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Abstract

INTRODUCTION: Brain-derived extracellular vesicles (BEVs) in blood allows for

minimally-invasive investigations of central nervous system (CNS) -specific markers

of age-related neurodegenerative diseases (NDDs). Polymer-based EV- and immuno-

precipitation (IP)-based BEV-enrichment protocols fromblood have gained popularity.

We systematically investigated protocol consistency across studies, and determined

CNS-specificity of proteins associated with these protocols.
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METHODS: NDD articles investigating BEVs in blood using polymer-based and/or

IP-basedBEVenrichment protocolswere systematically identified, andprotocols com-

pared. Proteins used for BEV-enrichment and/or post-enrichment were assessed for

CNS- and brain-cell-type-specificity, extracellular domains (ECD+), and presence in

EV-databases.

RESULTS: A total of 82.1% of studies used polymer-based (ExoQuick) EV-enrichment,

and 92.3% used L1CAM for IP-based BEV-enrichment. Centrifugation times dif-

fered across studies. A total of 26.8% of 82 proteins systematically identified were

CNS-specific: 50% ECD+, 77.3%were listed in EV-databases.

CONCLUSIONS: We identified protocol steps requiring standardization, and recom-

mend additional CNS-specific proteins that can be used for BEV-enrichment or as

BEV-biomarkers.

KEYWORDS

age-related neurodegenerative diseases, Alzheimer’s disease, biofluid based biomarkers,
blood, brain-derived extracellular vesicles, exosomes, immunoprecipitation-based enrichment,
microvesicles, novel biomarkers, protocol variability

Highlights

∙ Across NDDs, we identified protocols commonly used for EV/BEV enrichment from

blood.

∙ We identified protocol steps showing variability that require harmonization.

∙ We assessed CNS-specificity of proteins used for BEV-enrichment or found in BEV

cargo.

∙ CNS-specific EV proteins with ECD+ or without were identified.

∙ We recommend evaluation of blood-BEV enrichment using these additional ECD+

proteins.

1 INTRODUCTION

The number of individuals living with neurodegenerative conditions

has more than doubled from 1990 to 2016, owing to population aging

andgrowth.1,2 By2050,more than150million are expected to livewith

neurodegenerative diseases of aging (NDDs), with Alzheimer’s disease

(AD) being the most prevalent.1 NDDs have a long pre-symptomatic

stage during which neuropathological changes occur prior to symptom

onset.3,4 While neuroimaging and cerebrospinal fluid (CSF) biomark-

ers have been established for ADdiagnosis,5 they are expensive and/or

invasive and available only in specialized centers. Major efforts are

being devoted to the development of reliable early diagnostic biomark-

ers to facilitate identification of at-risk persons prior to symptom-

onset. Availability of minimally-invasive blood biomarkers for early

diagnosis and/or investigating disease mechanisms and potentially

novel therapeutic targets would be of great value.

While blood collection is easy to perform, measurement of brain-

derivedmarkers fromblood poses a challenge due to the complex com-

position of blood itself, and the relatively low quantities of molecules

released from the brain into the peripheral circulation.6 Technical and

analytical advances over the past decade are, however, starting to

enable specific and sensitive measurements of a handful of NDD-

biomarkers in blood, with most being relevant to AD (e.g., Aβ, and
specific tau phosphorylated forms).7–11 Despite this advancement,

many of the current blood NDD biomarkers are not brain-specific,

but instead also expressed at high levels in peripheral tissues (e.g.,

Aβ expression in red blood cells).12 This renders the interpretation of

blood-basedmeasurements challenging. Approaches that allow for the

enrichment of brain- and brain-cell-specific biomarkers from blood are

thus being actively sought after.

On this front, extracellular vesicles (EVs) inbloodcomprise apromis-

ing minimally-invasive biomarker source for many diseases, including

cancer andNDDs.13,14 Released by all cells in the body,15 EVs are lipid-

delimited nanoparticles of different intracellular origins, with cell-cell

communication being a main function.16 EVs contain molecules (e.g.,

proteins) that mirror the parental cell content and expression level,

thereby providing a snapshot of the homeostatic status of their cell of

origin. Given their small size, EVs can diffuse into biological fluids (e.g.,

mailto:amanpreet.badhwar@umontreal.ca
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blood, CSF (see review17), and bidirectionally cross the blood-brain

barrier.18 Their ability to diffuse from CNS to blood, from where they

can be isolated, make them an attractive resource for novel biomarker

discovery andmechanistic insights into brain disease.

