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Abstract

In neurodegenerative diseases, extracellular vesicles (EVs) transfer pathogenic
molecules and are consequently involved in disease progression. We have investi-
gated the proteomic profiles of EVs that were isolated from four different human-
induced pluripotent stem cell-derived neural cell types (excitatory neurons, astro-
cytes, microglia-like cells, and oligodendrocyte-like cells). Novel cell type-specific EV
protein markers were then identified for the excitatory neurons (ATP1A3, NCAML),
astrocytes (LRP1, ITGA6), microglia-like cells (ITGAM, LCP1), and oligodendrocyte-
like cells (LAMP2, FTH1), as well as 16 pan-EV marker candidates, including integrins
and annexins. To further demonstrate how cell-type-specific EVs may be involved
in Alzheimer’s disease (AD), we performed protein co-expression network analysis
and conducted cell type assessments for the proteomes of brain-derived EVs from
the control, mild cognitive impairment, and AD cases. A protein module enriched in
astrocyte-specific EV markers was most significantly associated with the AD pathol-
ogy and cognitive impairment, suggesting an important role in AD progression. The
hub protein from this module, integrin-(1 (ITGB1), was found to be significantly ele-
vated in astrocyte-specific EVs enriched from the total brain-derived AD EVs and
associated with the brain f-amyloid and tau load in independent cohorts. Thus, our
study provides a featured framework and rich resource for the future analyses of EV
functions in neurodegenerative diseases in a cell type-specific manner.
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1 | INTRODUCTION

Alzheimer’s disease (AD) is a pervasive neurodegenerative brain disease, and alongside other types of dementia, it affects an
estimated 44 million people worldwide (Collaborators, G.B.D.D., 2019). Although AD is currently characterized by the presence
of amyloid-g (AB) plaques and tau neurofibrillary tangles in the brain (Jack et al., 2018), the molecular and cellular changes during
the progression of the disease beyond Af and tau depositions have remained elusive.

Recently, extracellular vesicles (EVs) have attracted considerable interest as they play a critical role in intercellular com-
munication during both physiological and pathological conditions (Delpech et al., 2019; Thompson et al., 2016; You & Ikezu,
2019). Mounting evidence has revealed that the cargo contents of EVs that are isolated from brain tissues and biofluids, are
dynamically altered by neurodegenerative diseases, including AD, and they reflect a disease-specific molecular signature. For
instance, AD brain-derived EVs have been shown to contain pathogenic proteins, such as AS, hyper-phosphorylated tau,
and a-synuclein (Muraoka, Deleo, et al., 2020; Sardar Sinha et al., 2018). The combination of annexin A5 (ANXA5), VGF
nerve growth factor inducible (VGF), glycoprotein M6A (GPM6A), and actin-related protein 1A (ACTZ) in AD brain-derived
EVs has enabled them to be distinguished from controls with 88% accuracy (Muraoka, Deleo, et al., 2020). A more recent
study using 16-plex tandem mass tag (TMT)-based quantitative proteomics of cerebrospinal fluid (CSF)-derived EVs identi-
fied significant elevations in the heat shock protein family A (Hsp70) member 1A (HSPA1A) and aminopeptidase puromycin-
sensitive (NPEPPS) in AD CSF EVs when compared to CSF EVs isolated from patients with mild cognitive impairment
(MCI), and this enabled AD to be distinguished from MCIs with a 91% accuracy (Muraoka, Jedrychowski, Yanamandra,
et al., 2020). Therefore, EVs may serve as a reliable resource for future developments in disease diagnosis, prognosis, and
therapy.

Every cell type in the central nervous system (CNS), including the neurons and glia, are known to shed EVs (Budnik et al,,
2016; You & Ikezu, 2019) and they are then secreted into biofluids such as blood, urine, and CSF (Chiasserini et al., 2014; A.
G. Thompson et al., 2016). A growing number of studies have reported the immuno-based capture of cell type-specific EVs
from biofluids, mostly plasma samples, to assess the pathological processes in neurodegenerative disorders. For example, plasma
neuron-derived EVs isolated with anti-L1 cell adhesion molecule (LICAM) antibody showed significantly increased levels of
Af,_4, in AD cohorts 1-10 years before disease onset and could thus possibly be used to predict AD (Fiandaca et al., 2015).
In addition, plasma astrocyte-derived EVs isolated with anti-GLAST/EAATI (an astrocyte specific glutamate aspartate trans-
porter/excitatory amino acid transporter 1) antibodies showed significantly increased levels of complement components in the
AD cohorts (Goetzl et al., 2018; Nogueras-Ortiz et al., 2020). Thus, capturing cell type-specific EVs from patient-derived biofluids
or biopsies and profiling their contents could be utilized as a novel method for studying the pathophysiology of AD. However,
despite previous studies on the immunocapture of brain cell-derived EVs from the patient plasma or serum, a consensus on cell
type-specific EV markers is lacking as information on cell type-specific EV proteomic datasets from human samples is currently
limited (Norman et al., 2021). To address these concerns, we sought to define human brain cell type-specific EV protein signatures
that can distinguish EV's from distinct subsets of brain cells.

Here we isolated EVs that were secreted from cultured excitatory neurons, astrocytes, microglia-like cells, and
oligodendrocyte-like cells derived from human induced pluripotent stem cells (hiPSCs). We analyzed the EV samples using
label-free mass spectrometry (MS) and identified 16 common proteins shared by all EV samples, which will be useful to help
improve EV isolation from human brain tissues. Moreover, our data revealed very distinct protein profiles across the different
brain cell-derived EVs that reflect the unique EV cargo loading of each cell type, providing comprehensive and unbiased infor-
mation for cell type-specific EV biomarker discovery.

To demonstrate the utility of these EV protein signatures, we analyzed 30 human brain-derived EV samples that were puri-
fied from the frozen brain tissues of healthy controls (HC), MCI, and AD patients, using a MS-based protein quantifica-
tion approach with isobaric multiplex TMTs (Johnson et al., 2020; Ting et al., 2011). We then used weighted correlation net-
work analysis (WGCNA) to identify significant modules of co-expressed proteins linked to specific cell types, biological path-
ways, and disease processes (Langfelder & Horvath, 2008; Miller et al., 2008). The most centrally correlated proteins with
these co-expression modules are enriched in key drivers that may play prominent roles in pathogenesis (Barabasi et al., 2011;
Johnson et al., 2020). We generated AD brain-derived EV protein co-expression networks related to distinct functions and
brain cell types using cell type-specific EV proteins. One of the most strongly altered AD EV protein co-expression mod-
ules was enriched with astrocyte-derived EVs and plasma membrane molecules, which overlap with the EV profiles from
the activated astrocytes, as we have previously reported (You et al., 2020). Our results demonstrate an important role for
cell type-specific EVs in assessing AD progression and provide a framework for future EV studies on neurodegenerative
diseases.
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2 | MATERIALS AND METHODS
2.1 | Human induced pluripotent stem cell (hiPSC) cultures

The hiPSC cell line ADRC iPS clone 4 (male; healthy individual; APOE; Apolipoprotein E, €3/3 allele) was provided by
UCI (University of California, Irving) Alzheimer’s Disease Research Center (ADRC) Induced Pluripotent Stem Cell Core
(http://stemcells.mind.uci.edu/). Pluripotency of the iPSCs was verified using the Human Pluripotent Stem Cell Marker Antibody
Panel (anti-OCT3/4; octamer transcription factor-3/4, anti-NANOG; homeobox protein NANOG, anti-alkaline phosphatase,
anti-SSEA-4, stage-specific embryonic antigen-4, R&D Systems, SC008) according to the manufacturer’s instructions. The iPSCs
were maintained in feeder-free conditions coated with human embryonic stem cell-qualified Matrigel (Corning, 354277) in com-
plete mTeSR1 (StemCell Technologies, 05825) or TeSR-E8 medium (StemCell Technologies, 05990) in a humidified incubator
(5% CO,, 37°C). hiPSCs were fed fresh media daily and passaged every 5 days. All cell lines used were authenticated and tested
negative for mycoplasma.

2.2 | Differentiation of hiPSCs into brain cell types

Rapid induction of the hiPSCs into human excitatory neurons was performed via a doxycycline-inducible neurogenin-2 (NGN2)
system as previously described (Guix et al., 2018). hiPSCs were differentiated into hematopoietic progenitor cells (HPCs) and sub-
sequently to microglia as previously described with minor modifications (Mcquade et al., 2018); hiPSCs were differentiated into
neural progenitor cells (NPCs) and subsequently to astrocytes as previously described, with some modifications (Tcw et al., 2017);
rapid induction of NPCs into oligodendrocytes was performed via a doxycycline-inducible overexpression of oligodendroglial
transcriptional factors (Sox10; SRY-Box transcription factor 10, and Olig2; oligodendrocyte transcription factor 2) as previously
described, with minor modifications (Ehrlich et al., 2017). Methodological details are provided in the Supplementary Materials
and Methods.

2.3 | Immunocytochemistry (ICC)

hiPSCs and differentiated neural cells were washed three times with 1 X Dulbecco’s phosphate-buffered saline (DPBS) and fixed
in 4% paraformaldehyde at 37°C for 15 min. Cells were permeabilized and blocked in a blocking solution (1 X PBS, 5% bovine
serum albumin [BSA, Sigma-Aldrich, A7906], 5% goat [ThermoFisher Scientific, 16210-064] or donkey serum [Sigma-Aldrich,
D9663], and 1% Triton X-100 [Sigma-Aldrich, T9284]) at room temperature (25°C) for 1 h. Cells were then labelled overnight at
4°C and the primary antibodies used for hiPSCs were anti-OCT3/4, anti-NANOG, anti-alkaline phosphatase, and anti-SSEA-4
(all 1:100, R&D Systems, SC008). The NPCs were anti-paired Box 6 (PAX6, 1:1000, R&D, AF8150), anti- SRY-Box transcrip-
tion factor 2 (SOX2, 1:1000, R&D, AF1828), and anti-NESTIN (1:1000, R&D, MABI1259); the hiPSC-neurons were anti-MAP2
(1: 1000, Millipore, AB5622), anti-RNA binding Fox-1 homolog 3 (NeuN, 1:50, Chemicon, MAB377B), and anti-synaptophysin
(SYP, 1:1000, Sigma-Aldrich, S5768); the hiPSC-microglia-like cells were anti-Triggering Receptor Expressed On Myeloid Cells
2 (TREM2, 1:1000, R&D, AF1828) and anti-Purinergic Receptor P2Y12 (P2RY12, 1:1000, Sigma, HPA014518); for the hiPSC-
astrocytes they were anti-glial fibrillar acidic protein (GFAP, 1:700, Agilent, Z033429), anti-Vimentin (1:200, Thermo Fisher
Scientific, 14-9897-82), and anti-APOE (1:500, Sigma-Aldrich, 178479); the iPSC-oligodendrocytes were anti-O4 (1:500, R&D
Systems, MAB1326) and anti-myelin basic protein (MBP, 1:500, R&D Systems, MAB42282). Alexa Fluor® secondary antibodies
(Life Technologies) were conjugated to the target species at room temperature (25°C) for 1 h in blocking buffer. 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).

