derived EVs (n = 2 biological replicates) on Exoview chip tetraspanins
capture spots. (E) Representative fluorescent images of brain- and CSF-EV detected by fluorescent-conjugated antibodies (green: ATP1A3-AF555; red: NCAM1-AF647
or L1ICAM-AF647; blue: CD9/81/63-AF488) on Exoview chip CD9 capture spots. The round circle in magnified images masks co-stained particles with tetraspanins.
Scale bars, 25 and 5 um. (F) Percentages of ATP1A3, NCAM1, and L1CAM fluorescent particle counts relative to total particles in brain (n = 2) and CSF (n = 2) derived
EVs on Exoview chip tetraspanins capture spots.
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Fig. 2. Comparative analysis of NDEV candidate markers (ATP1A3, NCAM1, and L1CAM) expression in EVs by super-resolution microscopy. (A) Schematics
showing the staining protocol of ATP1A3 and NCAM1 for EVs. (B) Representative super-resolution microscopy images showing the expression of ATP1A3 and NCAM1
in pan-tetraspanins (CD9/81/63) positive EVs at a single-particle level. Scale bars, 100 nm. (C) Pie charts showing the heterogeneous EV population with ATP1A3 and
NCAM1 in different EV preparations. Particles with diameter less than 200 nm were quantified. (D) Schematics showing the staining protocol of ATP1A3 and L1CAM for
EVs. (E) Representative super-resolution microscopy images showing the expression of ATP1A3 and L1CAM in pan-tetraspanins (CD9/81/63) positive EVs at a single-
particle level. Scale bars, 100 nm. (F) Pie charts showing the heterogeneous EV population with ATP1A3 and L1CAM in different EV preparations. Particles with diameter
less than 200 nm were quantified.
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Fig. 3. ATP1A3" EV immunoprecipitated from human brain tissues displays higher neuronal cell type specificity. (A) Workflow for characterizing ATP1A3",
NCAM1*, and L1ICAM™ EVs immunoprecipitated from brain. (B) Western blot images of 5% total EVs (Input), supernatant (S.P), and immunoprecipitated EVs (A,
ATP1A3; L, LICAM; N, NCAM1) isolated from control brains (n = 3) and probed for neuron and glia markers. Equivalent proteins from brain-EVs were used for immuno-
capturing ATP1A3, L1CAM, and NCAM1. IB, immunoblotting antibody (C) Principal components analysis (PCA). The EV proteome of total brain-EV and immunoprecip-
itated EVs were measured in triplicate and classified. (D) Venn diagram showing the number of proteins differentially identified in total, ATP1A3*, LICAM*, and NCAM1*
brain-EVs by proteomics (n = 3 per group). (E) Gene ranking dotplot showing the DEPs in ATP1A3" brain-EVs compared to NCAM1* and L1CAM" brain-EVs. (F) Gene
ontology, pathway, and cell type enrichment analysis of total identified proteins in ATPTA3" brain-EVs. (G) Heatmaps showing the expression level of proteins associated
with Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway term AD and Cell Atlas term Neuronal cell type within each immunoprecipitated EV sample.
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enrichment of neuron-specific proteins, including microtubule-as-
sociated protein 1B, syntaxin-1B, SNAP25, synaptotagmin-1
(SYT1), and calcium/calmodulin-dependent protein kinase II
alpha (CAMK2A) in ATP1A3" EVs versus NCAMI1" EVs
(Fig. 3E). Similarly, compared to LICAM1" EVs, the top DEPs in
ATP1A3" EVs also included neuronal proteins such as SYTI,
CAMK2A, contactin-associated protein 1, and SNAP25 (Fig. 3E),
demonstrating the superior enrichment of neuronal molecules in
ATP1A3" EVs over NCAM1" or LICAM1" EVs. Gene set enrich-
ment analysis of affinity purified EVs demonstrated that proteins in
ATP1A3%, NCAM1", and LICAM" EVs were significantly associat-
ed with not only synaptic molecules but also myelin sheath, neuro-
degenerative diseases, and oxidative phosphorylation (Fig. 3F and
fig. S8B). Gene set enrichment analysis of 68 unique proteins in
ATP1A3" EVs was also related to similar pathways, whereas 24
unique proteins in NCAM1" EV's were enriched in fatty acid biosyn-
thesis, vesicle endocytosis, and secretion (fig. S8C). We examined
proteins associated with AD and neuronal markers among three
groups by heatmaps, showing unique enrichment of AD related
molecules in ATP1A3" EVs: disintegrin and metalloproteinase
domain-containing protein 10, reticulon-3, mitogen-activated
protein kinase 1, and neuronal proteins: reticulon-1, sodium
channel protein type 2 subunit alpha, and CAMK2B (Fig. 3G).
These results revealed that cargo molecules in ATP1A3" EVs com-
prehensively reflect the neuronal and disease changes in the brain.

Increased AP level in ATP1A3" EVs derived from CSF and
plasma of AD cases

We next sought to isolate potential NDEV's from human biofluids
by immunocapturing ATP1A3 and other molecules to investigate
its application to biomarker discovery for neurological diseases in-
cluding AD (Fig. 4A). We extracted total EVs from CSF and plasma
and immunocaptured NDEVs by specific antibodies. The immuno-
captured target molecules were evaluated by Western blotting and
enzyme-linked immunosorbent assay (ELISA) kits, showing the
higher enrichment of ATP1A3 in EV fractions compared to immu-
nocapture with NCAM1, L1ICAM, or control isotype IgG antibody
in CSF-EVs (fig. S9, A and B). We observed similar enrichment of
ATP1A3 in plasma EVs but not NCAM1 or LICAM using specific
antibodies (fig. S10, A and B). In addition, the particle distribution
of affinity-enriched ATP1A3", NCAM1", and LICAM" CSF-EVs
was evaluated by nanoparticle tracking analysis (fig. S11, A and
B). The particle numbers were reduced after the immunoprecipita-
tions of NDEVs, reflecting the selection by affinity enrichment
(fig. S11B).