Enrichment of both EVs and brain-derived EVs (BEVs) from blood

is not without its challenges given the high non-EV content of blood

(e.g., serum/plasma proteins, liposomes).19 Presently, several methods

for enrichment of BEVs from blood exist, each with its advantages and

disadvantages.14,20 Of these, polymer-based precipitation followed

by immunocapture with specific antibodies, commonly known as the

immunoprecipitation (IP)-based BEV enrichment method, is widely

used in NDD research.21 While Fiandaca et al.22 using the L1CAM

antibody pioneered thismethod for enrichment of neuron-derived EVs

(NEVs), others have since adapted/optimized it for enrichment of other

brain-cell-type-derived EVs using other antibodies (e.g., glial).21,23–27

Given the growing use of IP-based BEVs enriched from blood in

NDD research, the objectives for this study were to: (1) systemati-

cally assess protocols for IP-based BEV enrichment from blood, and

(2) assess CNS-specificity and extracellular accessibility of proteins

used for BEV enrichment and/or detected in BEV enriched isolates.

Note that this study was conducted by the Alzheimer’s Association

International Society to Advance Alzheimer’s Research and Treat-

ment: BiofluidBasedBiomarkers Professional Interest Area—Exosome

Working Group (ISTAART-BBB-PIA-EWG).

2 METHODS

2.1 Literature search

A comprehensive PubMed review on BEVs enriched from blood in

AD had identified 26 articles published up to October 2019.21 We

extended this search toMarch 22, 2022, using six searches (Figure S1).

In addition toAD,we comprehensively reviewed the literature onBEVs

enriched from blood in (a) other NDDs, namely, Parkinson’s disease,

vascular dementia, frontotemporal dementia, and Lewy body demen-

tia, and (b) Down syndrome—given that these individuals represent

the largest population at genetic-risk for AD28 (searches in Figure S1).

Given that the study of BEVs enriched from blood is an emerging field

in NDD research, we conducted an additional 18 searches using less

stringent keywords to avoidmissing relevant studies (Figure S1).

Overall, only original research articles published in English and

employing an IP-based BEV enrichment method from human blood

were included. Additional articles were identified by scanning the

reference lists of included articles. Articles excluded: reviews/case-

reports; those not investigating BEVs in NDDs; those investigating

BEVs in biofluids other than blood; non-human samples; and cell

culture.

2.2 Data extraction

Data extracted from articles that met inclusion/eligibility criteria were

as follows: cohort demographics (number of participants, sex distri-

RESEARCH INCONTEXT

1. Systematic review: Authors systematically assessed

PubMed for articles on age-related neurodegenerative

diseases (NDDs) related to polymer-based extracellular

vesicle (EV) and/or immunoprecipitation (IP)-based

brain-derived EV (BEV) enrichment protocols fromblood.

Fifty-four keyword combinations were used for the

search. The relevant studies were appropriately cited.

2. Interpretation: Variability across IP-based BEV enrich-

ment protocols was identified, all of which would ben-

efit from harmonization. Authors identified central ner-

vous system (CNS)-specific proteins with extracellular

domains (ECD) that can potentially be used for IP-based

BEVenrichment andEVcargo proteins that could be used

as BEV biomarkers.

3. Future directions:While we demonstrate that commonly

used IP-proteins for BEV isolation from blood are CNS-

enriched, we recommend the evaluation of additional

proteins that appear to be more brain-specific; contain

ECDs; and are present in EV databases. Harmonization

of BEV enrichment protocols is crucial, given the need for

CNS-specific blood biomarkers for NDDs.

bution); last-author demographics and publication date; blood-portion

(plasma or serum) used for BEV-enrichment; protocol preparing

plasma/serum for downstream EV and/or BEV work; EV-enrichment

protocol details; IP-protein used for BEV-enrichment and other pro-

tocol details; EV and BEV validation methods; and generating a

list of proteins used for BEV-enrichment and/or investigated post-

enrichment. For articles that providedpartial or noprotocol details, the

published protocol(s) referenced by these articles was used to gather

these details.

2.3 Characterization of proteins in our list

Proteins in our list (list generation described in Section 2.2) were con-

verted to their corresponding UniProt29 gene names to allowmapping

to public databases. To determineCNS-specificity, “RNA consensus tis-

sue gene data” from The Human Protein Atlas (v21.0 and Ensembl

v103.38; proteinatlas.org,30) was utilized. It includes gene expres-

sion, corresponding to normalized expression values (nTPM), from

61 regions: 12 CNS and 49 peripheral regions (listed in Figure S2).