2.4 | Isolation of iNeuron-, iMGL-, iAstrocyte-, and iOligo-derived extracellular vesicles

iNeurons were cultured in a 75-cm (Jack et al., 2018) flask at a density of 7.5 X 10° cells/flask with three independent replicates.
Media for the iNeurons D17-21 was collected and processed for further iNeuron-EV isolation. iMGLs were plated in a six-well
plate at a density of 1 x 10° cells/well, and media on the D31-36 were collected for iMGL-EV isolation with three replicates.
iAstrocytes were cultured in a 75-cm (Jack et al., 2018) flask at a density of 7.5 X 10° cells/flask with three replicates. Conditioned
media on D60-D66 were then collected for iAstrocyte-EV isolation. iOligo cells were plated in a 75-cm (Jack et al., 2018) flask at a
density of 7.5 x 10° cells/flask with three replicates. Conditioned media on D14-D24 were then collected for iOligo-EV isolation.
All fresh media used were ultra-centrifuged at 100,000¢ for 18 h at 4°C (Beckman Coulter, Brea, CA) to remove exogenous
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exosomes and other EVs. Thirty minutes before collecting the conditioned media, 25 mM potassium chloride (KCl, P9333, all
from Sigma-Aldrich) was added to stimulate the cells for complete EV release (Fauré et al., 2006; Stebbing et al., 2015). iNeuron-
EVs, iMGL-EVs, iAstrocyte-EVs, and iOligo-EV's were isolated by differential centrifugation, as described in Figure 1b. First, the
medium was centrifuged at 300g for 10 min at room temperature (25°C) to remove floating cells. The remaining supernatant was
centrifuged at 2000g for 10 min at 4°C to remove cell debris, sequentially 10,000¢ for 30 min at 4°C to remove large microvesicles
and apoptotic bodies, and then ultra-centrifuged at 100,000¢ overnight at 4°C in a 41Ti rotor (Optima-XE SW4l1, Beckman
Coulter) to obtain small EV pellets. The final pellets were resuspended in 1 mL cold PBS and loaded on qEV original size exclusion
chromatography columns (qEVoriginal, Izon Science, Christchurch, New Zealand) to harvest fractions (500 ul each) according
to the manufacturer’s instructions. Each fraction was analyzed using a nanoparticle tracking analysis to determine the pooled
EV-enriched fractions (f8-11).

2.5 | Nanoparticle tracking analysis (NTA) of extracellular vesicles

Both the size distribution and concentration of the EVs were analyzed by NTA using a NanoSight NS300 instrument (Malvern,
Worcestershire, UK), as previously described (You et al., 2020). Briefly, EVs were pre-diluted in PBS to 600 ul to achieve a
concentration within the 107-10% range for optimal analysis. Diluted EVs were injected into the sample-carrier cell, and the
particles were automatically tracked and sized using Brownian motion and diffusion coefficients for each sample. The parameters
were set at 22.5°C + 0.5°C for detection level 5 and camera level 13-15. Four recordings of 30 s were acquired for each sample. The
mean size (nm) and concentration (particles/mL) of the EVs were both calculated by integrating the data from the four records.

2.6 | Transmission electron microscopy (TEM)

The cell type-specific and human brain-derived EVs were analyzed using TEM at the Electron Microscopy Facility, Harvard
Medical School, as previously described (Muraoka, Jedrychowski, Yanamandra, et al., 2020). A total of 5 ul of an EV sample
was adsorbed for 1 min on a carbon-coated mesh grid (Electron Microscopy Sciences; www.emsdiasum.com) that had been
made hydrophilic by a 20-s exposure to a glow discharge (25 mA). After removing excess liquid, the grid was floated briefly
on a drop of water to wash away the phosphate or salt, blotted on a filter paper, and then stained with 0.75% uranyl formate
(Electron Microscopy Sciences) for 30 s. After removing the excess uranyl formate, the grids were examined, and random fields
were photographed using a JEOL 1200EX TEM with an AMT 2k CCD camera.

2.7 | Processing of cell type-specific cell lysates and EV proteins and label-free quantitative
LC-MS/MS proteomics

Cell lysates were extracted from hiPSC-derived cells in RIPA buffer (Thermo Fisher Scientific, 89900) with proteasome inhibitors
(Thermo Fisher Scientific, P178443). EV-enriched fractions were resuspended in 1% Triton X-100 with proteasome inhibitors in
PBS for protein extraction. The EVs were then sonicated to form a homogeneous protein suspension. Proteins in cell lysates or
EVs were quantified using the Pierce BCA assay kit according to the manufacturer’s protocol (Thermo Fisher Scientific, 23225).
Details of the label-free quantitative LC-MS/MS proteomics and bioinformatics analysis are provided in the Supplementary
Materials and Methods.

2.8 | Brain sample acquisitions

Two cohorts of brain tissue (frontal cortical grey matter) were used in this study. The first cohort for the proteomics study was
obtained from the Mount Sinai NIH Brain Bank and Tissue Repository (NBTR; nine AD, eight MCI, and six healthy controls) and
the Greater Los Angeles Veteran’s Affairs Hospital (two AD and five healthy controls) through the National Institutes of Health
(NIH) NeuroBioBank, which were matched for age and sex. The second cohort used in the validation stage was obtained from the
University of Maryland (five AD and five healthy controls). All AD, MCI, and control cases were diagnosed neuropathologically.
The demographic information for all cases, including age, sex, postmortem interval (PMI), cognitive function, neuropathological
criteria, and disease status, is provided in Supplementary Table S8. The Institutional Review Board at the Mount Sinai NBTR,
the Greater Los Angeles Veteran’s Affairs Hospital, the University of Maryland, and the NIH NeuroBioBank approved the brain
acquisitions, and all participants provided informed consent.



m— 3 ISEV ==

a Neuronal differentiation y 3 ’ b iNeuron iAstrocyte
by NGN2 overexpression ——— —r ) MAP2IDAP! P NeuNIDAP
> ———; Excitatory neurons
FH— %
=== Dual SMAD , , 4 Astrocyte 3
- inhibition ) differentiation ®
1 14
> b o Y
| Hurri‘an‘lnctjuced " Neura\l Oligodendroglial :
pluripgtentstem,cel’s progenitor cells i differentiation 5
\ % Oligodendrocyte
.. Microglia TOT Ay ] %
() differentiation H i
- H
Hematopoietic H - - Microglia * &
progenitor cells - f
Cc | IL-6 ELISAin iAstrocyte
e RT-PCR d ve
O iMeL g
0 iAstrocyte 8
CliOligo  iNeuron specific genes IMGL specific genes &
e 102 E + Vehicle &
z _ +50ng/mL Poly(1:C)
o
§% ! §§ 10t 80, B + 100ng/mL Poly(1:C)
s 8 E 1% i —_
s s 5 N
230 12, £ 3
£5 .. 2 > H
3 || ... ] = 2R & H
E3 10 EE 0o © £
g = &
10+ < 10 - =
E HilE AL ) )
& & S & & & h Top 30 cell type-enriched proteins
iAstrocyte specific genes iOligo specific genes iNeuron iMGL iAstrocyte iOligo
—
107 102
R O + Vehicle 1 2 38 1 2 8 1 2 8 4 2 8
10" g 10 O + 10pg/mL LPS
3 117 0 80- E + 50ug/mLLPS
& &g !
z 3 . —_
$2 100 £3 1o )
H i3 £ 40
£g 10% E g 10% ©
104 ﬂ H 104 = 20
22 ! 2 ! o
& S & & & &
b
e ! L f , L
Phagocytosis assay in iIMGL Multiplex ELISA in iMGL
Zymosan Zymosan + Cyto D Cytokine secretion after LPS
: . " Rl LN R - S R Jpre—
. 100 ng/mL
LPS
T 100
£
2
<
2 10
£
z
g
3 1
01
Phagocytosis of pHrodo Zymosan A g
003 - Unleated
°T -+ 10 uM Cytochalasin O
g5
g3 o
£e
i
gg 0.01
£5
RE
o i 12 R [—
C—
Time (hours) 205 = 30!

