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ABSTRACT

By preserving molecular information inherited from the source cell, extracellular vesicles (EVs) can serve as biomarkers for

tissue health or disease, paving the way for liquid biopsy applications. The enrichment of tissue-specific EVs (TS-EVs) from

human biofluids can be challenging due to technical and methodological limitations. Here, we use single and sequential
immunoaffinity capture workflows to enrich antigen-specific EVs circulating in human blood. We demonstrate the specificity,
efficiency, and consistency of our approach for enriching blood plasma EV subpopulations from the nervous system, alveolar cells
and hepatocytes. The enriched subpopulations are characterized by canonical EV features and markers, as well as co-localization
of tissue-specific and general markers on the surface. We provide a validated workflow to derive multiple EV subpopulations
from circulation, leveraging their promise as informative biomarkers of tissue status and enabling liquid biopsy and biomarker

discovery.

1 | Introduction

Extracellular vesicles (EVs) are small membrane-delimited
molecules naturally secreted by cells and present in biofluids
(Raposo and Stoorvogel 2013, Yafiez-M9 et al. 2015). Carrying a
heterogeneous cargo of proteins, nucleic acids, lipids and small
metabolites, EVs can transport signals and molecules to nearby
or distant targets, which can subsequently induce biological
responses in recipient cells or remodel the extracellular environ-
ment (Gardiner et al. 2016, Kalra et al. 2016). Their extensive role

in cell-to-cell communication is essential for various biological
processes under normal physiological or pathological conditions
(Buzas 2023). In recent decades, EVs have attracted considerable
attention for their pivotal role in intercellular communication
(Pegtel and Gould 2019), appealing characteristics for liquid
biopsy (Kalluri and LeBleu 2020, Yu et al. 2022), and promise for
therapeutic delivery (Wiklander et al. 2019). The ongoing debate
regarding their biogenesis, characteristics, and nomenclature
has led to the development of standardized research guidelines
(MISEV-Minimal Information for Studies of Extracellular Vesi-
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cles) to harmonize definitions and approaches in the field (Théry
et al. 2018, Welsh et al. 2024).

Circulating EVs are emerging as a new frontier in liquid biopsy for
clinical research and application, allowing access to organs that
cannot be easily biopsied, such as the brain (Yu et al. 2022, Picca
et al. 2022). EVs are carriers of tissue-specific clinical biomarkers,
reflecting the phenotypic state and molecular profile of the
parental cell (Kalluri and LeBleu 2020). Although the majority
of EVs in circulation originate from platelets and hematopoietic
cells, many other tissues and cell types also contribute EVs to the
blood (Li et al. 2020). Such diversity poses a challenge in terms of
enrichment and characterization of tissue-specific EVs (TS-EVs).

Immunoaffinity capture methods, leveraging cell-specific surface
antigens, enable the enrichment of specific EV subpopulations
(Gao et al. 2023, Mondal and Whiteside 2021, Eitan et al. 2023).
However, existing research has suffered from the lack of method
standardization, even though enrichment and characterization
protocols are continuously improving (Gao et al. 2023). The
enrichment of EVs derived from different tissues is challenging
due to (i) the relative low abundance of each cell type-derived
EV in circulation (Li et al. 2020); (ii) the heterogeneity of
the surfaceosome, which is the totality of surface molecules of
different EV subpopulations; (iii) the topology, stoichiometry,
and relative abundance of the targets on the surface of each EV
(Zarovni et al. 2025); (iv) and the interaction of surface markers
with apolipoproteins or other proteins, affecting their availability
to bind antibodies (Hallal et al. 2022). For these reasons, the
effectiveness of the immunoaffinity capture approach is primarily
contingent upon the accurate identification of cell-specific sur-
face markers, the density of target markers on EVs, the availability
of reliable antibodies, and the absence of non-specific interactions
(Stam et al. 2021).