CNS-specificity of each gene was calculated by comparing its expres-

sion levels in the 12 CNS regions with those in the 49 peripheral

regions. Genes demonstrating greater than or equal to four-fold higher

average in CNS than peripheral regions, and showing a statistically

significant p-value < 0.05 between the two groups (Mann-Whitney U-

test) were defined as “CNS-specific”. Extracellular domain-containing
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F IGURE 1 Literature search. (A) Flowchart of the article selection process. (B) Distribution of publication dates of the 39 BEV articles. (C)
Geographic distribution of last-authors’ affiliations of the 39 IP-based BEV enrichment articles. AD, Alzheimer’s disease; BEV, brain-derived
extracellular vesicles; DLB, Lewy body dementia; DS, Down syndrome; EV, extracellular vesicles; FTD, frontotemporal dementia; PD, Parkinson’s
disease; VaD, vascular dementia.

(ECD) proteins, as potential targets for IP-based BEV-enrichment,

were identified from the UniProt human database (v2022_01).29

EV-specificity was identified using Exocarta (exocarta.org) and Vesi-

clepedia (microvesicles.org) databases. To determine brain-cell-type-

specificity, a single-cell RNAseq dataset (accession GSE67835,31)

reporting gene expression in six brain-cell-types in humans was down-

loaded from theNCBIGEO repository.32 The six brain-cell-typeswere:

neurons, oligodendrocyte progenitor cells (OPC), oligodendrocytes,

astrocytes, microglia, and brain endothelial cells. For each identified

CNS-specific gene, the cell-type-specific gene expression value was

extracted from the GSE67835 dataset and normalized to the average

expression among the six cell-types. If a gene had a normalized value

greater than or equal to four -fold higher for a particular cell-type, it

was tagged as specific to that cell-type, else it was tagged as present in

multiple cell types.

3 RESULTS

3.1 Literature search and identification of
IP-based BEV articles

Our searchworkflow identified 39 articles investigatingBEVs enriched

from blood using IP-basedmethods (Figure 1A, Table S1_IP-protocols),

of which 35 (89.7%) performed ELISA-based assays following enrich-

ment. Most articles (64.1%) investigated AD or Parkinson disease

(25.6%) (Table S2_Participant-Information). Publication dates of arti-

cles ranged from 2014 to 2021, with most (28.2%) published in 2020

(Figure 1B), and 55.1% reporting a last-author in the United States

(Figure 1C).

3.2 Assessment of sample preparation, EV, and
IP-based BEV enrichment protocols

Figure 2 provides a graphical breakdown of protocols used for sam-

ple preparation, and EV and IP-based BEV enrichment, with additional

details provided in Table S1_IP-protocols.

3.2.1 Sample preparation for downstream
enrichment of BEVs

The initial biofluid (plasma or serum) volume ranged from 250 to

500 μL across the 39 studies, with 26 (66.7%) using plasma only,

10 (25.6%) serum only, and 3 (7.7%) both (Figure 2-IA). Of the 29

studies using plasma, 25 (86.2%) reported a defibrination-step using

thromboplastin-D (N = 18, 62.1%, 100–200 μL) or thrombin (N = 7,



BADHWAR ET AL. 4415

F IGURE 2 Sample preparation, EV and IP-based BEV enrichment protocols used. (I) Sample preparation: (A) biofluid used; (B) plasma
defibrination— reagent used and incubation time; and (C) centrifugation for debris removal — speed, time, and temperature. (II) EV enrichment:
(A) method used for EV precipitation; for ExoQuick-based precipitation: incubation time and temperature; (B) centrifugation for EV precipitation
— speed, time, and temperature. (III) BEV immunoprecipitation (IP): (A) IP beads used; (B) antibodies used for IP. BEV, brain-derived extracellular
vesicles; EV, extracellular vesicles; IP, immunoprecipitation; TBL-D, thromboplastin-D.