FIGURE 1 Brain cell type differentiation and characterization. (a) Schematics for the excitatory neuron, astrocyte, microglia, and oligodendrocyte
differentiation from hiPSCs. (b) Representative immunofluorescent images of cell type specific markers. iPSC-induced excitatory neurons (iNeurons) were
stained for neuron-specific markers (MAP2, NeuN, and SYP; synaptophysin). Scale bar, 75 and 20 um (high magnification). iPSC-derived microglia-like cells
(iMGLs) were stained for microglia-specific markers (TREM2 and P2RY12). Scale bar, 30 um (upper) and 10 um (lower). iPSC-derived astrocytes (iAstrocytes)
were stained for astrocyte-specific markers (GFAP, Vimentin, and APOE). Scale bar, 75 and 20 ym (high magnification). iPSC-derived oligodendrocyte-like
cells (iOligos) were stained for oligodendrocyte-specific markers (O4 and MBP). Scale bar, 75 um. (c) qQRT-PCR of cell type-specific markers for iNeuron
(MAP2, NeuN and SYT1), iMGL (IBA1, PU.1 and TREM2), iAstrocyte (GFAP, S100B and ALDHILI), and iOligo (MOG, MBP and CNP) showing the relative
mRNA levels of these genes normalized by the specified cell type. Data are presented as mean + SEM. n.d., non-determined; *p < 0.05, **p < 0.01, ***p < 0.001,
and ****p < 0.0001, determined by one-way ANOVA with Dunnett’s multiple comparisons. (d) IL-6 secretion following 24 h of treatment with poly(I:C) and
lipopolysaccharide in iAstrocytes (n = 3). Data are presented as the mean + SEM using one-way ANOVA with Tukey multiple comparisons. ***p < 0.001 and
p < 0.0001. (e) Phagocytosis of pHrodo-tagged Zymosan A over 24 h (representative images at 24 h) in iMGLs determined by fluorescence intensity.
Inhibition of actin polymerization with Cytochalasin D (10 #M, 30 min pre-treatment) attenuated phagocytosis. n = 4 wells (four images per well, imaged
hourly on Incucyte S3). Scale bar, 200 um. (f) Stimulation of iMGLs with 100 ng/ml LPS for 24 h increased pro-inflammatory cytokine secretion (n = 4). Data
are presented as mean + SEM using two-way ANOVA with Sidak’s multiple comparisons. n.s., no significance, **p < 0.01, ***p < 0.001, and ****p < 0.0001. (g)
Venn diagram showing the number of differentially identified proteins in cell lysates from iNeuron, iMGL, iAstrocyte, and iOligo. (h) Heatmap illustrating the
top 30 enriched proteins across the four cell types based on their protein intensity as determined from mass spectrometry. Some common cell type-specific
protein markers were identified in iNeuron (e.g., MAPT), iMGL (e.g., AIF1, PU.1), iAstrocyte (e.g., AQP4), and iOligo (e.g., OLIG2). MAP2, microtubule
associated protein2; NeuN, RNA binding Fox-1 homolog 3; SYP, synaptophysin; TREM2, Triggering Receptor Expressed On Myeloid Cells 2; P2RY12,
purinergic receptor P2RY12; GFAP, glial fibrillar acidic protein; APOE, apolipoprotein E; MBP, myelin basic protein; SYTI, synaptotagmin 1; IBA1/AIFI, ionized
calcium binding adaptor molecule 1/allograft inflammatory factor 1; PU.1, transcription factor PU.I; S100B, S100 calcium-binding protein B; ALDHILI,
10-formyltetrahydrofolate dehydrogenase; MOG, myelin oligodendrocyte glycoprotein; MBP, myelin basic protein; CNP, 2’,3’-cyclic nucleotide
3’-phosphodiesterase; SEM, standard error of the mean; ANOVA, analysis of variances; LPS, lipopolysaccharide; MAPT, microtubule associated protein tau;
AQP4, aquaporin 4; OLIG2, oligodendrocyte transcription factor 2
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2.9 | Isolation of EVs from human brain tissues

Unfixed frozen tissue (frontal cortical grey matter, 0.5 g) from deceased AD, MCI, or control cases were processed for EV extrac-
tion using our published protocol (Muraoka, Deleo, et al., 2020; Muraoka, Lin, et al., 2020). Methodological details are provided
in Supplementary Materials and Methods.

2.10 | Western blot

Brain tissues (total with collagenase) and EV fractions were lysed in TENT buffer (50 mM Tris HCI [pH 7.5], 2 mM EDTA,
150 mM NaCl, 1% Triton X-100) and sonicated for 20 min. Equivalent amounts of brain or EV proteins (5 ug) were determined
using the BCA assay in Laemlli sample buffer (Cat# 1610737, BioRad) without a reducing agent, and they were loaded on 4%-20%
TGX stain-free SDS-PAGE gels (Cat# 4568096, BioRad) or normal SDS-PAGE gels (Cat# 4561096, Bio-Rad) and then electro-
transferred onto 0.45 um nitrocellulose membranes (Cat# 1620115, Bio-Rad). The membranes were then blocked in freshly pre-
pared 8% non-fat milk (Cell Signaling Technology, 9999S) diluted in PBS and immunoblotted with specific primary antibodies
overnight at 4°C. These primary antibodies were anti-neural cell adhesion molecule 1 (NCAM]I, 1:200, Thermo Fisher Scientific,
MAS5-11563), anti- ATPase Na+/K+ transporting subunit alpha 3 (ATP1A3, 1:500, Thermo Fisher Scientific, MA3915), anti-L1
cell adhesion molecule (LICAM, 1:200, eBioscience, 14-1719-82), anti-EAATI (1:250, Abcam, ab416), anti- low-density lipopro-
tein receptor-related protein 1 (LRP1, 1:250, Thermo Fisher Scientific, 37-7600), anti-integrin alpha 6 (ITGA6/CD49f, 1:50, Novus
Biologicals, NBP1-85747), anti-ITGAM/CDI1Db (1:200, Thermo Fisher Scientific, 14-0112-85), anti-L-Plastin (LCP1, 1:50, Thermo
Fisher Scientific, MA5-11921), anti-ferritin heavy chain 1 (FTHI, 1:500, Abcam, ab65080), anti-myelin oligodendrocyte glycopro-
tein (MOG, 1:500, Abcam, ab32760), anti-lysosome associated membrane protein 2 (LAMP2, 1:200, Thermo Fisher Scientific,
PA1-655), anti-CD8I (1:500, BioLegend, 349502), anti-CD9 (1:200, Millipore, CBL162), anti-Cytochrome C (CytoC, 1:500, Cell
Signaling Technology, 11940S), anti-Golgin A2 (GM130, 1:200, BD Biosciences, 610822), anti-H2A. Z-variant histones (H2A.Z,
1:200, Cell Signaling Technology, 2718S), anti-f-actin (Santa Cruz Biotechnology, 1:500, sc-47778), anti-intercellular adhesion
molecule 1 (ICAM], 1:250, Thermo Fisher Scientific, MA5407), anti-integrin alpha 5 (ITGAS5, 1:200, Thermo Fisher Scientific,
10569-1-AP), anti-caveolin 1 (CAV1, 1:250, Abcam, ab2910), and anti-integrin beta 1 (ITGBI, 1:250; Thermo Fisher Scientific, PA5-
29606). The membrane was further incubated with horseradish peroxidase (HRP)-labelled secondary antibodies (anti-rat IgG,
HRP-linked antibody, Novus Biologicals, NB7126; anti-mouse IgG, HRP-linked antibody, Cell Signaling Technology, 7076S; anti-
rabbit IgG, HRP-linked antibody, Cell Signaling Technology, 7074S) for 1 h, and immunoreactivity was detected using enhanced
chemiluminescence solutions (Millipore, WBKLS0100). The membrane was visualized using a digital chemiluminescent imager
(C300, Azure Biosystems). The band densities were digitally measured using Image] software (NIH).

2.11 | Isolation of astrocyte-specific EVs from human brain-derived EV samples

Antibodies against astrocyte-specific EV markers LRP1 (Thermo Fisher Scientific, 37-7600) and EAATI (Abcam, ab416) were
conjugated to Dynabeads M-270 Epoxy using the Dynabeads Antibody Coupling Kit (Thermo Fisher Scientific, 14311D) accord-
ing to the manufacturer’s instructions. Equal amounts of total EVs (30 ug) isolated from five HC and five AD patients were
pretreated with 20 ul human Fc receptor blocking solution (Miltenyi Biotec, 130-059-901) and then incubated with antibody-
bead complex (5 ug/mg). As a negative control, immunoglobulin G (IgG)-conjugated beads were added to the mixed EVs from
either the HC or AD samples. After 12 h of incubation at 4°C, immunoprecipitated astrocyte-specific EVs were eluted using 20
11 IgG elution buffer (Thermo Fisher Scientific, 21028), followed by the addition of 2 ul of 1 M Tris buffer for pH neutralization.
The total EVs and astrocyte-specific EVs were subjected to immunoblotting as previously described.

2.12 | Processing of brain-derived EV proteins and 16-plex isobaric TMT peptide labelling

Isolated brain-derived EV fractions were incubated in a final concentration of 20% (w/v) TCA (trichloroacetic acid; Cat# T6399,
Sigma-Aldrich) for 30 min on ice and precipitated by centrifuging at 15,000¢ for 20 min at 4°C, and then washed twice with
ice-cold acetone (Cat# 179124, Sigma-Aldrich). After drying, the pellet was resuspended in Laemmli sample buffer with 5 mM
dithiothreitol (Cat# 43815, Sigma-Aldrich), reduced for 20 min at 65°C, and alkylated with 15 mM iodoacetamide (Cat# 11149,
Sigma-Aldrich) in the darkness for 45 min at room temperature in the dark. Subsequently, EV samples were run in a 4%-20%
gradient gel (Cat# 4561095, BioRad) until the dye front was 15 mm from the top of the gel. Following GelCode Blue Stain Reagent
(Cat# 24590, Thermo Fisher Scientific), the entire protein region of the gel was excised and subjected to in-gel trypsin digestion
(Cat# 03708985, Roche, USA) overnight at 37°C. The digested peptides were extracted with 70% acetonitrile /1% formic acid, and
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were removed the gel by Ultrafree-MC Centrifugal Filter (Cat# UFC30L, Millipore). The digested peptides were reconstituted in
25 ul of 200 mM HEPPS (pH 8.0; Cat# E9502, Sigma-Aldrich) and vortexed for 5 min.

Next, two sets of 16-plex Tandem mass tag (TMT)-labelling were performed according to the manufacturer’s instructions
(Cat# A44520, Thermo Fisher Scientific). In each set, there were fifteen individual samples and one additional sample mixed
from 12 individuals which was used for normalization between two sets. Briefly, 4 ul of TMT label reagent (20 ng/ul) was added
to the digested peptides in 30 ul of 200 mM HEPPS (pH 8.0) at room temperature for 1 h, and the reaction was quenched
with 2 ul of 5% hydroxylamine in water for 15 min. The combined samples were added to 100 ul of 20% formic acid, 2 ml of
1% formic acid, desalted via in-house StageTip (Cat# 14-386-2, Thermo Fisher Scientific), dried by vacuum centrifugation, and
resuspended in 20 ul of 5% acetonitrile and 5% formic acid for nano liquid chromatography and tandem mass-spectrometry
(Nano LC-MS/MS/MS).

2.13 | Weighted correlation network analysis (WGCNA) of the brain-derived EV proteome

The WGCNA algorithm was used to define protein co-expression networks based on the normalized protein abundance of brain-
derived EV samples using the R package as previously described (Johnson et al., 2020; Langfelder & Horvath, 2008). Method-
ological details are provided in Supplementary Materials and Methods.

2.14 | Gene ontology (GO) enrichment analysis

GO enrichment analysis of the co-expressed proteins within the corresponding WGCNA modules was performed to gain a
better biological understanding of the identified modules using the GO Elite database (Zambon et al., 2012). Z scores were used
for overrepresentation of the ontologies within a module and the enrichment p-value or Bonferroni corrected p-value was set to
<0.05 to assess the significance. The set of all proteins identified and considered in the network was used as the background.