ATP1A3" CSF-EV samples were tested for quantification of AD
biomarkers, including amyloid-p peptide 1-40 (AP40) and 1-42
(AP42), total tau (T-tau), p-tau at T181 (P-taul81) (14), and the
neuronal protein SNAP25 using high-sensitivity digital ELISA
(Simoa) (15). All of the AD biomarkers were detected in
ATP1A3" CSF-EVs from both control and AD samples, although
there was no difference due to the small sample size (Fig. 4B, n =
3 per group); SNAP25 was undetectable in AD samples, likely rep-
resenting the synaptic loss in the AD brain (table S2 and Fig. 4B)
(16). The AP42/40 ratio in ATP1A3" CSF-EVs was elevated in
AD group compared to CSF or total CSF-EVs (Fig. 4C), suggesting
the higher sensitivity for the detection of changes in Ap42/40 ratio
using ATP1A3" CSF-EVs compared to CSF or total CSF-
EV samples.
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Last, to investigate the diagnostic potential of plasma-derived
ATP1A3" NDEVs as biomarkers in neurodegenerative diseases,
we isolated plasma-EVs derived from age- and sex-matched 10
healthy controls (CTL), 10 mild cognitive impairment (MCI), and
10 patients with AD and performed single-particle analysis of EV's
fluorescently stained with pan-tetraspanins (CD9/CD81/CD63),
ATP1A3, and AP (clone 4G8) by dSTORM (Fig. 4D and fig.
S12A). Particle size distribution of plasma-derived EVs was
shown differently among the three groups (fig. S12, A and B). We
observed the increased frequency of 50- to 100-nm particles in the
MCI group compared to control and AD group, likely indicating an
active release of small EVs in response of early pathological changes
(17). The single EV-based quantitative analysis demonstrated a sig-
nificantly higher percentage of AB" EV population in AD compared
to healthy control and MCI (fig. S12C). Intriguingly, we observed a
significant increase of AR* population in specified ATP1A3" EVs
(Pan" AP ATP1A3"/Pan*ATP1A3" ratio) in AD compared to
control or MCI group (Fig. 4, E and F). To examine whether the
elevation of AB" EV population in AD was specific to ATP1A3 as-
sociated EVs, we performed single-EV analysis of AP levels in
NCAMI1" and LICAM" EVs from plasma samples of five controls
and five patients with AD (fig. S13, A and C). In line with our find-
ings depicted in Fig. 2, the number of NCAM1" and LICAM" EVs
in plasma was much fewer (fig. S13B, Pan"NCAM1*Ap™: CTL
versus AD = 0.075% versus 0.408%, Pan"NCAMI1"Ap™: CTL
versus AD = 2.63% versus 1.33%; fig. S13D, Pan'LICAM A ™:
CTL versus AD = 1.178% versus 0.042%, Pan'LICAM"Ap™: CTL
versus AD: 3.78% versus 0.29%) than ATP1A3" EVs (fig. S12C,
Pan"ATP1A3"AB™: CTL versus AD = 50.85% versus 38.25%,
Pan*ATP1A3"AB": CTL versus AD = 1.27% versus 14.13%). The
very limited frequency of detecting NCAM1" and LICAM™ EVs
in plasma has posed challenges in their utilization comparing to
ATP1A3" plasma-EVs for biomarker development.

Furthermore, we found that AR* population in ATP1A3" plasma
EV were positively correlated with tau pathology as defined by
Braak stage and negatively correlated with cognitive assessments in-
cluding Mini-Mental State Examination (MMSE) (18) and Demen-
tia Rating Scale (DRS) (Fig. 4G) (19). We also quantified
conventional AD blood biomarkers, including AB40, Ap42, AB42/
40 ratio, and total tau (T-tau) using the same total plasma samples
by Simoa (table S3) (20). In total plasma, there is marginal but sig-
nificant decrease of AB42/AB40 ratio in AD group compared to
controls, while there was no difference in other parameters
(Fig. 4H and fig. S14). We further analyzed receiver-operating char-
acteristics (ROC) curves to compare the diagnostic accuracy of these
potential plasma biomarkers. Across all the comparisons, the
highest area under the curve (AUC) values were seen with % Ap*
population in ATP1A3" EVs: AUC values were 0.95 for AD versus
controls (Fig. 4I) and 0.94 for AD versus MCI (Fig. 4]). AUCs for
plasma AP42, AB40, AB42/AB40 ratio, and T-tau were 0.71, 0.52,
0.86, and 0.56 for AD versus controls (Fig. 4I) and 0.54, 0.61,
0.60, and 0.55 for AD versus MCI (Fig. 4]). Therefore, our findings
demonstrated the potential of developing ATP1A3" EVs as prom-
ising diagnostic blood biomarkers for neurodegenerative disorders
including AD.
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Fig. 4. ATP1A3" EV analysis in human CSF and plasma. (A) Workflow for characterizing ATP1A3" EVs immunoprecipitated from CSF. (B) Simoa quantification of AD
related neuropathogenic proteins (AR42, AB40, T-tau, P-tau181, and SNAP25) in ATP1A3™ CSF-EVs from healthy controls (n = 3) and AD (n = 3). Data are presented by box
and whisker plot which shows the median and the 25th to 75th percentiles. (C) AB42/AB40 ratio in CSF, total CSF-EV, and ATP1A3 immunoprecipitation (IP) CSF-EV
samples among AD group. (D) Workflow explaining single-particle analysis of A" population in ATP1A3" plasma-EV to distinguish AD from healthy controls (CTL)
and mild cognitive impairment (MCI). (E) Representative super-resolution microscopy images showing plasma-derived AB* ATP1A3" single EV among control, MCl,
and AD groups [green: FITC-CD9/81/63, red: Alexa Flour 555-ATP1A3, gray: Alexa Flour 647-Ap (clone 4G8)]. Scale bars, 100 nm. (F) Percentage of AR population in
ATP1A3" plasma-EV among control, MCl, and AD groups (n = 10 per group). (G) Correlations of AR* population in ATP1A3" plasma-EV with clinical Braak stage, Mini-
Mental State Examination (MMSE), and Dementia Rating Scale (DRS) scores in combined control (n = 7), MCI (n = 10), and AD (n = 10) samples. The dashed line indicates
95% confidence band of the best-fit line. Pearson correlation coefficients are shown. (H) Quantification of AB42/A340 level in total plasma samples from CTL (n =9), MCl (n
=10), and AD (n = 10). (I to J) Receiver-operating characteristics (ROC) curves displaying the performance of AB* population in ATP1A3" plasma-EV, plasma AB40, AB42,
AB42/AB40 ratio, and T-tau to distinguish (I) AD from CTL and (J) AD from MCI. T-tau, total tau; AUC, area under the curve; Cl, confidence interval; ns, no significance; *P <
0.05, **P < 0.01, ***P < 0.001.