24.1%, 2.5–5 μL), while the remaining 4 did not mention this step

(Figure 2-IB). All studies using thromboplastin-D incubated for 60

min at room temperature (RT), with the exception of one study (30

minutes, RT) (Figure 2-IB). For thrombin, while an equal number of

studies (N = 3 each) incubated for 5 or 30 minutes at RT (Figure 2-IB),

one study lacked specifics. Following incubation, all studies using

thromboplastin-D, and four studies using thrombin added protease

and/or phosphatase inhibitor cocktails diluted in Dulbecco’s phos-

phate buffered saline (DPBS, 150–495 μL). While a defibrination

step is not needed for serum, five such studies also added DPBS

(150–500 μL).
All 39 studies performed a centrifugation step to remove fib-

rinogen clot (relevant for plasma EV studies) and/or cell debris

(Figure 2-IC). Centrifugation conditions (speed, time) varied between

studies (Figure 2-IC). A speed of 3000× g, 20–30minutes (N=12 stud-

ies, 11 plasma) wasmost used, followed by 1500× g, 20minutes (N= 9

studies, 8 plasma). Centrifugation temperaturewasnot reportedby the

majority of studies (N= 24, 61.5%), butwhen reported (N= 15, 38.5%),

it was 4◦C (Figure 2-IC).

3.2.2 EV enrichment

Thirty-two (82.1%) studies performed polymer-based EV precipitation

on defibrinated plasma or serum using ExoQuick (Figure 2-IIA). Of

these, 28 studies incubated with ExoQuick for 60 minutes (temp:

N = 27, 4◦C or on ice, N = 1, RT), 1 for 30 minutes (at 4◦C), and 3

did not report incubation conditions (Figure 2-IIA). For precipitation

of EVs following incubation, most ExoQuick studies (N = 28, 71.8%)

centrifuged at 1500 × g for 20–30 minutes, with 24/28 performing

this step at 4◦C (Figure 2-IIB). Precipitated EVs were resuspended in

solution containing protease/phosphatase inhibitor cocktails under

continuous rotation. Of the seven (17.9%) studies not using Exo-

Quick, one used a combination of EV precipitation and size exclusion
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chromatography, three used sequential spins for EV enrichment, and

three others did not perform EV enrichment.

3.2.3 IP-based BEV-enrichment from blood

All 39 studies performed IP-based BEV-enrichment. The majority of

studies used anti-L1CAM products (36/39, 92.3%), albeit different

types, to enrich NEVs (Figure 2-IIIB). Of these, eight studies (22.2%)

used an additional sample to enrich NEVs or other brain-cell-type-

derived EVs with another antibody: NCAM (for NEVs), MOG (for

oligodendrocyte-derived EVs), GLAST (for astrocyte-derived EVs), or

CSPG4 (for CSPG4-cell-derived EVs). Resultant BEV preparations

were incubated with magnetic or resin beads. Twenty-two (56.4%) of

the studies used Streptavidin PlusUltraLinkResin beads (Figure 2-IIIA)

for immunoprecipitation.

3.3 EV and BEV characterization by size, shape,
and cellular origin

Twenty-four (61.5%) studies reported assessing biophysical properties

of EVs and/or BEVs. Techniques most used were nanoparticle tracking

analysis (NTA) and transmission electronmicroscopy (TEM), employed

by 18 (46.2%) and 16 (41.0%) studies, respectively (see Table S1_IP-

protocols). Reported EV sizes ranged between 78 and 126 nm which

is consistent with the known size ranges of small EVs or exosomes.

Of the studies conducting NTA, few reported particle concentrations

ranging from 191.1 particles/mL22 to >10ˆ9 particles/mL,24,33 while

themajority did not.

Thirty-three (84.6%) studies reported assessing the presence of

EV-specific markers, with tetraspanin protein marker CD81 (N = 24,

61.5%) and the intracellular marker Alix (N = 10, 25.6%) being most

used. Other EV-markers used for validationwere CD63 (N= 6, 15.4%),

CD9 (N= 6, 15.4%), TSG101 (N= 5, 12.8%), and Hsp90 (N= 1, 2.6%).

The neuronal origin of BEVs was validated by 12 different markers:

L1CAM, NCAM, NfL, neuronal-specific (NS) enolase, synaptophysin,

Tau-1, MAP-2, NeuN, Enolase-2, MAPT, GRIA1, and PLP1. Of these,

L1CAM (N = 16, 41.0%), followed by NCAM (N = 5, 12.8%) and

NfL (N = 4, 10.3%), were most used. Glutamine synthetase (GluSyn)

was mostly used to validate astrocyte-derived EVs (AEVs). Studies

using MOG or CNP-ase as an IP antibody, validated the presence

of these proteins post IP (e.g., using enzyme-linked immunosorbent

assay [ELISA]). Fourteen studies (35.9%) did not mention any brain cell

marker or provided a reference paper for its validation.