The scientific literature reports several examples of immunoaffin-
ity protocols directed to a subpopulation of EVs supposedly
originating from a single cell type. Neuronal EVs, for instance,
have been explored in the context of neurodegeneration. Many
early studies targeted the L1 cell adhesion molecule (LICAM)
(Picca et al. 2022, Gomes and Witwer 2022, Jiang et al. 2020,
Kapogiannis 2017, Kapogiannis et al. 2019) while some recent
studies used sodium/potassium-transporting ATPase subunit
alpha-3 (ATP1A3) (You et al. 2023), or Neurexin-3 (NRXN3) (Ter-
Ovanesyan et al. 2024) or a combination of Growth Associated
Protein 43 (GAP43) and Neuroligin 3 (NLGN3) (Eitan et al. 2023,
Kalia et al. 2025) to specifically enrich neuronal EV from human
plasma and investigate potential biomarkers for Alzheimer’s
disease (AD) and related neurodegenerative conditions. Neuronal
EVs have been demonstrated to transfer misfolded proteins (i.e.
amyloid-8 and a-synuclein), and their cargo has promise as an
informative biomarker of cognitive impairment with AD (Pulliam
et al. 2019), preclinical AD (Fiandaca et al. 2015), dementia
(Winston et al. 2016), or of disease severity for Parkinson’s Disease
(PD) (Shi et al. 2014). Progress in neuronal EVs illustrates how
TS-EVs can contribute to extending the knowledge on complex
multifactorial diseases, facilitating the development of EV-based
diagnostic and therapeutic strategies.

The interest in enriching and characterizing TS-EVs extends
beyond the nervous system. There are significant efforts in cancer

research, as well as in studies related to pathological processes in
major tissues and organs (e.g. liver, lung, prostate and placenta)
(Mondal and Whiteside 2021, Brett et al. 2017, Carnino et al.
2019, Miranda et al. 2018, Newman et al. 2022). The present study
aimed at developing and validating an immunoaffinity protocol to
enrich TS-EVs from human plasma. We established and present
an analytical workflow for investigating EVs derived from the
nervous system, alveolar type 1 cells, hepatocytes and placental
trophoblasts (Figure 1).

2 | Methods

2.1 | Human Plasma Specimens

Multiple pools of human EDTA-K2 plasma from healthy donors
(gender pooled) (BioIVT, Westbury, NY) were used to isolate
total EVs and EV subpopulations bearing specific antigens.
For placenta-derived EVs, we used individual human EDTA-
K2 plasma from confirmed pregnant donors (BioIVT, Westbury,
NY), while individual plasma samples from non-pregnant healthy
female and male volunteers were included as negative controls.
Samples were stored at —20°C and thawed on ice before use.

2.2 | EV Enrichment

2.2.1 | Total EV Enrichment

Total EVs were enriched by ultracentrifugation. Briefly, 350 pL
of plasma sample was centrifuged at 4°C for 10 min at 300 rcf,
after the addition of 150 uL of Tris HCI (pH 7.2) and 1 mL of
0.22 um-filtered 1X DPBS. The supernatant was transferred to
a new tube, then centrifuged at 4°C for 10 min at 2000 rcf,
for 30 min at 10,000 rcf and an additional 5 min at 15,000
rcf. The supernatant was then diluted with 0.22 um-filtered 1X
DPBS to a final volume of 12 mL and ultracentrifuged for 120
min at 111,000 rcf by using the rotor ‘Type 50.2 Ti’ (Optima
L-90K, Beckman Coulter, NJ, USA). The resulting pellet was
resuspended in 500 uL of Binding Buffer (ExoSORT, Cat. No. Ex-
015, Neurodex, Natick, MA, USA) supplemented with Protease
and Phosphatase inhibitors 2X (HALT, Cat. No. 78346 and 78429,
Thermo Fisher Scientific, Waltham, MA, USA) if intended to be
used to enrich TS-EVs by immunoprecipitation protocol, or in
500 uL of 0.22 pm-filtered 1X DPBS if intended to be used as
total EVs. Not-lysed total EVs were not treated with Protease and
Phosphatase inhibitors since DPBS is inert and does not have any
proteolytic and phospholytic activities.