You et al., Sci. Adv. 9, eadi3647 (2023) 15 September 2023 7 of 13

GZ0Z ‘2T SUN[ UO JB1Sa0J0A STIesnydesse |l Jo AISIBAIUN Te BI0'80Us 195" MAMM//SONY W) pepeo jumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

DISCUSSION

By following the Minimal Information for Studies of Extracellular
Vesicles (MISEV) 2018 guidelines (21), we used multiple methods
to validate that ATP1A3 is associated with EVs as a promising
NDEV marker in human brain, CSF, and plasma. Unlike the
most frequently used marker LICAM and NCAM1 (2), ATP1A3 ex-
pression is more restricted to neurons in the CNS and enriched in
EVs from brain and biofluids. Although the potential degradation
and alterations in the integrity of EVs from frozen postmortem
brain tissues may affect the quality of the isolated EVs (22), our
work successfully characterized the EV-specific protein cargos im-
munoprecipitated from human brain samples and demonstrated
that ATP1A3" EVs exhibited higher enrichment of neuronal mole-
cules than LICAM1" and NCAM1" EVs. These findings indicate
that ATP1A3 represents a bona fide NDEV marker. We further
showed a clear presence of ATP1A3" EV in human CSF and
plasma samples, revealing the high potential to access NDEVs
from a liquid biopsy. Notably, AB" population in ATP1A3"
plasma-EV displayed a better discrimination of AD from healthy
controls and MCI than conventional biomarkers, showing the op-
timism to explore promising blood biomarkers for neurodegenera-
tive diseases by isolating circulating NDEVs. A potential limitation
of our study is the presence of clinical heterogeneity, which may
arise from the small sample size of 10 subjects per group. Therefore,
future studies investigating AD or other disease-associated mole-
cules including tau, TDP-43, and a-synuclein in ATP1A3" EVs
from plasma with larger cohorts and multicentered samples
would provide significant insights for disease diagnosis. Applica-
tion of dSTORM as a single-EV analysis platform will enable us
to characterize the loading of disease-specific biomarkers at
single-molecule resolution, which may potentially improve the sen-
sitivity and accuracy of disease detection (23). Our results propose
ATP1A3 as a reliable target to enrich NDEV's from human samples
and pave a fresh way to study molecular changes associated with
neurological diseases in the CNS.

MATERIALS AND METHODS

Brain, CSF, and plasma sample acquisitions

One cohort of brain tissues from healthy controls, two cohorts of
CSF, and two cohorts of plasma samples including healthy
control and AD cases were used in this study. The postmortem
brain tissues (superior temporal lobe) were obtained from Boston
University School of Medicine Brain Bank. The first cohort of
control CSF used for immuno-gold staining, ExoView analysis,
super-resolution imaging, Western blotting, and ELISA was ob-
tained from the Greater Los Angeles Veteran's Affairs Hospital as
a part of National Institutes of Health (NIH) NeuroBioBank. The
second cohort of CSF used for Simoa analysis was acquired from
Banner Sun Health Research Institute (three AD and three
healthy controls). The first cohort of control plasma samples used
for immuno-gold staining, super-resolution imaging, Western blot-
ting, and ELISA was obtained from Boston University School of
Medicine. The second cohort of plasma used for f amyloid analysis
by super-resolution microscopy and Simoa was acquired from the
University of California, San Diego (10 healthy controls, 10 MCI,
and 10 AD). All the AD, MCI, and control cases were neuropatho-
logically diagnosed by Braak stages for tau and Thal stages for
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amyloid and with short postmortem intervals. We performed clin-
ical testing by the MMSE to classify individuals with MCI and AD.
Participants with an MMSE score between 23 and 27 were catego-
rized as MCI, while those with an MMSE score below 23 were cat-
egorized as AD. Human subjects from these three groups were
carefully matched for age [CTL versus MCI versus AD = 82.7
versus 88.5 versus 82.5 years old, analysis of variance (ANOVA) P
> 0.05] and sex (five male and five female for each group). The de-
mographic information of all cases is provided in table S4. The In-
stitutional Review Board at Boston University Medical Campus, the
University of California, San Diego, the Greater Los Angeles Veter-
an's Affairs Hospital, and the Banner Health Institute approved the
brain the protocol, and all participants provided informed consent.
This work was approved by the Mayo Clinic Institutional Review
Board. Biosafety protocols were in compliance with the Institutional
Biosafety Committee of Mayo Clinic.