3.4 CNS-specificity, ECD status, and presence in
public EV databases of proteins in our list

We generated a list of 117 proteins that were used for BEV enrich-

ment and/or investigated post-enrichment by the 39 articles, and

these corresponded to 87 unique genes (Table 1). Protein products

of five of these genes are known EV markers, namely, CD81, CD9,

CD63, PDCD6IP (or Alix), and TSG101. CNS versus peripheral gene

expression levels analysis on the remaining 82 genes identified 22

(26.8%) to be CNS-specific (Figure 3A). Of these, 11 had ECDs (MOG,

SYT1, SYP, SLC1A3, NRXN2, STX1A,NCAM1, L1CAM,NLGN1, GRIA4,

SYT2), and 11 did not (GFAP, SNAP25, GAP43, NEFL, UCHL1, MAPT,

ENO2, SNCA, OMG, NRGN, SYN1). Relative expression levels across

the 12 CNS and 49 peripheral regions of the 17 CNS-specific genes

whose protein products are known to be present in EVs are shown in

Figure 3B–D. Relative expression levels across the CNS and peripheral

regions of all 87 genes are shown in Figure S3.

3.4.1 Brain cell-type-specificity of proteins in our
list identified as CNS-specific

Of the 22 CNS-specific genes identified, the majority (N = 15,

68.2%) were found to be neuron-specific, with the remaining being

oligodendrocyte- or astrocyte-specific, or were present in multiple cell

types (Figure 4).

4 DISCUSSION

Given the increasing usage of BEVs enriched from blood in NDD

research, amaingoal of the ISTAART-BBB-PIA-EWGwas to investigate

BEV characterization and enrichment methods from plasma and/or

serum—a topic often heavily debated by the scientific community.

Below, we summarize (a) commonly used experimental choices made

across NDD studies for EV and BEV characterization and enrichment,

and (b) offer ISTAART-BBB-PIA-EWG’s recommendations for CNS-

specific alternatives to L1CAM for IP-based NEV enrichment from

blood.

4.1 Commonly used experimental choices across
NDD studies

4.1.1 Biophysical characterization of EVs based on
size and shape

Different subgroups of EVs (e.g., exosomes, microvesicles) exist, and

these can be distinguished to some extent by their biophysical char-

acteristics, for example, exosomes exhibit diameters between 30 and

150 nm.34 We found that techniques most used by included studies

to assess the biophysical properties (size and shape) of EVs were NTA

and TEM, respectively, albeit findings were not consistently reported

across all studies. This may be because the Minimal Information

for Studies of Extracellular Vesicles 2018 (MISEV2018,35) guidelines

recommend several different methodologies for proper EV character-

ization, and the combination of methods used remain at the discretion

of the investigator. However, to ensure consistency across studies

where isolatedBEVsarebeing assessed,we recommend that size range
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TABLE 1 List of 87 unique genes

No. Protein name

Gene

name

1 p-gp/ABCB1 ABCB1

2 pAkt(Ser473), Akt (panel) AKT1

3 Aβ40, Aβ42, sAPPa, sAPPb APP

4 BACE-1 BACE1

5 pBADSer136 BAD

6 Butyrylcholinesterase BCHE

7 BDNF BDNF

8 C1 complement complex – C1q C1QA

9 Complement C3b, Complement C3d C3

10 Complement fragment C4b C4B

11 Terminal complement complex C5b-C9 C5

12 CD46 CD46

13 DAF (CD55) CD55

14 CD59 CD59

15 CD63 CD63

16 CD81 CD81

17 CD9 CD9

18 Complement B, Complement factor B–Bb,

Factor B

CFB

19 Complement factor D CFD

20 Factor I CFI

21 Clusterin CLU

22 CR1 CR1

23 CRP CRP

24 Cystatin C CST3

25 Cathepsin D CTSD

26 NS-enolase ENO2

27 FGF-13 FGF13

28 FGF-2 FGF2

29 GAP43 GAP43

30 GDNF GDNF

31 GFAP GFAP

32 GluSyn GLUL

33 AMPA4 GRIA4

34 PGRN GRN

35 pGSK-3B(Ser9), GSK-3β GSK3B

36 Gelsolin GSN

37 HGF HGF

38 HSF1 HSF1

39 HSP70 HSPA1A

40 ICAM1 ICAM1

41 IGF-1 IGF1

42 p-IGF-1R IGF1R

43 IL-1β IL1B

44 IL-6 IL6

45 pIR INSR

(Continues)

TABLE 1 (Continued)