2.2.2 | Biotinylation of Antibodies

Unconjugated antibodies (see Table 1) were biotinylated by
adding 13.3 uL of 12.86 mM EZ-Biotin (EZ-Link NHS-SS-PEG4-
Biotin, Cat. No. A39259, Thermo Fisher Scientific, Waltham, MA,
USA) for each 1 mg/mL of antibody and incubated overnight
at 4°C. Buffer exchange was performed using the Zeba Spin
Desalting Columns, 7K MWCO (Cat. No. 89877, Thermo Fisher
Scientific, Waltham, MA, USA) before the addition of EZ-Biotin
(only for antibodies formulated with primary amines), and after
the addition of EZ-Biotin to remove its residual, according to
the manufacturer’s instructions. The incorporation of biotin was
verified using immuno-plates with high binding surface (Nunc,
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FIGURE 1 |

TS-EV validation

Analytical workflow. TS-EVs are enriched from human plasma specimens through an immunoaffinity protocol targeting cell-specific

surface markers and using streptavidin-modified magnetic beads coated with biotinylated antibodies. The subpopulations of TS-EVs are characterized
for general EV features such as size, distribution and tetraspanins profile. Tissue-specific markers are co-localized with general EV markers through
single EV super resolution imaging. The TS-EV cargo expresses a molecular signature specific to the type of cell/tissue targeted, enabling the assessment

of validation protein markers by immunoassays.

Cat. No. 442404, Thermo Fisher Scientific, Waltham, MA, USA),
through the reaction with streptavidin-HRP (Bio Legend, Cat. No.
405210, San Diego, CA, USA) and the colorimetric detection with
TMB ultrasensitive substrate (Millipore Sigma, Cat. No. ES022,
Burlington, MA, USA). The fluorescence was measured at 450 nm
by the Synergy H1 microplate reader (Biotek, Winooski, VT, USA).

223 |
Capture

Enrichment of TS-EVs by Immunoaffinity

The surface proteins to immunocapture the subpopulations of
TS-EVs of interest were selected based on current evidence in
literature, when available, or by screening public databases such
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as the Human Protein Atlas (HPA) (Uhlén et al. 2015), which
reports tissue expression profile at mRNA and protein levels,
Uniprot (Consortium et al. 2025), which reports annotation of
protein expression and subcellular localization, and Vesiclepedia
(Pathan et al. 2019, Chitti et al. 2024), a compendium of molecular
data, including proteins, identified in different classes of EVs.
We screened and selected surface proteins exclusively or mainly
expressed in the cell/tissue type of interest, located on the cell
membrane and identified or presumably present on the surface of
EVs. If multiple potential surface protein targets were selected, we
also performed the immunoaffinity capture using a combination
of antibodies in a single reaction, deriving EVs positive for
at least one of the two markers (indicated as ‘II’), or using a
sequential capture to derive double-positive EVs for the two
markers (indicated as ‘/’).

Enrichment was performed with ExoSORT kit (NeuroDex, Cat.
No. NDX_ESNeuro, Natick, MA, USA), with several modifica-
tions. Magnetic beads, streptavidin modified (Cat. No. Ex-BS511,
ExoSORT NeuroDex) were conjugated with biotinylated anti-
bodies specific to the surface markers of the TS-EV of interest.
Antibodies and isotype control (IgG) can be found in Table 1.
In detail, 25 pL of magnetic beads per sample were incubated
on a rotator with an amount of antibody ranging between 2.5
and 5 pg (depending on the antibody, see Table 1), for 1.5
h at room temperature (RT). Then, the solution was blocked
with 5 uL of Blocking Reagent (Cat. No. Ex-012, ExoSORT
NeuroDex) for 1 h at RT. The beads were reconstituted in 50 pL
of the supplemented Binding Buffer (Cat. No. Ex-015, ExoSORT
NeuroDex) and incubated overnight at 4°C with the resuspended
pellet obtained from the ultracentrifugation. The following day,
using a magnetic separator, all the unconjugated materials (IP
unbound) were saved, while the complexes of beads with the
immunocaptured-EV were washed three times (ExoSORT Wash
Buffer, Cat. No. Ex-016, NeuroDex) and air-dried for 3 min at
RT, ensuring complete removal of all liquid. Then, 35 pL of low
pH elution buffer (Cat. No. EX-017, ExoSORT NeuroDex) was
added and incubated for 5 min at 50°C, allowing the disrup-
tion of antibody-antigen interactions, therefore releasing intact
immunocaptured EVs from the beads. Eluates were collected
using a magnetic separator and transferred into clean tubes,
adding 125 uL of lysis buffer (Cat. No. Ex-018, ExoSORT NeuroDex
or equivalent Pierce IP Lysis Buffer, Cat. No. 87787, Thermo Fisher
Scientific, Waltham, MA, USA), supplemented with Protease and
Phosphatase inhibitors 1X, and 5 pL of neutralizing TRIS buffer.
Incubated on ice for 20 min, the immunocaptured EVs were
stored at —20°C or immediately used for downstream analysis.
Total EVs, obtained as described earlier in the method, and the
unbound fractions from the immunoaffinity capture, were lysed
and stored following the same steps of immunocaptured-EVs.
Non-lysed immunocaptured-EVs were stored in elution buffer
and neutralizing TRIS buffer for downstream analysis requiring
intact membrane, including transmission electron microscopy
(TEM), nanoparticle flow cytometry (NanoFCM), super resolu-
tion microscopy, and tetraspanins, apolipoproteins, and albumin
immunoassay measurements.