EV isolation from induced hiPSC neurons (iNeurons)

Rapid induction of induced pluripotent stem cell (iPSC) into
human excitatory neurons was performed via a doxycycline-indu-
cibleNGN?2 system using our published protocol (24). Briefly, to ini-
tiate NGN2 induction, doxycycline was added to NGN2 iPSCs at a
final concentration of 2 pg/ml in fresh media consisting of Knock-
Out Dulbecco’s modified Eagle's medium (catalog no. 10829018),
KnockOut Serum Replacement (catalog no. 10828010), MEM
Non-Essential Amino Acids (NEAA) solution (catalog no. 11-
140-050), GlutaMAX (catalog no. 35050061), and B-mercaptoetha-
nol (catalog no. 21985023, all from Invitrogen). On Day 2, puromy-
cin was added at 5 ug/ml for selection. On D4, cells were replated on
poly-ornithine (10 ug/ml; catalog no. P4957, Sigma-Aldrich) and
mouse laminin (5 pg/ml; catalog no. 23017015, Invitrogen) co-
coated six-well plate (1 x 10° cells per well) in media consisting of
Neurobasal (catalog no. 21103049, Gibco), B27 (catalog no.
17504044, Gibco), GlutaMAX, 20% dextrose (catalog no. G8769,
Sigma-Aldrich), MEM-NEAA supplemented with brain-derived
neurotrophic factor (10 ng/ml; catalog no. 450-02), glial cell line—
derived neurotrophic factor (catalog no. 450-10), and ciliary neuro-
trophic factor (catalog no. 450-13, all from PeproTech). Condi-
tioned media from D17 to D21 was collected and processed for
iNeuron-EV isolation by ultracentrifugation at 110,000¢ overnight
at 4°C in a 41Ti rotor (Optima-XE SW41, Beckman Coulter). EVs
were resuspended in phosphate-buffered saline (PBS) for further
characterization.

EV isolation from human brain, CSF, and plasma

The unfixed frozen tissue (0.5 g) from temporal cortex of deceased
control cases was processed for EV extraction based on reported
method with some modifications (4, 25). Briefly, the tissue was
sliced with a razor blade into 2- to 3-mm” sections on ice. The
cut sections were dissociated in Hibernate-E medium (catalog no.
A1247601, Thermo Fisher Scientific) containing collagenase type
3 (75 U/ml; catalog no. LS004180, Worthington Biochemical) at
37°C for 15 min. After incubation, the tissue samples were imme-
diately added with protease inhibitor (catalog no. P178443, Thermo
Fisher Scientific) and 6 ml of ice-cold Hibernate-E without further
homogenesis and filtered with 40-pm mesh filter (catalog no. 22-
363-547, Thermo Fisher Scientific). After filtration, the samples
were sequentially centrifuged at 300g for 10 min at 4°C to precipitate
large debris, 2000g for 10 min at 4°C to precipitate cellular fraction,
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and 5000g for 20 min at 4°C to precipitate plasma membrane frac-
tion. The supernatant was filtered using a 0.45-um polyethersulfone
membrane filter (catalog no. SLHPM33RS, Millipore) and ultracen-
trifuged at 110,000 for 70 min at 4°C using a SW41Ti rotor. The
pellet was resuspended in 2 ml of 0.475 M sucrose solution (catalog
no. S5-3, Thermo Fisher Scientific). The sucrose step gradient was
further created with steps starting from 2.0 to 1.5, 1.0, 0.825, 0.65,
and 0.475 M to facilitate capture of the EV-rich pellet by centrifug-
ing at 200,000¢ for 20 hours at 4°C. The final pellet from “V” (the
fraction between 0.65 and 0.825 M) and "VI” (the fraction between
0.825 and 1.0 M) was combined as brain-derived EV pellet.

For CSF-derived EV extraction, we used the commercial Exo-
Quick EV isolation kit (catalog no. EXOQ5A-1, System Biosciences)
according to the manufacturer’s instructions. For all the experi-
ments, pooled CSF were used. Briefly, 1-ml CSF sample was
thawed on ice and added with protease inhibitor and centrifuged
at 3000g for 20 min at 4°C. The supernatant was transferred to a
new tube and centrifuged at 5000¢ for 20 min at 4°C. The superna-
tant from CSF was then added with the appropriate volume of Exo-
Quick precipitation solution and incubated overnight at 4°C. The
mixture was centrifuged at 1500g for 30 min at 4°C to precipitate
the EV pellet, respectively. For plasma sampling, 500 pl was
thawed on ice and added with protease inhibitor and centrifuged
at 1500g for 10 min at 4°C, and then the supernatant was centri-
fuged at 10,000g for 20 min at 4°C. Subsequently, an ExoQuick
ULTRA EV isolation kit (catalog no. E Q ULTRA-20A-1, SBI)
was used to isolate plasma-EV designated for immunoblotting ac-
cording to the manufacturer’s instructions. Otherwise, we used qgEV
original columns (IZON Science, MA, USA) to separate enriched
EV fractions from plasma as previously described (26).