No. Protein name

Gene

name

46 P-serine 312-IRS-1, p-panTyr-IRS-1, Total

IRS-1,

p-panTyr-IRS-1, Ser616-IRS-1, pIRS1(Ser636)

IRS1

47 L1CAM L1CAM

48 LAMP-1 LAMP1

49 LRP6 LRP6

50 Erk1/2 MAPK1

51 P38MAPK MAPK11

52 JNK MAPK8

53 PTau-T181, PTau-S202, PTau-S231, PTau-S396,

PTau-T205, T-tau, Tau N-123, Full length tau

MAPT

54 MBL MBL2

55 MMP-9 MMP9

56 MOG MOG

57 mTOR, pmTORSer2448 MTOR

58 NCAM-1 NCAM1

59 NFL NEFL

60 NLGN1 NLGN1

61 NPTX2 NPTX2

62 Neurogranin NRGN

63 NRXN2alfa NRXN2

64 OMG OMG

65 Alix PDCD6IP

66 G-secretase PSENEN

67 pPTEN(Ser380) PTEN

68 REST REST

69 p70S6K(T389), pS6Ser235/Ser236 RPS6KB1

70 Syntenin-1 SDCBP

71 GLAST SLC1A3

72 Glut-1 SLC2A1

73 LAT-1 SLC7A5

74 SNAP-25 SNAP25

75 Alpha-synuclein SNCA

76 Syntaxin 1 STX1A

77 Synapsin 1 SYN1

78 Synaptopodin SYNPO

79 Synaptophysin SYP

80 Synaptotagmin-1 SYT1

81 Synaptotagmin-2 SYT2

82 TDP-43 TARDBP

83 TNF-α TNF

84 TSG101 TSG101

85 Ubiquitin UBB

86 UCH-L1 UCHL1

87 VAMP-2 VAMP2
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F IGURE 3 Characterization of proteins in our list. (A) Pie chart showing the distribution of CNS-specific and ECD-containing proteins in our
list. Relative gene expression levels across brain (N= 12) and peripheral (N= 49) regions of 17 proteins identified as CNS-specific and known to be
present in EVs presented as both (B) a heatmap and (C–D) scatter plots. Also indicated are their ECD status, with (C) showing ECD-containing
proteins and (D) showing non-ECD-containing proteins. The heatmap color scale indicates normalized expression values (nTPM) ranging from 0 to
60. Asterisks in the scatter plots represent statistically significant differences of p< 0.0001 (****) or p< 0.01 (**) fromMann-WhitneyU-test
analysis. CNS, central nervous system; ECD, extracellular domains; EV, extracellular vesicles.