2.2.4 | Enrichment of GLUT2*/ASGR1" EVs by a
Sequential Immunoaffinity Capture

The immunoaffinity capture protocol was modified to perform a
sequential immunocapture on hepatocyte-derived EVs, targeting
the surface markers GLUT2 and ASGR1 in two consecutive steps.
As described above, the complex of beads and immunocaptured-
EVs obtained from the overnight incubation with the anti-GLUT2
biotinylated antibody (2.5 ug), was washed three times and air-
dried for 3 min, and finally eluted in 35 pL of elution buffer.
Then, the resulting GLUT2* EVs were released from magnetic
beads and neutralized using 5 pL of Tris HCI pH 7.5 and 150 uL
of DPBS. An additional 410 uL of supplemented Binding Buffer
was added for a final volume of 600 uL. The samples were then
incubated overnight (4°C) with magnetic beads conjugated with
the anti-ASGRI1 biotinylated antibody (2.5 ug). The following day,
the purified GLUT2*/ASGR1" EVs were washed, dried, eluted,
and lysed as described above.

2.2.5 | Total Protein Quantification

Total protein quantification was determined using Qubit Protein
Assay (Cat. No. Q33212, Thermo Fisher Scientific, Waltham, MA,
USA), according to manufacturer’s instructions.

2.3 | EV General Characterization

Non-lysed and freshly prepared immunocaptured-EVs were visu-
alized by TEM at 1:10 dilutions with 0.22 um-filtered 1X DPBS,
as previously described (Comfort et al. 2021), at the Weill Cornell
Electron Microscopy & Histology Core Center.

Particle concentration (particle/mL), size distribution and
median diameter (nm) were measured on non-lysed EVs using
nanoparticle flow cytometry (Flow Nano Analyzer, NanoFCM
Co., UK), as previously described (Fabiano et al. 2025), at the
EXCEL EV Core at the Johns Hopkins University School of
Medicine.

ELISA immunoassays were used for CD81, CD63 and CD9
detection (Cat. No. EXEL-ULTRA-CDS81-1, EXEL-ULTRA-CD63-
1, EXEL-ULTRA-CD9-1, ExoELISA-ULTRA Complete Kit, Sys-
tem Biosciences, CA, USA). Apolipoprotein Al (ApoAl) (Cat.
No. CSB-E08103h, Cusabio, TX, USA), Apolipoprotein B-100
(ApoB100) (Cat. No. EEL156, Thermo Fisher, MA, USA), Albumin
(Cat. No. EHALB, Thermo Fisher, MA, USA), on non-lysed,
intact EVs, while Calnexin (Cat. No. LS-F9150, LS-Bio, MA,
USA) was measured on lysed EVs. The assays were performed
according to manufacturer’s instructions and measuring the
fluorescence at 450 nm by the Synergy H1 microplate reader
(Biotek, Winooski, VT, USA). The standard curve was calculated
using a four-parameter logistic curve (4PL).
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2.4 | TS-EVs Validation

2.4.1 | Single EV Analysis by dASTORM

Single EV super resolution images were acquired by dSTORM
from ONI (Nanoimager S, Oxford Nanoimaging, UK) at the
EXCEL EV Core at Johns Hopkins University, School of Medicine.
EV Profiler kit 2 was used to visualize and phenotype non-
lysed, intact immunocaptured-EVs by analysing three indepen-
dent channels of fluorescence: Pan-EV and Tetraspanin trio
(CD9, CD63, CD81), both provided by the kit, and each tissue-
specific surface marker in a third channel. Co-localization
analysis was performed with the CODI online analysis platform
(https://alto.codi.bio/), with EV profiling settings. Six fields of
view were acquired for each sample (five for AGER" EVs). A
modified version of the procedure was applied to the subpop-
ulations of HT1-56*/AGER* EVs and GLUT2" || ASGR1' EVs,
labelling each antibody and analysing a single channel per target
to increase the sensitivity and assessing the presence of the single
proteins or a combination of them, alongside one general EV
marker (CD9).