2.15 | Cell type EV marker enrichment analyses

Cell type enrichment was assessed by cross-referencing module genes with lists of cell type-specific EV protein markers provided
in Supplementary Table S7. Proteins with a log, abundance >5 in the specified cell type when compared to the other three cell
types were used. Activated human primary astrocyte EV markers were obtained from our previous publication (You et al., 2020)
and are described in Supplementary Table S16. The significance of the cell type enrichment was assessed using a one-tailed Fisher’s
exact test and corrected for multiple comparisons using the FDR (Benjamini-Hochberg) method.

2.16 | Ingenuity pathway analysis (IPA)

We used the Ingenuity Pathway Analysis (IPA) (version 01-12) (https://www.qiagenbioinformatics.com/products/ingenuity-
pathway-analysis/) to analyze, integrate, and categorize the protein data within the M7 module according to the software manual
guidelines. A standard IPA core analysis was performed, including canonical pathways, upstream regulators, and disease and
function annotation.

2.17 | Statistical analysis

Graphical data were analyzed using Prism 6 (GraphPad) and are presented as mean + SEM where indicated. All WGCNA related
analyses were performed in R (v.3.6.3). Correlations in WGCNA were performed using the “biweight midcorrelation” function
as implemented in the WGCNA R package. Correlations of ITGBI with AD hallmarks were performed using nonparametric
Spearman correlations. Boxplots represent the median, 25th, and 75th percentiles and whiskers represent measurements to the
5th and 95th percentiles. Comparisons between two groups were performed using a two-tailed ¢-test; comparisons among three
or more groups were performed using an ordinary one-way analysis of variances (ANOVA) with a Tukey’s or Dunnett’s post hoc
test, and Kruskal-Wallis nonparametric ANOVA with Dunn’s post hoc test for significance. Comparisons between two factors
were performed using two-way ANOVA with Sidak’s multiple comparisons. P values in the cell type enrichment analyses were
adjusted for multiple comparisons using a false discovery rate (FDR) correction using the Benjamini-Hochberg method where
indicated.



Sof23 .5 ISEV m—

3 | RESULTS
3.1 | Differentiation and characterization of hiPSC-derived brain cells

In this study, we attempted to identify cell type-specific EV protein markers in the brain cells. To ensure uniformity of the
genetic background, an identical iPSC line was differentiated into four major brain cell types: astrocytes, microglia, neurons,
and oligodendrocytes using published protocols (Ehrlich et al., 2017; Mcquade et al., 2018; Tcw et al., 2017; Zhang et al., 2013)
(Figure 1a). The pluripotency of the hiPSC lines was confirmed using immunocytochemical staining of the pluripotent stem
cell-specific markers (Supplementary Figure Sla). We generated induced excitatory neurons (iNeurons) by overexpressing the
neuronal transcriptional factor neurogenin-2 with minor modifications (Zhang et al., 2013) (Supplementary Figure Sic). iMGL
cells were differentiated from hiPSC-derived HPCs as previously described (Abud et al., 2017) (Supplementary Figure Slc). To
generate astrocytes and oligodendrocyte-like cells (iOligos), we differentiated hiPSCs into NPCs (Supplementary Figure SIb),
and subsequently induced into astrocytes (iAstrocytes and iOligos, respectively (Ehrlich et al., 2017; Tew et al., 2017) (Supple-
mentary Figure Slc). These differentiated cells were validated with cell type-specific markers using both immunocytochemistry
(Figure 1b) and quantitative real-time PCR (Figure 1c). We also performed a functional characterization of the iAstrocytes and
iMGLs. The production of interleukin-6 (IL-6), a key effector of astrocytes in response to neuroinflammatory factors (Van Wag-
oner & Benveniste, 1999), was examined in iAstrocytes by ELISA. Treatment with polyinosinic-polycytidylic acid (polyl:C; 50
or 100 ng/ml) and lipopolysaccharide (LPS; 10 or 50 ug/ml) for 24 h resulted in a dose-dependent elevation of IL-6 secretion
in iAstrocytes (Figure 1d). The pHrodo-tagged Zymosan A, a TLR 2/Dectin 1 agonist from Saccharomyces cerevisiae, induced a
high level of phagocytosis in the iMGLs, which was attenuated by the actin polymerization inhibitor cytochalasin D (Figure le).
Treatment of the iMGLs with LPS (100 ng/ml) significantly increased the secretion of multiple cytokines (Figure 1f).

Furthermore, we performed label-free quantitative mass spectrometry to obtain comprehensive proteomic profiles for each
of the four cell types. A total of 3206 proteins were identified with a peptide and protein FDR of 1% (Supplementary Table SI).
Among them, 198 proteins were unique to iNeuron, 239 to iMGL, 73 to iAstrocytes, and 47 to iOligo (Figure 1g). Moreover, some
common cell-type-specific protein markers were abundant in iNeuron (e.g., MAPT), iMGL (e.g., AIF1, PU.I), iAstrocytes (e.g.,
AQP4), and iOligo (e.g., OLIG2), respectively (Figure 1h). We have provided a list of the most abundant (log, abundance >5 as
compared to the other three cell types) proteins across all four cell types (Supplementary Table S2). Taken together, our results
revealed the valid differentiation of hiPSCs into the major brain cell types.

3.2 | Isolation and characterization of extracellular vesicles from hiPSC-derived brain cells

We then used sequential ultracentrifugation and size-exclusion chromatography to isolate the EVs (three biological replicates per
cell line) from the conditioned media of the hiPSC-derived cells for label-free quantitative proteomics, as previously described
(You et al., 2020) (Figure 2a). The purified EVs showed a cap-shaped morphology with the transmission electron microscopy
(TEM; Figure 2a and Supplementary Figure S2a). Subsequently, the EV populations were characterized using nanoparticle track-
ing analysis (NTA; Supplementary Figure S2b). We found that most human brain cell-derived EVs were in the expected diameter
range of 50-150 nm, except for the iAstrocyte-derived EVs, of which a majority had diameters greater than 150 nm (Figure 2b),
revealing distinct EV populations from the iAstrocytes. The mean diameter of 222.0 + 2.6 nm for the iAstrocyte-EV was also
significantly higher than that of the other neural cell types (Figure 2¢). To further compare EV protein compositions across the
cell types, equal amounts of proteins from the isolated EVs were analyzed by liquid chromatography-tandem mass spectrometry
(LC-MS/MS) followed by label-free quantitative proteomics analysis (Figure 2d). A combined analysis of the replicates with a
peptide and protein FDR of 1% identified 109 proteins unique to iNeuron-derived EVs (iNeuron-EV), 197 proteins unique to
iMGL-derived EVs (iMGL-EV), 378 proteins unique to iAstrocyte-EVs, and 117 proteins unique to iOligo-EV's (Figure 2d and
Supplementary Table S3). The number of proteins detected in the iNeuron-EV and iOligo-EV was consistently lower than the
iMGL-EV and iAstrocyte-EV, suggesting a less diverse protein content in these EVs. To rule out potential contaminating proteins
in the EV samples, we compared the expression of non-EV protein markers (e.g., nucleus, mitochondria, secretory pathway, and
others) as indicated in the minimal information for studies of extracellular vesicles 2018 (MISEV2018) guideline (Théry et al.,
2018) between EV samples and their cellular origins. Notably, these non-EV proteins were highly enriched in cell lysates, while
most of them were not found in EV lysates (Figure 2¢), thereby demonstrating the good quality of the EV fractions isolated from
the hiPSC-derived brain cells.

To further identify ubiquitous pan-EV marker candidates among human neural cell-derived EVs, we investigated the highly
represented proteins found in the EV's across different cell types as was previously described (Hoshino et al., 2020). We first exam-
ined the frequency of eight conventional EV markers as indicated in the MISEV2018 guidelines (Théry et al., 2018), including
tetraspanins (CD9, CD63, and CD81), programmed cell death 6-interacting protein (PDCD6IP/ALIX), tumour susceptibility
gene 101 protein (TSGI101), synteninl (SDCBP), flotillin 1 (FLOT1), and 2 (FLOT2), which are involved in EV biogenesis and
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FIGURE 2 Isolation and characterization of extracellular vesicles from hiPSC-derived brain cells. (a) Workflow for the EV isolation and transmission
electron microscopy (TEM) images of isolated iNeuron-, iMGL-, iAstrocyte-, and iOligo-EVs. Scale bar: 100 nm. (b) Size distribution of the isolated EV's from
four cell types determined using a nanoparticle tracking analysis (NTA, n = 3 for each cell type). (c) Comparison of the EV mean size among the four cell types
by NTA (n = 3 for each cell type). iAstrocyte showed the significant increase in diameter of the EV size when compared to the other three cell types. Data are
presented as the mean + SEM. ""p < 0.0001. (d) Workflow for the label-free proteomics and Venn diagram showing the number of EV proteins differentially
identified in iNeuron, iMGL, iAstrocyte, and iOligo. (e) Heatmap illustrating the expression of non-EV protein markers present in different brain cell-derived
EVs and their cellular origins based on the protein intensity determined using mass spectrometry. Four types of non-EV protein markers, including proteins
from the nucleus, mitochondria, secretory pathway, and others, were selected as indicated in the MISEV2018 guideline (Théry et al.,, 2018). (f) Heatmap
illustrating the enrichment of conventional exosome protein markers present in different brain cell-derived EV's based on their protein intensity from mass
spectrometry. (g) Sixteen newly defined pan-EV marker candidates from different cell types based on their protein intensity, determined using mass
spectrometry. Proteins represented in at least two of the three replicates within each cell type were selected. The white cells indicate no presence of the protein
in the specified cell type. hiPSC, human induced pluripotent stem cells; EV, extracellular vesicle; TEM, transmission electron microscopy; iNeuron,
hiPSC-derived excitatory neuron; iMGL, hiPSC-derived microglia-like cell; iAstrocyte, hiPSC-derived astrocyte; iOligo, hiPSC-derived oligodendrocyte-like
cells; NTA, nanoparticle tracking analysis; SEM, standard error of the mean; MISEV2018, Minimal information for studies of extracellular vesicles 2018

release (You & Ikezu, 2019). The established EV markers were all found in at least one cell-type-specific EV sample (Figure 2f).
Only iAstrocyte-EVs showed enrichment of all these traditional markers, highlighting the need to identify novel pan-EV markers
to detect EVs from all the neural cell types. We searched for proteins that were represented in at least two of the three replicates
across all EV samples and identified 16 proteins (Figure 2g). These include -actin (ACTB), glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH), enolase 1 (ENOL), heat shock protein (HSPA8), and ras-related protein 7a (RAB7A), which are all involved
in the formation and trafficking of EVs (Van Niel et al., 2018). We also identified integrins (ITGBI) and annexins (ANXAl, 2, 5, 6)
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that mediate EV binding and fusion to the plasma membrane (Mulcahy et al., 2014). In addition, plasma membrane proteins such
as basigin (BSG), peroxiredoxin 1 (PRDXI and 2), prostaglandin F2 receptor negative regulator (PTGFRN), dermcidin (DCD),
and CD59 were also identified in this group. These molecules will be useful for the future development of potential pan-brain
EV markers.