verification should be consistently reported in all future EV studies

in order to differentiate smaller subpopulations of EVs from other

microvesicles subpopulations or apoptotic bodies.34,36

4.1.2 Choice of plasma over serum as starting
material

We found that themajority (66.7%) of studies used plasma rather than

serum as a starting material to precipitate EVs. This may be due to

some of the obvious advantages of plasma, such as (i) the larger volume

obtained from a fixed volume of blood, and (ii) no clotting time delay,37

given that rapid processing of blood post-collection is deemed crucial

to avoid increasing EV instability with longer (>30minutes) incubation

periods.38,39 Plasma is also considered themost physiological milieu to

study blood EVs, taking into account that the number of EVs is higher

in serumdue to clot-induced platelet vesiculation.38 Recently, compar-

isons of fresh versus frozen plasma found no significant difference in

protein content of enriched EVs, which may further boost the use of

biobanked plasma for EV research.40

Choice of starting material (i.e., plasma or serum) may, how-

ever, impact markers selected for EV validation.41 While we found

tetraspanin CD81 to be the most reported (N = 24 studies) EV

marker, recently, Karimi et al.41 demonstrated that CD81-positive EVs

constituted the rarest subpopulation in plasma and serum. Instead,

CD9-positive EVs comprised the majority, with considerable enrich-

ment for CD9- and CD63-positive EVs observed in plasma and serum,

respectively.41 While it is possible that release of EVs from activated

platelets in plasma may account for the abundance of CD81-positive

EVs, an earlier study by Heijnen et al.42 had reported platelet-released

EVs to be selectively CD63-positive. The distinction between platelet-

rich and platelet-poor plasma was not well described across most

articles assessed in the current study, with only two articles from the

same group43,44 mentioning the use of platelet-free plasma. It is evi-

dent that blood (serum and plasma) contains subpopulations of EVs

that carry various tetraspanins. The contribution of platelet released

EVs requires further investigation.Moreover, the presence of different

subpopulationsofEVs inplatelet-rich andplatelet-poorplasma that co-

express L1CAM or similar CNS-related proteins also requires further

investigation.
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F IGURE 4 Brain cell-type heatmap. The heatmap shows the
relative gene expression from a single-cell RNAseq dataset (accession
GSE67835,32) for each identified CNS-specific protein. Expression in
six cell-types is shown: NEU, OPC, OD, AST,MG, and EC. The heatmap
color scale indicates normalized expression values (relative to average
of the six cell types) ranging from 0 to 6. Proteins showing normalized
values greater than or equal to four were tagged as specific to that
cell-type, else they were tagged as present in multiple cell types.
Protein names in blue indicate extracellular domain-containing
proteins. AST, astrocytes; CNS, central nervous system; EC,
endothelial cells; MG, microglia; NEU, neurons; OD, oligodendrocytes
cells; OPC, oligodendrocyte progenitor.

4.1.3 Choice of thromboplastin-D over thrombin
for defibrination

We found that thromboplastin-D, and not thrombin, was used by the

majority (62.1%) of plasma studies for defibrination. The protease

thromboplastin-D converts prothrombin to thrombin during the

clotting of blood, while the enzyme thrombin facilitates blood clotting

by converting fibrinogen to fibrin. Relative to untreated plasma,

pre-treatment with thromboplastin-D was reported to (i) remove

clouding factors and prevent aggregation of ExoQuick enriched EVs,45

and (ii) not introduce contaminants, when using human recombinant

thromboplastin and enriching for EVs using ultracentrifugation,40

though use of rabbit thromboplastin introduced exogenous tau

contaminants.24 Thrombin pre-treatment, unlike that observed with

rabbit thromboplastin, lacked exogenous tau contaminants.24 Pre-

treatment with thrombin, however, significantly lowered Exoquick EV

yield compared to untreated plasma,46 with the authors hypothesizing

that the induced clotting entrapped a significant number of EVs,

thereby leading to an underestimation.46

4.1.4 Choice of ExoQuick over other approaches
for EV enrichment

We found that polymer-based EV precipitation/enrichment on

cleared plasma or serum using ExoQuick was used by most (N = 32,

82.1%) studies. The observation that 68.8% of the ExoQuick studies

followed manufacturer recommendations for incubation time and

temperature (60 minutes, 4◦C), as well as centrifugation speed and

temperature (1500 × g, 4◦C) for precipitation, points to a majority

consensus for these parameters. However, (a) the majority of studies

(N = 19, 59.4%) doubled the manufacturer’s recommendation for

ExoQuick for a given volume of plasma or serum, and (b) centrifu-

gation time for precipitation lacked consensus. The impact of these

protocol changes to ExoQuick-based EV enrichment requires further

investigation.

On the choice of ExoQuick itself for precipitation of EVs from

blood, Serrano-Pertierra and colleagues47 reported that enrichment

of plasma-derived EV using ExoQuick was more efficient compared

to ultracentrifugation and the Invitrogen kit. Moreover, a recent

study, assessing EVs enriched using five commonly used methods,

namely, precipitation (ExoQuick ULTRA), membrane affinity (exoEasy

Maxi Kit), size-exclusion chromatography (qEVoriginal), iodixanol

gradient (OptiPrep), and phosphatidylserine affinity (MagCapture),

reported that ExoQuick was a better method for plasma than for

conditioned cell media.48 The study highlighted the importance of

selecting an EV enrichment protocol suited to the sample type (e.g.,

plasma, serum, cell media).48 ExoQuick was also found to enrich

the most EV-proteins from low plasma volumes (e.g., 250 μL), an
important consideration for biomarker studies and clinical trials that

lack access to large biosample volumes. However, earlier versions of

the ExoQuick kit precipitated both EVs and non-EV-particles (mostly

lipoproteins),48,49 a drawback that may be currently mitigated by the

ExoQuick-LP kit, which contains a lipoprotein pre-clearing reagent.48

It should also be noted that the addition of the immunocapture step

with a cell-specific antibody further helps with clearing lipoprotein

contaminants.50 Overall, ExoQuick is considered an easy to perform,

fast, reproducible, scalable, and relatively low-cost EV enrichment

method.48

4.1.5 Choice of L1CAM for BEV enrichment

L1CAM or CD171 is a transmembrane protein, known to be widely

expressed in neurons,51 and currently serves as the gold stan-

dard for enriching NEVs from blood. Numerous studies have

demonstrated that NEVs contain Aβ and tau species, relevant to

neurodegeneration.22,26,52,53 Additional work has shown that NEVs

and AEVs contain complement proteins, which can accurately predict

conversion of MCI to AD.54–56 Overall, employing cargo analysis of

L1CAM-positive BEVs has expanded the field of plasma biomarkers in

early AD diagnosis exponentially. However, the specificity of L1CAM

itself constitutes themain source of controversy. In 2021, Norman and

colleagues57 reported that L1CAM was not associated with plasma
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and/or CSF enriched EVs, thereby suggesting that prior BEVbiomarker