Immunofluorescent staining

For human brain sections, sequential deparaffinization and antigen
retrieval in 1 x Co-Detection Target Retrieval Reagent (Advanced
Cell Diagnostics, USA) for 15 min at 98°C was performed; for
mouse brain sections, antigen retrieval was performed in sodium
citrate for 20 min at 95°C and rinsed two times with PBS; for the
cultured cells, they were washed three times with 1 x Dulbecco’s
PBS and fixed in 4% paraformaldehyde at 37°C for 15 min, before
embedding into blocking buffer [1x PBS, 5% bovine serum albumin
(BSA; A7906, Sigma-Aldrich), 5% goat (catalog no. 16210-064,
Thermo Fisher Scientific) or donkey serum (D9663, Sigma-
Aldrich), and 1% Triton X-100 (T9284, Sigma-Aldrich)] at room
temperature for 1 hour. The samples were then labeled overnight
at 4°C, and the primary antibodies used were anti-ATP1A3
(1:1000, catalog no. MA3915, Thermo Fisher Scientific), anti-
NCAMI1 (1:1000, catalog no. MA5-11563, Thermo Fisher Scien-
tific), anti-L1ICAM (1:1000, catalog no. 14-1719-82, Thermo
Fisher Scientific), anti-MAP2 (1: 200, catalog no. 13-1500,
Thermo Fisher Scientific), anti-GFAP (1:2500, Z033429, Agilent),
and anti-IBA1 (1:100, 019-19741, Wako Chemicals). Alexa Fluor
secondary antibodies (Life Technologies) were conjugated to the
target species at room temperature (25°C) for 1 hour. DAPI (4,6-
diamidino-2-phenylindole; 1:2500, Thermo Fisher Scientific,
D1306) was used to label the nuclei. Images were acquired using a
Leica SP8 confocal microscope (Leica). All animal procedures fol-
lowed the guidelines of the NIH Guide for the Care and Use of Lab-
oratory Animals and were approved by the Mayo Clinic
Institutional Animal Care and Use Committee.
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Immunogold labeling of EVs on transmission electron
microscopy
The immunogold labeling of EVs (purified iNeuron-EV, brain-EV,
CSE-EV, and plasma-EV) was analyzed at the Electron Microscopy
Facility, Harvard Medical School, as previously described (11). For
single immunogold labeling of CD9 on isolated EVs, 5 pl of the
samples containing 1 x 10 particles/ml was adsorbed for 5 min
to carbon-coated grids (CF400-CU, Electron Microscopy Sciences)
that had been made hydrophilic by a 20-s exposure to a glow dis-
charge (25 mA). After adsorption, the grids were blocked on 1%
BSA (catalog no. A7906, Sigma-Aldrich) for 10 min, transferred
to 5-ul drops of primary mouse anti-human CD9 antibody (1:20,
catalog no. 555370, BD Biosciences), and incubated for 30 min
and then washed in four drops of PBS (total 10 min) before incuba-
tion in rabbit anti-mouse bridging antibody (1:50, catalog no.
ab6709, Abcam) for 30 min followed by PBS washes and incubation
in 5-nm protein A-gold (University Medical Center, Utrecht, The
Netherlands) for 20 min. Grids were washed in two drops of PBS
followed by four drops of water (total 15 min) and subsequent stain-
ing in 1% uranyl acetate. After removing the excess uranyl acetate
with a filter paper, the grids were examined in a JEOL 1200EX trans-
mission electron microscope, and images were recorded with an
AMT 2k charge-coupled device camera.

For double immunogold labeling of EVs, the grids were fixed for
1 min in 1% glutaraldehyde, quenched on four drops of 20 mM
glycine in PBS for a total of 10 min following the first primary an-
tibody (anti-ATP1A3, catalog no. MA3915; anti-NCAMLI, catalog
no. MA5-11563; anti-LICAM, catalog no. 14-1719-82; all from
Thermo Fisher Scientific) and 5-nm protein-A incubation and
PBS washes. The labeling procedure was repeated with a second
primary antibody (CD9, 1:30), followed by rabbit anti-mouse and
a larger size protein A gold (10 nm). The grids were stained in
uranyl acetate and imaged as described above.

Super-resolution microscopy

Super-resolution images of EV's were acquired using dSTORM from
ONI (Nanoimager S, Oxford Nanoimaging, UK) equipped with a
100x, 1.4 numerical aperture oil immersion objective. EV samples
were immobilized on microfluidic glass slides (EV profiler Kit, EV-
MAN-1.0, Oxford Nanoimaging) and stained with pan-tetraspanin
antibodies cocktail consisting of fluorescein isothiocyanate (FITC)
anti-human CD9 (HI9a, catalog no. 312104), FITC anti-human
CD81 (5A6, catalog no. 349504), and FITC anti-human CD63
(H5C6, catalog no. 353006; all from BioLegend), anti-ATP1A3 an-
tibody (catalog no. MA3915, Thermo Fisher Scientific) conjugated
to Alexa Flour 555 fluorophore by commercial conjugation kit
(ab269820, Abcam), AF647-conjugated anti-NCAMI antibody
(catalog no. 563443, BD Biosciences), or AF647-conjugated anti-
L1CAM antibody (catalog no. 564194, BD Biosciences) according
to the manufacturer’s instructions as described (10). Two thousand
five hundred total images were recorded for localization mapping
using 30, 30, and 30% power on the 488-, 561-, and 640-nm
lasers, respectively. Colocalization analysis of the different mole-
cules in a single EV was proceeded with the CODI online analysis
platform (https://alto.codi.bio/). Localization clusters with more
than 15 individual molecules were regarded as EVs. EV clusters
with Skew ranging from 1 to 2.9 and Circ ranging from 0.43 to 1
were selected for further analysis. A marker was considered as pos-
itive in a single particle when more than three individual molecules
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were detected in the same channel within a radius of 100 nm around
the center of a cluster. Five fields of view were acquired from each
sample for quantitative analysis. Furthermore, to visualize and
analyze the neurodegenerative disease—associated proteins by
dSTORM, plasma-derived EVs were stained with FITC anti-tetra-
spanins (CD9, CD63, and CD81), AF555-conjugated anti-
ATP1A3 and AF647-conjugated anti—f amyloid (catalog no.
800718, BioLegend), AF647-conjugated anti-NCAMI, or AF647-
conjugated anti-LICAM and AF594-conjugated anti—f amyloid an-
tibodies (catalog no. 800716, BioLegend). Three thousand total
images were recorded for localization mapping using 30, 30, and
30% power on the 488-, 561-, and 640-nm lasers, respectively. A
was considered as positive in a single particle when more than
two individual molecules were detected in the same channel
within a radius of 200 nm around the center of a cluster. Six
fields of view were acquired from each sample for quantitative anal-
ysis by CODI platform.