3.3 | Comparison of neural cell type specific EV proteomes

To further determine the differences in the protein composition of the EVs isolated from hiPSC-derived neural cells, we com-
pared the protein abundances across the different cell types using the label-free intensity-based absolute quantification (iBAQ)
method with all samples normalized by either total ion current or by the total intensity of a spiked yeast alcohol dehydroge-
nase 1 (ADHI) protein digest (You et al., 2020) (Supplementary Table S4). Principal component analysis (PCA) showed good
discrimination among different cell type-specific EV samples; all biological replicates of the EV proteomes formed independent
clusters according to their expression profiles (Figure 3a), revealing the high reproducibility of the EV isolation and label-free
quantitative proteomics. Additionally, Pearson correlation coeflicients were higher between biological replicates and much lower
between different cell types (Figure 3b). Collectively, our analyses demonstrated excellent biological reproducibility and potential
cell-type-specific protein signatures in the EVs.

We then defined the differentially expressed proteins across different cell types using unsupervised hierarchical clustering of
the 495 identified EV proteins after the removal of the non-EV contaminants, such as keratins and albumin, and identified the
cell type-specific EV protein signatures (Figure 3c). These cell type-specific proteins were then selected for gene enrichment anal-
ysis including Gene Ontology Biological Processes (GO_BP) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways
(Supplementary Table S5; Figure 3d). We found that the iNeuron-EVs were enriched in proteins associated with ion transport,
interferon-y-mediated signalling, MAPK cascade, neuron projection development, and insulin secretion (Supplementary Fig-
ure S3a; Supplementary Table S6). For the iMGL-EVs, the biological functions and pathways were mostly related to immune
processes, including T cell receptor signalling, nuclear factor kappa B (NF-xB)-mediated signalling, antigen processing and pre-
sentation, immune responses, or autoimmune disease (Supplementary Figure S3b; Supplementary Table S6). For iAstrocyte-
EVs, the enriched proteins were mainly related to the extracellular matrix, including cell adhesion, extracellular matrix (ECM)-
receptor interaction, and integrin-mediated signaling, and biological metabolism including glycolysis, pyruvate metabolic pro-
cess, cholesterol homeostasis, biogenesis of amino acids, and carbon metabolism (Supplementary Figure S3¢c; Supplementary
Table S6). Notably, iAstrocyte-EV proteins are also enriched in the regulation of platelet activation, cytoskeleton, axon guidance,
and complement cascades. Finally, enriched biological processes and pathways in iOligo-EVs involved iron ion homeostasis and
lysosomal function (Supplementary Figure S3d; Supplementary Table S6). Together, these comparative analyses may represent
distinct cellular functions unique to each cell type captured in the EVs.

3.4 | Identification of hiPSC-derived cell type-specific EV proteins

Given that EV protein signatures were strongly observed across different hiPSC-derived neural cell types, we proceeded to iden-
tify the specific signature proteins that could be used as cell type-specific biomarkers for future EV studies in human brains. We
performed a quantitative comparison of the EV proteomes and plotted the proteins using protein intensity (normalized iBAQ
value) and the fold change in protein abundance within one cell type against the others (Figure 4a). We provided a list of the most
abundant (log, abundance >5 as compared to the other three cell types) cell-type-specific EV proteins, which showed a total of
30 proteins in iNeuron-EV, 70 proteins in iMGL-EV, 300 proteins in iAstrocyte-EV, and 14 proteins in iOligo-EV (Supplementary
Table S7). Among the most abundant and enriched EV proteins, there are some well-known cell type-specific proteins (Sharma
et al., 2015) (Figure 4b), revealing how EV samples can excellently reflect cell origin. For example, proteins of the cytoskele-
ton (MAPILC3B2, microtubule-associated protein 1 light chain 3 beta; TUBB2A, tubulin beta 2A class Ila), synapses (VAMP2,
vesicle-associated membrane protein 2; STXIB, syntaxin 1B), and the energy processes (ATP1A3, ATPase Na+/K+ Transport-
ing Subunit Alpha 3; ATP1B1, ATPase Na+/K+ transporting subunit beta 1), as well as other neuronal specific proteins (RTNI,
reticulon-like protein 1; NCAM]I, neural cell adhesion molecule 1) were unique to iNeuron-EV. We found that microglia-specific
cell surface proteins, including ITGB2, ITGAM/CDI1b (integrin alpha-M), and LCP1 (Iymphocyte cytosolic protein 1), were also
highly enriched in iMGL-EV. For iAstrocyte-EV, metabolic transporters (SLC2A1, solute carrier family 1 member 1; SLC1AS5,
solute carrier family 1 member 5), lipoprotein pathway including APOE and LRP1 (low-density lipoprotein receptor-related
protein 1), astrocyte-specific cell surface antigen integrin alpha 6 (ITGA6/CD49f) (Barbar et al., 2020), as well as intermediate
filaments (Vimentin) were abundant. The oligodendrocyte-specific proteins of myelin sheath such as PLP1, CNP, and MBP were
not identified in the iOligo-EV, likely due to the lack of myelin formation by the iOligos in vitro. However, we observed that
the proteins with significant abundance in the iOligo-EVs included lysosomal proteins (LAMP2; lysosomal associated mem-
brane protein 2, ACP2; acid phosphatase 2, lysosomal), which have been reported to play important roles in oligodendrocytes
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FIGURE 3  Comparative analysis of the hiPSC-derived cell-type-specific EV proteome. (a) Principal component analysis (PCA). The EV proteome of all
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(Mckenzie et al., 2017; Raddatz et al., 2014), and ferritin heavy chain (FTHI), which was recently identified as a neuroprotec-
tive molecule secreted in oligodendrocyte-derived EVs (Mukherjee et al., 2020). Of note, proteome data from cell lysates also
demonstrated the relative enrichment of these cell type-specific EV marker candidates in their cellular origins (Supplementary
Figure 54).

The presence of several newly identified cell type-specific EV protein candidates was then validated, as well as some com-
mon cell type-specific EV markers (e.g., LICAM, GLAST/EAATI, and myelin oligodendrocyte glycoprotein) using human
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FIGURE 4  Abundant and enriched proteins were identified in the cell type specific EVs. (a) Scatter plot of the identified proteins in the indicated cell type
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proteins that are cell type-specific (Sharma et al., 2015) as potential cell type-specific EV marker candidates. (b) Log, fold change of selected marker candidates
in individual replicates for the specified cell types when compared to the other cell types. (c) Schematic of the EV isolation method from human frozen brain
tissues for immunoblotting and TEM images of isolated brain derived EVs from healthy controls (HC) and AD patients. Scale bar; 100 nm. (d) Western blot
analysis of the brain lysates and associated EV’s isolated from both HC and AD patients for conventional and newly identified neural cell type specific EV
proteins, as well as common EV (CD9, CD81) and non-EV (H2A.Z, CytoC, GM130) protein markers, and the reference protein -actin (ACTB). Equivalent
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shown in Supplementary Figure S8. BL, brain lysate; EV, extracellular vesicle; HC, healthy control; AD, Alzheimer’s disease

brain-derived EV samples isolated from both healthy controls and AD patients by immunoblotting (Figure 4c). The isolated
brain-derived EVs showed a good cap-shaped morphology by TEM (Figure 4c) and enriched common EV markers (CD9 and
CD81) (Figure 4d). In addition, some non-EV markers such as the mitochondrial protein cytochrome C (CytoC) and histone
protein H2A.Z were negative in these EV samples, while the Golgi apparatus marker GM130 was present, but its levels were very
low. An internal control protein, B-actin (ACTB), was present in both the brain lysates and EV samples. Furthermore, these newly
identified cell type-specific proteins including NCAM]1, ATP1A3, LCP1, LRP1, ITGA6, LAMP2, and FTH]I, as well as common
cell type-specific proteins including EAAT1 and MOG showed significantly higher enrichment in the EV's over brain tissues;
while putative neuronal EV protein LICAM and microglial EV protein ITGAM were present in smeared bands in the EV samples
with the tested antibodies (Figure 4d), likely due to the heterogenous posttranslational modifications. Our results revealed that
NCAM]I, ATP1A3, LCP1, LRP], ITGA6, EAATI, LAMP2, FTHI, and MOG may represent brain cell-type EV markers, as they
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were also identified in human CSF-derived EVs (Muraoka, Jedrychowski, Yanamandra, et al., 2020; Muraoka, Lin, et al., 2020).
Collectively, our data provide direct evidence of the cell type-specific EV proteins in different brain cell types, which could be
employed to develop novel markers for human neural cell type-specific EV isolation from human biofluids and tissues.

3.5 | Proteomic analysis of human brain tissue derived EV's

To strengthen our proteomic findings and explore their potential translation toward clinical applications, we then analyzed the
EVs derived from post-mortem human brain tissues from a cohort of 30 age-and sex-matched individuals consisting of 11 healthy
controls (HC), eight patients with mild cognitive impairment and 11 patients with AD (Figure 5a). The demographic information
for all cases, including the Clinical Dementia Rating Scale (CDR), amyloid-g plaque load, and tau pathology (Braak stage), is
provided in Supplementary Table S8. EV enrichment from the frozen brain tissues was performed using discontinuous sucrose
gradient ultracentrifugation, following a previously published protocol (Muraoka, Deleo, et al., 2020; Muraoka, Lin, et al., 2020).
EV proteomic profiling was identified and quantified using multiple sets of isobaric tandem mass tags with a 16-plex TMT mass
spectrometry approach (A. Thompson et al., 2019). A total of 4286 unique brain-derived EV proteins were identified in two TMT-
labeling sets with 2645 common proteins, which were used for proteomic analysis (Supplementary Figure S5a; Supplementary
Table S9). The PCA showed a marginal separation of the three groups based on protein abundance (Figure 5b).