studies were measuring soluble cleaved versions of L1CAM that were

not associatedwith theCNS. Finally, the authors advocated against the

use of L1CAMas amarker for enrichment of NEVs.57 In contrast to the

studies investigated in our current work, Norman et al.57 had used size

exclusion chromatography (SEC) to elute their EVs, with L1CAM signal

still observable, albeit at lower signal strengths, in fractions where

tetraspanin signals (i.e., protein markers of EVs) were also present

(e.g., fractions 9–12). Given that EVs are heterogeneous and can range

in different sizes, it is possible that L1CAM may be associated with

smaller EVs rather than larger EVs. This was not addressed by the

authors as the size profile of the EVs eluted in their fractions were

not thoroughly investigated. Moreover, given that both soluble and

membrane-bound L1CAM can exist together in the same fraction,

additional studies robustly differentiating between the two forms are

needed. Nonetheless, these findings have sparked a much-needed

discussion about the validation and harmonization of protocols in the

EV field and require further investigation to counter the numerous

studies that utilize L1CAM (e.g.,58–60, N = 36 articles indicated in

Table S1_IP-protocols). We found that L1CAM continues to serve

as the most used CNS-specific marker for NEV enrichment from

blood.

4.2 Recommendations for CNS-specific
alternatives to L1CAM for NEV enrichment from
blood

The issue of BEV-specificity and purity arises due to blood contain-

ing an admixture of EVs frommultiple tissues/cell types. In the current

study, we used publicly available RNAseq and EV-databases, to catego-

rize proteins in our list as CNS- and brain-cell-type-specific. We found

high expression in 12 CNS compared to 49 peripheral regions for (a)

L1CAM, and (b) proteins used for IP-based AEV enrichment, such as

GLAST (or SLC1A3) and GFAP. In contrast, CD81 and CD63, well char-

acterized EV markers, demonstrated a wide distribution across both

CNS and peripheral regions. Interrogation of theCNS-specific proteins

in our list for ECD presence allowed for the identification of poten-

tial alternate markers for IP-based BEV enrichment of neuronal EVs.

Specifically, we put forth SYT1, SYP, NRXN2, GRIA4, as potential novel

neuronal markers for BEV enrichment using IP-based capture meth-

ods. Our findings also suggest that while the proteins NCAM1 and

NLGN1 demonstrate a high CNS-specificity, they may not be asso-

ciated with a specific brain-cell type. Our analyses further revealed

candidate proteins with a CNS origin yet lacking an ECD. These are

likely EV cargo proteins that could be used during secondary vali-

dation methods. Collectively, the candidate proteins identified here

have a wide range of biological functions that may be relevant to

neurodegeneration but require further investigation. Our future work

includes validating candidate markers using ultra-sensitive bioassays

and proteomic tools for CNS-specific confirmation and novel BEV

cargo identification.

4.3 CONCLUSIONS

Harmonization of protocols are essential steps for blood-enriched

BEV biomarker work in AD and other NDDs and is advocated by

the ISTAART-BBB-PIA-EWG. For IP-based BEV enrichment protocols,

we have identified steps with obvious variability across studies that

require harmonization. We also noted that most studies use L1CAM

for enrichment of a specific subpopulation of NEVs. Using RNA-

seq databases, we put forth SYT1, SYP, NRXN2, GRIA4, as potential

novel neuronal alternative markers to L1CAM. Moreover, these addi-

tional CNS-specific ECD-containing proteins identified in our study

can potentially be used for both IP-based BEV enrichment and as BEV

biomarkers. Similarly, CNS-specific cargo proteins can potentially be

used for BEV biomarkers, however they require further investigation

and must be validated experimentally. Future investigations include

systematically assessing the consistency of BEV content across dif-

ferent studies, and establishing multi-institutional collaborations for

biomarker validation of CNS-specific ECD containing alternatives to

L1CAM.
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