SP-IRIS analysis

SP-IRIS analysis of iNeuron-EV, brain-EV, and CSF-EV was per-
formed on ExoView Tetraspanin chips (EV-TC-TTS-01, NanoView
Biosciences) using the ExoView R100 platform (NanoView Biosci-
ences, Boston, USA) as described (9, 10). Desired volume of EVs
was diluted in buffer A to a final volume of 40 pl. Thirty-five micro-
liters of each diluted sample was incubated on ExoView Tetraspanin
Chip for 16 hours at room temperature. The chips contained spots
printed with anti-EV markers including CD63, CD81, and CD9 for
EV capturing, or mouse IgG antibody, used as a control for nonspe-
cific EV binding. The chips were then washed three times in 1-ml
solution A and followed by incubation for 1 hour at room temper-
ature with labeling antibodies. In our experiment, EV antibodies
cocktail (EV-TC-AB-01, NanoView Biosciences) containing
AF488-conjugated anti-CD63, anti-CD81, and anti-CD9 antibod-
ies, AF647-conjugated anti-ATP1A3 antibody (NBP2-
99238AF647, Novus Biologicals), AF647-conjugated anti-NCAM1
antibody (catalog no. 563443, BD Biosciences), and AF647-conju-
gated anti-L1CAM antibody (catalog no. 564194, BD Biosciences)
were used for detection of EV subpopulations. In addition, the
Alexa Fluor 555 Conjugation Kit (ab269820, Abcam) was used to
conjugate AF555 fluorophores with anti-ATP1A3 antibody
(catalog no. MA3915, Thermo Fisher Scientific) according to the
manufacturer’s protocol. All the antibodies were prediluted 1:500
in solution A. After 1-hour incubation at room temperature, the
chips were washed, dried, and then imaged with the ExoView
R100 reader using the ExoView Scaner 3.0 acquisition software.
The data were then analyzed using ExoView Analyzer 3.0. The
signal recorded on mouse IgG-printed spots was used as back-
ground control for normalization. The percentage of ATP1A3"
EVs, NCAM1" EVs, or LICAM" EVs in each anti-tetraspanin
spot was calculated as the ratio of AF555-positive events or
AF647-positive events to the total fluorescent events x 100. The
heatmaps showing total fluorescent particle counts were generated
using Graphpad Prism 9. Two biological replicates for iNeuron-EV,
brain-EV, and CSF-EV were used for the assessment.

Western blotting

Brain tissues, CSF, plasma, and corresponding EV fractions were
lysed in cold radioimmunoprecipitation assay (RIPA) buffer [25
mM tris-HCI (pH 7.6), 150 mM NaCl, 1% NP-40, 1% sodium
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deoxycholate, and 0.1% SDS; catalog no. 89900, Thermo Fisher Sci-
entific] supplemented with a protease and phosphatase inhibitor
mixture (catalog no. 78445, Thermo Fisher Scientific) and sonicated
for 5 min. Protein concentration was measured by microBCA assay
(catalog no. 23235, Thermo Fisher Scientific). The equivalent
amounts of brain lysates, CSF, plasma, or EVs were denatured in
Laemmli sample buffer (catalog no. 1610737, Bio-Rad) and
loaded on 4 to 20% Tris-Glycine eXtended (TGX) stain-free SDS—
polyacrylamide gel electrophoresis (SDS-PAGE) gels (catalog no.
4568096, Bio-Rad) or normal SDS-PAGE gels (catalog no.
4561096, Bio-Rad) and then electro-transferred to 0.45-um nitro-
cellulose membranes (catalog no. 1620115, Bio-Rad). The mem-
branes were blocked with 5% nonfat milk (catalog no. 99998, Cell
Signaling Technology) and incubated with primary antibodies over-
night at 4°C. The following primary antibodies were used for immu-
noblots: anti-NCAM1 (1:500, Thermo Fisher Scientific, MA5-
11563), anti-ATP1A3 (1:500, Thermo Fisher Scientific, MA3915),
anti-L1ICAM (1:200, Thermo Fisher Scientific, 14-1719-82), anti-
CD81 (1:500, BioLegend, 349502), anti-CD9 (1:500, Millipore,
CBL162), anti-CytoC (1:200, Cell Signaling Technology, 11940S),
anti-GM130 (1:100, Santa Cruz Biotechnology, sc55591), anti-
H2A (H2A.Z, 1:200, Cell Signaling Technology, 2718S), anti-Tau
(Taul3, 1:1000, distributed by Kanaan lab), anti-GAPDH (1:500,
Thermo Fisher Scientific, MA5-15738), anti-SYP (1:500, Sigma-
Aldrich, S5768), anti-SNP25 (1:500, BioLegend, 836304), anti-
TMEMI119 (1:500, Sigma-Aldrich, HPA051870), anti-GFAP
(1:500, Dako, z0334), anti-FLOT1 (1:1000, BD Biosciences,
610820), anti-annexin A2 (1:500, Abcam, ab178677), anti-APOA1
(1:100, Santa Cruz Biotechnology, sc-376818), and anti—f-actin
(1:500, Santa Cruz Biotechnology, sc-47778). The membrane was
further incubated with appropriate horseradish peroxidase
(HRP)-labeled secondary antibodies (anti-mouse IgG, HRP-
linked antibody, Cell Signaling Technology, 7076S; anti-rabbit
IgG, HRP-linked antibody, Cell Signaling Technology, 7074S) for
1 hour, and immunoreactivity was captured using enhanced chemi-
luminescence solutions (catalog no. WBKLS0100, Millipore). For
silver staining, the protein gels were fixed and stained according
to the manufacturer’s instructions (catalog no. 24612, Thermo
Fisher Scientific). All the images were detected using the ChemiDoc
MP Imaging System (Bio-Rad). For the quantification analysis, the
band densities were digitally measured by Image] software (NIH).