Our previous work revealed distinct brain-derived EV proteomic profiles between AD and the controls (Muraoka, Deleo, et al.,
2020). Here, we sought to identify the significantly altered EV proteins among the three groups using one-way ANOVA (p < 0.05)
followed by Tukey’s comparison post hoc test (p < 0.01 (Supplementary Figure 5b). In total, 242 significantly altered proteins were
identified (Supplementary Table S10). Using unsupervised hierarchical clustering of these significantly differentially expressed
proteins (DEPs), we observed that a cluster of 130 DEPs was upregulated, while a distinct cluster of 112 DEPs was downregulated
in AD EVs when compared to HC or MCI EVs (Figure 5¢). GO biological process term enrichment analysis indicated that these
upregulated DEPs in AD were associated with the extracellular matrix, leukocyte migration, transport, and integrin-mediated
signalling pathways, whereas the downregulated DEPs were related to DNA damage recognition, protein folding, and Cullin
deneddylation (Figure 5d; Supplementary Table S11). Notably, they were both over-represented in the GO molecular function
terms for the extracellular exosomes, further demonstrating the significantly altered EV proteomic profile in AD brains.

To narrow down the list of significant DEPs, we performed the three comparisons mentioned above, using the criteria of Tukey’s
post hoc test p < 0.05, and fold change >2. A total of 42 DEPs were identified (Supplementary Figure S6a; Supplementary Table
S12) and a heatmap highlighting the differences across the three groups was generated (Supplementary Figure S6b). We identified
several disease-specific DEPs among the three groups (Figure 5e). The AD EV-specific changes include increases in proteins of
the major histocompatibility class IT cell surface receptors (HLA-DRA, HLA-DRBI, 4, 5), S100 calcium-binding proteins (SI00A6
and S100A10), epithelial membrane protein 3 (EMP3), intercellular adhesion molecule 1 (ICAM]1), and integrin alpha 5 (ITGA5),
most of which are strongly implicated in AD (Cristovdo & Gomes, 2019; Steele et al., 2017; Verbeek et al., 1994). Notably, amyloid
precursor protein (APP) was also specifically increased in AD EVs. In contrast, DEPs involved in oxidative phosphorylation
(COX7C, COX7A2, NDUFA4) and ATPase Nat/K* transporting family members (ATP1B4, ATP5MD, ATP5MG) displayed
a specific decrease in MCI EVs, whereas small VCP/p97-interacting protein (SVIP) showed a unique increase in MCI EVs.
Additionally, several DEPs showed a progressive increase across HC, MCI, and AD, including lactadherin (MFGE8), CD163,
S100A11, ANXAI, macrophage mannose receptor 1 (MRCl), and cytochrome P450 protein (CYP4F11). Overall, these results
suggest that these disease-specific DEPs may provide a unique molecular signature to distinguish the EVs isolated from HC,
MCI, and AD brains.

3.6 | Construction of an AD EV protein co-expression network with cell type specificity

Recent studies have reported the utility of weighted protein co-expression network analysis (WGCNA) of proteomic datasets as a
powerful tool to identify key molecular pathways and potential therapeutic targets for neurodegenerative diseases (Johnson et al.,
2020; Seyfried et al., 2017). It enables the classification of protein co-expression modules that are linked to disease phenotypes,
specific cell types, and biological pathways. Here, we applied WGCNA to construct an AD EV protein co-expression network
using 2645 common proteins. We identified 11 modules from the co-expressed protein groups, ranging in size from the largest
module M1 at 720 proteins to the smallest module M1l at 42 proteins (Figure 6a; Supplementary Table S13). GO analysis of the
module proteins showed a specific ontology for each module based on biological processes, cellular components, and molecular
functions (Figure 6a; Supplementary Table S14). To assess the significance of the modules with AD pathology, we correlated the
module eigenprotein (the first principal component of the given module) with neuropathological hallmarks of AD, including
Ap plaque load and Braak stage (neurofibrillary tangle load), and CDR (clinical dementia rating) scores across HC, MCI, and
AD samples (Figure 6b; Supplementary Table S13). We identified three modules (M1, M6, and M9) that were negatively cor-
related with all three AD traits and revealed a significant decrease in AD. These modules were associated with the GO terms



Hof23 .‘) ISEV YOU Bt AL

a
HC mel AD d GO-Upregulated proteins in AD (n=130)
(N=11) 1 ) ) p=0.05 [ Biological Process
mekrix 1 [ Cellular Component

Leukocyte migraion-fimy [-] Molecular Function

\ l / Transpoﬂ-E:

Brali-destved EVa isolation Integrin-mediated signaling pathway

o

16-plex TMT 1
=} 'ab°"T9 (2sets) Focal adhesion: ]
» i ial inner 1
Cell surface: ]
Nano-LC-MS? Plasma )
\ $100 protein bindingd——
e e g £ ﬁ Integrin binding——
[} I e - o “ O J
|l"|\|§" ‘L‘“ I’ Log10 (FOR palue)
[ [ | I T 1 | Rp-va
i Correlation Cell type-specific EVs GO-Downregulated proteins in AD (n=112)
Differential expression network analysis enrichment analysis p=0.05
b DNA damage recognitiond =
Protein folding-:
1.0 He11H8 10 Cullin deneddylation<._
° AD11 Cytosol 1
HC7 D10
C3 Cytoplasm+ 1
0.5 e HC5 HC9
° HC6 ® MCl4| Extracellular exosome4————1
HC4 ° [ ]
% AD7 AD3® .MC'a r?czhhﬂ/l((::lrs..y cl6 Myelin sheath=——]
e o o 00 .8 b Protein binding !
g 00 AD2e ¢|{ADBADS HC1 MCI2 H—
£ 1 - .ADa Ubiquitin protein ligase binding
8 AD9 apq McI3 R
05 ° L] -Log10 (FDR p-value)
e > 1.01 AD specific changes OHc
-1.0 2 M
g 059 0 AD
-1.0 -0.5 0.0 0.5 1.0 =
£ 0.01n
Component 1 5
S.-0.54
o
C " o ” %-1 04
z-score (log2 relative protein intensity) °© l
-4.0 0.0 35 3151
mHC = MCI m AD g
-2.0dy——————r—r—r—TrT
— — = - RN O o O R
= - C LIS LL L NI
= = S FE PSS
= ; = = D Q\\y Q\\,v" Q\\y )
B B = c .
= | | 3 z1o MCI specific changes
= B== c
== B &
= . I=== g jg
- - ° Qo
e e—=m—om rs g0
- o s
e = = === @ 2054
— -8 H 3
L %_1_0.
= —_— | S
- _E -1 T T T T T T T T T T
- ) — < > © © > AN} H R
{% . FAFITFSE P G P
R | - J P FEELF S
— e < [CER Y oy O & K
e ==
E = 2 157 Progressive changes
- ph— [}
= B g £ 1.0
= = 5 £
7 = = g 507
== B s g 0
; - | >g- f;.o 5
= | o= - 2
= 2 —= 3 2
! - = s = 5 g-m-
e B === @ N, -1.54
— - | 5 _‘8’ ’
—— - > 2.0
- L _ "y ] 2 T T T T T T
—_ | —— — & @ N <) N
- R N \ N
Lz ~em = i = & 8 o & & &

FIGURE 5 Proteomic analyses of the EVs isolated from the brains of healthy controls, mild cognitive impairment and Alzheimer’s disease cases. (a)
Graphic illustration of the workflow for brain derived EV proteomes. Brain tissue was sectioned from the postmortem frontal cortex of HC (n = 11), MCI

(n = 8),and AD (n = 11) patients for EV isolation. Protein levels were measured and quantified using 16-plex TMT labelled mass spectrometry and analyzed
using differential expression, correlation network analysis, and cell type-specific EV enrichment analysis. (b) PCA of the total EV samples. HC, blue symbols;
MCI, green symbols; AD, red symbols. (c) Heatmap of the z-scored log, relative protein intensities within each of the EV sample after unsupervised
hierarchical clustering showing the significantly altered proteins in the three comparisons (HC vs. AD, HC vs. MCI, and MCI vs. AD) determined by ANOVA
(p < 0.05) followed by Tukey’s post hoc test (p < 0.01). Proteins are divided into two clusters showing upregulated and downregulated EV proteins in AD. (d)
Gene ontology (GO) analysis of the upregulated and downregulated proteins in AD brain derived EVs by using DAVID Bioinformatics Resources 6.8. The top
significant (FDR p-value < 0.05) GO terms in biological Process, Cellular Component and Molecular Function are listed. (e) List of several significantly
differentially expressed proteins (Tukey’s post hoc test p < 0.05, fold change over other group > 2) that have AD specific changes, MCI specific changes, and
progressive changes across the comparisons of HC, MCI, and AD groups. Data are presented as mean + SEM. HC, healthy control; MCI, mild cognitive
impairment; AD, Alzheimer’s disease; EV, extracellular vesicle; TMT, tandem mass tag; PCA, principal component analysis; ANOVA, analysis of variances; GO,
gene ontology; DAVID, Database for Annotation, Visualization, and Integrated Discovery; FDR, false discovery rate; SEM, standard error of the mean
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FIGURE 6 Protein co-expression network analysis of the brain derived EV proteome identified modules associated with specific gene ontologies and
brain cell types. (a) WGCNA cluster dendrogram of the total identified brain-derived EV proteins (n = 2645) from three groups with distinct protein modules
(M1-11) defined by dendrogram branch cutting. The significant gene ontologies associated with these modules in biological processes or cellular components
were noted. (b) Brain-derived EV protein modules were clustered to assess module correlation with neuropathological hallmarks of AD based on protein
co-expression eigenproteins. The Pearson correlation and p-value between module eigenprotein expression and CDR, plaque load value, and Braak stage. (c)
Cell-type enrichment was assessed by cross-referencing module proteins (via matching gene symbols) using the one-tailed Fisher’s exact test against the lists of
proteins determined as cell type-specific EV markers derived from neurons, microglia, astrocytes, and oligodendrocytes. Both the raw p-value and the FDR
p-value (correction for multiple comparisons by the Benjamini-Hochberg method) are shown; bars extending above the dashed line represent p < 0.05. (d)
Module eigenprotein level by case status for each protein module that had significant correlation with at least two traits in b. Cell-type associated modules are
highlighted. Boxplots are displayed for each of the case samples among the three groups (HC, MCI, and AD) and represent the median, 25th and 75th
percentiles and whiskers represent the 5th and 95th percentiles, respectively. Significance was measured using one-way nonparametric ANOVA, Kruskal-Wallis
p-values. WGCNA, weighted gene co-expression network analysis; EV, extracellular vesicle; CDR, cognitive dementia rating; FDR, false discovery rate; HC,
healthy control; MCI, mild cognitive impairment; AD, Alzheimer’s disease; ANOVA, analysis of variances
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“Microtubule” (ML), “Cellular response to nitrogen starvation” (M6), and “Glycerol biosynthesis process” (M9), which is consis-
tent with previous studies showing the loss of microtubule function and metabolic processes in AD (Cai et al., 2012; Feinstein &
Wilson, 2005). Moreover, M7, which was associated with the intrinsic component of the plasma membrane, had the strongest
positive correlation with all AD traits (CDR: cor = 0.68, p = 4e-5; plaque load: cor = 0.72, p = 6e-6; Braak Stage: cor = 0.6,
p = 4e-4). M2, M8, and M10 were related to “Integral component of membrane,” “Mitochondrion,” and “Oxidative phospho-
rylation,” respectively, and showed positive correlations exclusively with Plaque Load, whereas M4 with the ontology of ‘Cell
junction assembly’ had a positive correlation exclusively with Braak Stage (Figure 6b).