For proteinase protection assay shown in fig. S7, the equivalent
amounts of brain-derived EV's (5 pug) were incubated with protein-
ase K (PK; 20 ug/ml; catalog no. 19131, QIAGEN) and 5 mM CaCl,
in PBS for 1 hour at 37°C with gentle vortexing every 15 min. The
EVs with or without PK treatment were loaded for immunoblotting
as described above.

Immunocapture of ATP1A3*, NCAM1*, and L1ICAM* EVs
from brain, CSF, and plasma

Immunocapture of specific EVs from bulk EVs was performed ac-
cording to our previous publication with minor modifications (4).
The antibodies against potential NDEV markers ATP1A3 (Thermo
Fisher Scientific, MA3915), NCAMI1 (Thermo Fisher Scientific,
MAS5-11563), and LICAM (Thermo Fisher Scientific, 14-1719-82)
were conjugated, respectively, to Dynabeads M-270 Epoxy using the
Dynabeads Antibody Coupling Kit (catalog no. 14311D, Thermo
Fisher Scientific) according to the manufacturer’s instructions.
The equal amounts of total brain-EVs (40 pg) isolated from three
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individual healthy controls or pooled CSF-EVs (25 pug) isolated
from healthy controls or AD cases were initiated for immunopre-
cipitation. The EV samples were pretreated with 20 pl of human
FcR receptor blocking solution (catalog no. 130-059-901, Miltenyi
Biotec) on the ice for 15 min and then incubated with antibody-
conjugated bead complex (5 pg/mg) in a final volume of 500 pl.
As a negative control, IgG-conjugated beads were added to the
mixed EVs from brain or CSF samples. After overnight incubation
at 4°C, immunoprecipitated NDEVs were eluted in the equal
volume of cold RIPA buffer containing protease inhibitor and
divided for downstream mass spectrometry, Western blotting, and
ELISA. The immunoprecipitated EVs were filtered in a 0.45-um
Spin-X centrifuge tube (catalog no. CLS8162, Corning) to
completely remove magnetic beads. The total EVs and immunocap-
tured EVs were proceeded for immunoblotting as previously de-
scribed. For EV particle analysis, IgG elution buffer (catalog no.
21028T, Thermo Fisher Scientific) was used for the elution, follow-
ing by pH neutralization with 1 M tris buffer.

Mass spectrometry and data analysis
Total brain-EV (5 pg; n = 3) and immunoprecipitated EVs (n = 3 for
NDEVs; n = 2 for mIgG control) were subjected to label-free quan-
titative mass spectrometry as previously described (27). First, EV
samples were resuspended in 1x Laemmli sample buffer (catalog
no. 1610747, Bio-Rad) with 2-mercaptoethanol and heated at
95°C for 5 min. The sample was loaded to 10% SDS-PAGE gel
(catalog no. 4561033, Bio-Rad) and run until 1 cm off the loading
well. The entire protein region of the gel was excised after Coomas-
sie staining and subjected to in-gel trypsin digestion after reduction
with dithiothreitol and alkylation with iodoacetamide. Peptides
eluted from the gel were lyophilized and reconstituted in 25 to 50
ul of 5% acetonitrile containing 0.1% (v/v) formic acid (Suprapur,
catalog no. 1116700250, EMD Millipore Corporation) with 1 pmol
of yeast alcohol dehydrogenase 1 (ADH) digest and analyzed on a
NanoAcquity Ultra Performance LC (UPLC) system (Waters Cor-
poration, Milford, MA) coupled to a Orbitrap Fusion Lumos
Tribrid mass spectrometer (Thermo Fisher Scientific Inc.,
Waltham, MA). A 1- to 2-pl injection was loaded at 4 pl/min for
4 min onto a custom-packed fused silica pre-column [kasil frit,
100 pm internal diameter (I.D.)] with 2 cm of ProntoSIL C18AQ
(Bischoff Chromatography, 200 A, 5 um). Peptides were then
separated on a 75 pm LD. fused silica analytical column packed
with 25-cm Magic C18AQ (Bruker-Michrom, 100 A, 3 um) parti-
cles to a gravity-pulled tip. Peptides were eluted at 300 nl/min using
alinear gradient from 5 to 35% of mobile phase B [0.1% (v/v) formic
acid in acetonitrile] in mobile phase A [0.1% (v/v) formic acid in
water] in 115 min. Ions were introduced by positive electrospray
ionization via liquid junction at 1.4 to 1.6 kV into a Orbitrap
Fusion Lumos Tribrid mass spectrometer. Mass spectra were
acquired from mass/charge ratio (m/z) 300 to 1750 at a resolution
of 120,000 (m/z 200), maximum injection time of 50 ms using an
AGC target of 4 x 10, and data-dependent acquisition (3-s cycle
time) for tandem mass spectrometry by HCD fragmentation
using an isolation width of 1.6 Da, max fill time of 22 ms, with an
AGC target of 5 x 10*. Peptides were fragmented using a collision
energy of 30%, and fragment spectra were acquired at a resolution of
15000 (m/z 200).