Given our finding of cell type-specific EV protein markers, we further evaluated the enrichment of cell type markers in each
co-expression module of the brain-derived EV proteins (Figure 6¢c). We observed that M11 was associated with “Neuron devel-
opment” and had nominally significant enrichment in iNeuron-EV markers. Notably, significant enrichment of iAstrocyte-EV
markers was found in both M4 and M7, which were significantly positively correlated with AD traits. These results suggest that
astrocyte-derived EV's have the potential to serve as AD biomarkers and might contribute to pathology development, which is
consistent with recent findings that reported the neurotoxicity of astrocyte-derived EVs isolated from AD patients (Goetzl et al.,
2018; Nogueras-Ortiz et al., 2020) and its application as a plasma EV biomarker for AD diagnosis (Elahi et al., 2020). We subse-
quently refer to those modules with strong cell type enrichment as the “M11/iNeuron” module, the “M4/iAstro” and “M7/iAstro”
module. In addition, we also measured the module eigenprotein values by disease status to identify the EV protein networks that
may affect changes in MCI to AD (Figure 6d; Supplementary Table S15). The M1 and M2 modules were significantly changed in
the AD cases when compared to HC or MCI, revealing a disruption of the microtubules and integral components of the mem-
brane specifically in AD. Intriguingly, the M4, M6, and M7 modules showed the same trends for increases or decreases in the
MCI samples as in the AD samples when compared to HC, which implies that the changes in cell adhesion assembly, cellular
response to nitrogen starvation, and the intrinsic components of the plasma membrane occur early in the preclinical phase of
AD. Notably, astrocyte-derived EVs, enriched in M4 and M7, might be important mediators of AD progression. The M8, M9, and
M10 modules were particularly altered in the MCI samples (Figure 6d), indicating a transient and specific regulation of these
protein networks in cognition decline, and their importance in cognitive function. Collectively, we generated the first brain-
derived EV protein co-expression networks mapped with human neural cell-type-specific EV markers that are strongly linked
to neuropathological hallmarks and cognitive function in AD.

3.7 | M7 astrocyte-EV module is enriched in markers of activated astrocyte-derived EVs and
associated with AD pathology

Our previous study characterized the proteomic profiles of human primary astrocyte-derived EVs and defined many significantly
upregulated EV proteins from IL-18 induced astrocytes as activated astrocyte-derived EV markers (You et al., 2020) (Supplemen-
tary Table S16). Since the M7 module showed the strongest association with AD traits and astrocyte-derived EV's, we next asked
whether this AD-related module is related to the activated astrocyte-derived EV profile. We found that the M7 and M6 modules,
showed significant enrichment in the activated astrocyte-derived EV markers, even after FDR correction (Figure 7a). Further-
more, we also observed that the activated astrocyte-derived EV markers in the M7 module interacted closely with the top 10 hub
proteins, which were ranked by the protein correlation significance with AD traits (Figure 7b). These findings suggest that the
protein co-expression network in M7 may reflect the specific EV profile of the reactive astrocytes and serve as important medi-
ators in AD development and progression. To further explore the potential biological functions and upstream pathways of these
EV proteins in M7, we performed Ingenuity Pathway Analysis. Multiple significant canonical pathways associated with endocy-
tosis, integrin signalling, and NF-xB activation were identified (Figure 7c; Supplementary Table S17). Additionally, the protein
co-expression network, including several core hub proteins such as ITGBL, ITGB5, and SLC7A2, was predicted to be regulated by
pro-inflammatory cytokines, including tumour necrosis factor (TNF)-a, IL-6, and IL-16, which are upstream regulators involved
in the activation of phagocytes, inflammation of organs, and inflammatory responses (Figure 7d).

To further validate whether EV proteins from the M7 astrocyte module were associated with AD pathology, we focused on the
activated astrocyte-derived EV markers (CAV1, ICAM], and ITGA5) and the hub protein (ITGB1) within M7 and analyzed their
protein levels in brain-derived EV's from an independent cohort consisting of five HC and five AD patients. No difference was
observed in the total brain EV samples from the HC and AD cases with immunoblotting after normalization of the signals with
the reference protein $-actin (Supplementary Figure S7a). In addition, as the M7 module is highly linked to astrocytes, we also
enriched astrocyte-specific EVs from the brain-derived total EVs by immunoprecipitation using antibodies against astrocyte-
specific EV markers LRP1 and EAAT1 (Figure 7e). The newly identified astrocyte marker ITGA6” and common EV markers
CD9, EAAT]I, and LRP1 were present in the immunoprecipitated EV samples (Figure 7f). Notably, other cell-type-specific EV
proteins (ATP1A3, LCP1, and FTH1) were undetectable in the immunoprecipitated EV samples (Supplementary Figure S7b).
These data demonstrate the successful immunoprecipitation of astrocyte-derived EVs from the total brain-derived EVs using
antibodies against EAAT1 and LRP1. We observed that ITGBI levels were significantly increased in astrocyte-specific EVs in
AD samples when compared to controls after normalization of the intensity with EAAT1I, while the levels of ITGA6 and CD9
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FIGURE 7 The M7 module is enriched in activated astrocyte derived EV markers and involved in inflammatory processes. (a) The enrichment of
proteins, identified as EV markers for the activated astrocytes, was calculated for each module in the AD protein network using a one-tailed Fisher’s exact test.
Both the raw p-value and the FDR p-value (correction for multiple comparisons by the Benjamini-Hochberg method) are shown; The dashed line represents a
p-value <0.05, above which enrichment was considered statistically significant. Enrichment was assessed by cross-referencing module proteins against lists of
proteins determined to be differentially expressed in activated astrocyte derived EVs provided in Supplementary Table S16. (b) Protein-protein interaction
network within the M7 module generated by the ToppCluster tool (Kaimal et al., 2010) (https://toppcluster.cchmc.org/). The top 10 hub proteins are ranked by
correlation significance with AD traits in the module and are highlighted in the larger red circle. Proteins highlighted in yellow are marker proteins from
activated astrocyte derived EVs. (c) Ingenuity canonical pathway analysis of the proteins within the M7 module. The top 10 significantly enriched canonical
pathways are listed. A statistically significant p-value of 0.05 is indicated on the plot as a vertical dashed line, at the x-value of 1.30. (d) Involvement of the
protein co-expression network within the M7 module in mediating inflammation. These proteins were regulated by potential pro-inflammatory factors
including TNF-q, IL-6, and IL-18 and involved in inflammatory processes including the activation of phagocytes, inflammation of organ and inflammatory
responses. The red color indicates the significance of the proteins in the M7 module; Blue indicates the top 10 hub proteins within the module; Red lines
indicate leading to activation by a predicted relationship. (e) Schematic of the immunoprecipitation of astrocyte specific EVs from an independent cohort of
HC (n = 5) and AD patients (n = 5) for immunoblotting. Combined antibodies against astrocyte-EV proteins LRP1 and EAATI1 were conjugated to magnetic
beads and then added for the immunocapture of astrocyte-derived EVs. As a negative control, combined mouse and rabbit IgG were used to immunoprecipitate
EVs mixed from the HC and AD groups. (f) Western blot analysis of the astrocyte-specific EVs from the HC and AD patients for the hub protein ITGBI in the
M7/astrocyte-EV module. The newly identified astrocyte specific EV marker ITGA6, common EV marker CD9, and immunoprecipitated protein EAAT1 and
LRP1 were also detected. The original western blot images are shown in Supplementary Figure S9b. Equivalent brain derived EV proteins (30 ug) were isolated
from healthy controls and AD patients were used to initiate the immunoprecipitation assay. The ITGBI level was enriched and significantly elevated in the
astrocyte specific EVs from AD when compared to the HC samples (p = 0.032). The LRP1 level was significantly reduced in astrocyte specific EVs from AD
when compared to the HC samples (p = 0.032). The western blot signals were calculated using ImageJ and normalized by EAAT1 intensity. Data are presented
as mean + SEM, *p < 0.05, n.s., no significance, and determined using the Mann-Whitney non-parametric test. (g) Relative ITGBI protein level in the human
brain-derived EVs isolated from HC (n = 9) and AD (n = 11) samples using our previously published proteomics dataset (Muraoka, Deleo, et al., 2020) and its
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were unchanged (Figure 7f). Interestingly, LRP1 levels were significantly reduced in the astrocyte-specific EVs in the AD samples
when compared to the controls, likely indicating a reduction in astrocytic expression of LRP1. Since LRP1 mediates extracellular
tau uptake (Rauch et al., 2020) and astrocytic LRPI reportedly promotes brain Af clearance (Liu et al., 2017), it may indicate
the reduced clearance of tau by astrocytes in the AD brain. Notably, ITGBI levels were also significantly correlated with AD
pathogenic hallmarks, including AB42, total tau, and pSer®*® tau levels using our previously published human brain-derived
EV proteomic dataset and measurements (Figure 7g; Supplementary Table S18) (Muraoka, Deleo, et al., 2020). In summary, our
findings suggest a leading contribution of EV protein co-expression network within the M7 astrocyte module in AD pathogenesis.
Furthermore, the identified M7 EV proteins (e.g., ITGBI), particularly in astrocyte-specific EVs, could be utilized as potential
AD biomarkers.