Then, raw data files were processed with Proteome Discoverer
(Thermo Fisher Scientific, version 2.1) and searched with Mascot
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Server (Matrix Science, version 2.6) against the Human (Swiss-
Prot) FASTA file (downloaded 9 April 2019). Tryptic specificity
(up to two missed cleavages), a 10-ppm mass tolerance for the pre-
cursor, and a 0.05-Da mass tolerance for the fragments were used as
search parameters. All nonfiltered search results were processed by
Scaffold (Proteome Software Inc., version 5.1.0) with threshold
values set at 95% for peptides and 99% for proteins (two peptide
minimum) using the Trans-Proteomic Pipeline (Institute for
Systems Biology). Immunoprecipitated proteins were further select-
ed after exclusion of keratins as contaminates and nonspecific pro-
teins coimmunoprecipitated by isotype control IgG.

The protein comparison was conducted using the label-free in-
tensity-based absolute quantification (iBAQ) method and further
normalized by the average of ADH iBAQ across all the samples.
The 0 iBAQ values were replaced with 1 for calculation purposes.
Fold expression of overlapping proteins in ATP1A3" EVs versus
NCAMI1" EVs and ATP1A3" EVs versus LICAM1" EVs was calcu-
lated from the individual median averaged protein normalized
iBAQ values within each group. Functional pathway analyses in-
cluding Gene Ontology analysis, Kyoto Encyclopedia of Genes
and Genomes pathway analysis and Cell Atlas enrichment analysis
of potential NDEV signatures were performed using the ToppGene
Suite online tool (28) with false discovery rate (FDR) corrected P
value <0.05 (https://toppgene.cchmc.org/). The heatmaps showing
AD-related proteins and neuronal type proteins among ATP1A3"
EVs, NCAM1" EVs, and LICAM" EVs were generated using log2
iBAQ protein intensity. The final visualization of Venn diagram,
gene ranking doplots, pathway bubble plots, and heatmaps was per-
formed using R program (version 4.1.0).

Enzyme-linked immunosorbent assay

Commercial ELISA kits were used to evaluate the protein concen-
tration of ATP1A3 (catalog no. OKEH05672, Aviva Systems
Biology), NCAM1 (catalog no. ab119587, Abcam), and L1CAM1
(catalog no.ab278114, Abcam) in immunocaptured EVs from CSF
and plasma according to the manufacturer’s instructions. Duplicat-
ed wells were performed in each assay. We had four biological rep-
licates for each group.

Nanoparticle tracking analysis of EVs

The size distribution and concentration of EVs were analyzed by
nanoparticle tracking analysis using a NanoSight NS300 instrument
(Malvern, Worcestershire, UK). Isolated EVs from iNeuron, brain
or CSF was prediluted in filtered PBS to achieve a concentration
within the 107 to 108 range for optimal analysis. For each sample,
700-pl diluted EVs were injected into the sample-carrier cell, and
the particles were automatically tracked and sized using Brownian
motion and diffusion coefficients to record four videos of 30 s. The
parameters were set at 22.5° + 0.5°C for detection level 5 and camera
levels 13 to 15. The size mode (nanometers), mean size (nanome-
ters), and concentration (particle number per milliliter) of the EVs
were calculated by combining the data from the four records.

Simoa assays

Simoa assays including Neurology 3-Plex A (TAU, AP42, and
AP40), P-taul81 (V2), and SNAP-25 were conducted on the
Simoa HD-X analyzer according to the manufacture’s instruction
(Quanterix). Pooled CSF, corresponding total CSF-EVs and
ATP1A3" EVs (45 yl in elution buffer) from healthy controls (n =
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3) or AD (n = 3), were lysed with equal amount of M-PER Mam-
malian Protein Extraction Reagent (catalog no. 78503, Thermo
Fisher Scientific) and protease inhibitor cocktail (catalog no.
78442, Thermo Fisher Scientific). IgG immunoprecipitation from
mixed CSF-EVs was used as a negative control. CSF samples were
centrifuged at 10,000¢ for 5 min, and plasma were centrifuged at
2000g for 10 min at 4°C before dilution with assay specific sample
diluent provided in assay kits. The relative concentration estimates
were calculated according to the sample standard curve. Data col-
lection was conducted using Microsoft Excel, while analysis and
graphing were performed using GraphPad Prism (version 9.0).

Statistical analysis

All data are presented as mean + SEM where indicated. Statistical
analyses including the calculation of Pearson correlation coeffi-
cients for correlation analysis and AUC values from ROC analysis
were performed using GraphPad Prism (version 9.0). Comparisons
within two groups were analyzed for significance using Student's
unpaired two-tailed ¢ test or paired two-tailed ¢ test; Comparisons
among three or more groups were performed with ordinary one-
way ANOVA with Tukey's post hoc test or Kruskal-Wallis nonpara-
metric ANOVA with Dunn's post hoc test if the data failed to pass
normality tests of Shapiro-Wilk. Statistical significance was defined
as P value < 0.05. P values in functional enrichment analyses were
adjusted for multiple comparisons using FDR correction with the
Benjamini-Hochberg method where indicated. Boxplots represent
the median, 25th, and 75th percentiles, and whiskers represent mea-
surements to the 5th and 95th percentiles.

Supplementary Materials
This PDF file includes:

Figs. S1 to S14

Legend for tables S1 to S4

Legend for source data

Other Supplementary Material for this
manuscript includes the following:
Tables S1 to S4

Source data
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