4 | DISCUSSION

In this study, we have reported the proteomic profiles of EVs isolated from four different hiPSC-derived neural cell types (iNeu-
rons, iAstrocytes, iMGL, and iOligos) using label-free quantitative mass spectrometry. With these unique proteomic datasets, a
total of 16 universal proteins were identified as novel brain pan-EV marker candidates, including HSPA8, ITGB1, BSG, and ENOL.
We also characterized neural cell-type-specific EV proteins that could be used as potential markers for brain cell-type-specific
EV isolation. TMT-based high-resolution proteomic profiling of the AD, MCI, and HC brain-derived EVs was conducted to
explore alterations in the cellular composition and the disease-associated status that occurs during AD progression, by combin-
ing the two proteomic and pathological datasets using WGCNA. The EV protein co-expression network was correlated most
strongly to the AD trait that was significantly enriched in astrocyte-derived EV profiles and intrinsic components of the plasma
membrane. Moreover, the M7 module is most correlated with AD traits and enriched in astrocytic-EV markers as well as reac-
tive astrocyte-derived EV proteins, which are implicated in neuroinflammation, suggesting a potential causative role for this EV
protein network in disease progression.

We used hiPSCs to differentiate into four major neural cell types, including astrocytes, excitatory neurons, microglia, and
oligodendrocytes, to collect homogenous cell-type-specific EV protein profiling. Intriguingly, we found an increased diameter
in iAstorcyte-EVs with NTA, which was validated by TEM imaging. This is likely due to the higher portion of microvesicles
secreted by iAstrocytes when compared to other cell types, as with the current EV isolation methods it is difficult to separate
exosomes and microvesicles (Brennan et al., 2020). Microvesicle-specific EV markers flotillin-1 and 2 (FLOT1 and FLOT2) were
uniquely identified in iAstrocyte-EVs, supporting a potential difference in the synthesis and secretion of different EV populations
from astrocytes. This was further supported by a recent report showing that microvesicles contain proteins distinct from those
of exosomes (Haraszti et al., 2016).

Neurodegenerative disorders, including AD, are driven by specific cell types in the brain (Wilson & Nairn, 2018). Our EV
proteome data identified not only potential brain pan-EV markers for general EV purification and detection from major neural
cell types, but also specific markers to improve the accuracy and availability of EV isolation from the cell of origin. For instance,
proteins involved in synaptic function and neuron development were expressed at higher levels or found uniquely in iNeuron-
EVs, such as SYT1, STX1B, ATP1A3, NCAM]I, and RTNL. In contrast, iMGL-EVs are enriched in proteins associated with anti-
gen presentation processing, immune response, and T cell signalling, including ITGAM, ITGB2, CD300A, and LCP1, whereas
iAstrocyte-EVs were enriched in proteins related to the extracellular matrix, cell metabolism, and integrin signalling (e.g., A2M,
SLC2A1, SLCIA5, APOE, LRPI, and ITGAS®). Interestingly, FTHI was uniquely enriched in iOligo-EVs and may be considered
a novel EV marker for oligodendrocytes. A recent study reported that FTHI is secreted by murine oligodendrocyte-derived
EVs and provides an antioxidant defense against neuroprotection. Importantly, some of these highlighted molecules were also
enriched in the cell lysates of each cell type and human brain-derived EVs, further illustrating their existence and the cell-type
specificity of EVs. Of note, the putative neuron-derived EV marker LICAM and astrocyte-derived EV marker EAAT1/GLAST
(Goetzl etal., 2015, 2016), were not found in our label-free cell-type-specific EV proteome data but were present in cell lysates. It is
possible that our methods may lack the sensitivity needed to identify low-abundance proteins (Nguyen et al., 2018). It is also pos-
sible that LICAM is not associated with neuron-derived EVs, as was recently reported (Norman et al., 2021) and the weak signal
shown in our immunoblotting. Thus, different markers need to be explored to develop a high-affinity immunocapture method.
Astrocytes co-cultured with neurons in vitro may potentially enhance EAAT1/GLAST expression in EVs, as evidence has shown
that EAAT1/GLAST expression in astrocytes is significantly increased during neuronal co-culture (Hasel et al., 2017; Swanson

correlation with AD pathogenic hallmarks (AB42, total tau and pSer®*® tau) and evaluated using ELISA kits. The proteomics data and measurements are
provided in Supplementary Table S18. Significance in the ITGBI protein level was measured using a two-sided Mann-Whitney ¢-test. Correlations were
performed using nonparametric Spearman correlation analysis. Box plots represent the median, 25th and 75th percentiles and whiskers indicate the 5th and
95th percentiles, respectively. *p < 0.05, **p < 0.01, ****p < 0.0001. EV, extracellular vesicle; AD, Alzheimer’s disease; FDR, false discovery rate; TNF-c, tumour
necrosis factor alpha; IL-16, interleukin 1 beta; IL-6, interleukin 6; HC, healthy control; AD, Alzheimer’s disease
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etal., 1997). Additionally, oligodendrocyte-specific markers such as PLP1, MOG, and MBP were not identified in either the iOligo
cell lysate or iOligo-EV, likely due to the lack of myelin sheaths in the in vitro iOligo culture without neurons (Ehrlich et al., 2017).
Further research on isolating EVs from the co-cultured systems, or 3D minibrains, might help to expand our knowledge of cell
type-specific EV profiles that are similar to those in the human brain.

In our cell type-specific AD brain-derived EV protein co-expression network analysis, three protein modules (M1/M6/M9)
were negatively correlated with AD, suggesting that the disruption of biological functions was reflected by these modules, such
as microtubules and cellular metabolism. The EV protein network module M7 most strongly correlated with AD was associated
with the component of the plasma membrane and enriched in astrocyte-derived EV proteins. The M7 module proteins are also
increased in MCI patients and showed the strongest positive correlation with cognitive function and AD pathology hallmarks,
suggesting that the biological changes in the EV proteins within this module might occur early in the disease and may have
significant contributions to AD pathology. For example, SLC7A2, a M7 hub protein strongly associated with the Braak stage
(p = 8.65e-6), is involved in the induction of nitric oxide synthesis (iNOS/NOS2), and its inactivation could exacerbate AD
pathology in APP/PSI1 mice (Cifuentes et al., 2017). It is an astrocyte-specific L-arginine transporter in the brain that is induced
by astrocyte activation (Stevens et al., 1996), signifying its relevance for cell type-specificity and disease association. Another M7
hub protein, SI00A6, is highly expressed in astrocytes around Af plaques in the AD brain, and likely induces Af disaggregation
and degradation (Tian et al., 2019). Thus, our results highlight that glia-derived EVs, particularly those from astrocytes, could be
utilized as sensitive markers for monitoring AD progression. This is consistent with the findings of recent EV studies and other
protein co-expression analyses of AD (Johnson et al., 2020; Muraoka, Deleo, et al., 2020; Muraoka, Jedrychowski, Yanamandra,
etal., 2020; Seyfried et al., 2017). Despite the accumulating evidence that microglia-derived EVs mediate neurodegeneration (Asai
et al., 2015; Ruan et al,, 2020), no significant disease-associated microglia-specific EV modules were found in this investigation.
We assume that this may be due to the presence of the ageing-associated microglia phenotype among all age-matched groups,
making the difference insignificant, especially as there was a lack of unique proteomic EV datasets isolated from iMGL with
the disease-associated microglia (DAM) phenotype to integrate with the WGCNA (Olah et al., 2018; Srinivasan et al., 2020).
Proteomic profiling of the EVs enriched from the DAM-induced iMGLs is required in future investigation to identify DAM
modules in human brain-derived EV proteomics modules.

This study has also found that the M7 module was enriched in EV proteins associated with activated astrocytes (You et al.,
2020). This protein network is regulated by pro-inflammatory factors and involved in mediating inflammation. Among them, the
hub protein ITGBI was significantly increased in AD brain-derived astrocyte-specific EVs in an independent cohort. Integrins,
including ITGBI, are implicated in regulating synaptic plasticity and immune responses in neurodegenerative conditions (Wu &
Reddy, 2012). A previous study found that soluble A can interact with and activate ITGBI in astrocytes to promote astrogliosis by
activating the nicotinamide adenine dinucleotide phosphate oxidase 2 activation pathway (Wyssenbach et al., 2016). Disruption
of ITGBI expression in astrocytes significantly alters extracellular Af levels, thereby contributing to AD pathology (Sullivan
et al,, 2019). Therefore, our findings suggest that EV's shed by astrocytes, particularly reactive astrocytes, may be deleterious to
brain health and contribute to AD pathology. Future studies targeting M7 protein levels, such as ITGBI or astrocyte-derived EV
secretion, would provide new insights for AD therapies.

There were some limitations with this study. First, is that we only used a single hiPSC line to characterize cell type-specific
EV protein profiles. Future studies utilizing different cell lines with various backgrounds are warranted to better understand the
fundamental signatures of the cell-type-specific EVs. Second, the characterization of the EV markers related to disease conditions
was limited as we profiled EVs from hiPSC-derived neural cells under normal conditions. For example, microglia are known
to induce DAM in disease conditions, including AD (Clayton et al., 2017; Krasemann et al., 2017). A recent single-cell RNA
sequencing study identified a range of human microglia subtypes some which were altered in AD, and this may be reflected in
their EV protein composition. Indeed, our recent study showed that EVs isolated from aged APP/PS1 mice were enriched in
disease-specific molecules, such as APP, PSI, and ITGAX (integrin alpha X)/CDlIc, a representative marker of DAM (Muraoka,
Jedrychowski, Iwahara, et al., 2021). Further studies are required to profile the EVs isolated from hiPSC-derived neural cells under
various conditions mimicking neurodegenerative disorders for a more comprehensive characterization of the cell type-specific
disease-associated proteins.

In conclusion, our combined proteomics study of the cell type-specific EVs isolated from hiPSC-derived neural cells and AD
brain-derived EV's presents the availability and specificity of cell type-specific EV markers for EV isolation, and provides a new
outlook for the EV proteomic network landscape of AD. We also highlight the key role of astrocyte-derived EVs, particularly
reactive astrocytes, in the pathogenesis of AD. Importantly, we identified that the ITGBI protein in astrocyte-derived EVs may
serve as a potential AD biomarker. These findings improve our understanding of EV biology in neurodegenerative diseases and
show promise for the development of novel diagnostic and therapeutic targets specifically for AD.
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