2.4.2 | Immunoassays for Tissue-Specific Markers

The validation protein markers, specific for each intended cell
type, were chosen based on the expression of the proteins in
the tissue/cell type of interest, and the absence/low expression
in those of noninterest. Secreted proteins were excluded, pref-
erentially selecting proteins with cytosolic/lumen subcellular
locations and with known involvement in EVs pathways. The
detection of these proteins in previous EV studies has been
checked using public data repository (Pathan et al. 2019, Chitti
et al. 2024). The validation markers were measured on lysed EVs
using commercial ELISA kits according to the manufacturers’
instructions. Table 2 shows details of the assays performed.

2.4.3 | Statistical Analysis

Total protein concentration was used to normalize the input
amount for each tissue-specific target. All experiments were con-
ducted in technical triplicates on five biological replicates (unless
otherwise specified). A four-parameter logistic curve (4PL) was
applied to analyse ELISA assay results. For some proteins, the
expression levels in total EVs were below the detection limit.
Thus, we decided to universally normalize the data for each
experiment to the immunocaptured EV fractions, which were
above the detection limit in all assays. The normalized expression
data were then analysed using the Wilcoxon ranked sum test
(statistical significance p < 0.05). All analyses were conducted in
R (version 4.2.2).

2.4.4 | EV-Track

All relevant data regarding our methods have been submitted to
the EV-TRACK knowledgebase (Van Deun et al. 2017). EV track
ID: EV260020 (evtrack.org).

3 | Results

3.1 | General EV Characterization

We enriched EV subpopulations from human plasma by targeting
surface proteins expressed by the parental cell and presumably
present on the surface of the EVs. We screened cell- and tissue-
specific proteins based on recent literature and data available on
the HPA public database (Uhlén et al. 2015). Candidate markers
were cross-referenced for tissue-specificity, subcellular locations
and presence in EV, by using web-based repository such as
Uniprot (Consortium et al. 2025) and Vesiclepedia (Chitti et al.
2024). We selected one or more surface targets and validation
markers for each cell type and tissue (Figure 2). In situations in
which we identified multiple potentially viable antigen targets,
we also tested the utility of using a combination of antibodies in
a single reaction to derive EVs that were positive for at least one
of two markers (e.g. GLUT2* || ASGR1*), or of using sequential
capture to derive double-positive EVs (e.g. GLUT2*/ASGR1%).

We performed a general characterization of the enriched EV
subpopulations by NanoFCM and TEM. The immunocaptured-
EV subpopulations showed similar size distribution (50-140 nm)
and concentration (10% particles/mL) to one another (Figure 3A,
Table S1). We confirmed typical round or cup-shaped morphology
of the particles by TEM, as in the case of GLAST" EVs, GLUT2"
EVs and GLUT2"/ASGRI1* EVs subpopulations (Figures S1 and
S2). Immunocaptured-EV subpopulations showed detectable
levels of CD9, CD63, CD81 by ELISA (Figure 3B), about 10
times lower compared to total EVs. CD81 is the most abundant
across the TS-EVs, with higher levels detected in GAP43* ||
NLGN3* EVs and AGER' EVs subpopulation compared to
the other immunocaptured-EVs, except for GLUT2*/ASGR1*
EVs, which showed slightly higher CD63 positive EV. The gen-
eral characterization demonstrated that the subpopulations of
immunocaptured-EVs enriched by our workflow had features
and canonical markers consistent with those expected for EVs.

Moreover, we evaluated the levels of apolipoproteins and plasma
proteins in immunocaptured-EV preparations using immunoas-
says for ApoAl, ApoBl100 and Albumin (Figure 3C-E). As
expected, immunocaptured-EV subpopulations showed low lev-
els of both ApoAl and ApoBl100; the average ApoAl protein
concentration across the subpopulations was 536-fold lower than
that detected in plasma, while the average ApoBl00 concen-
tration in TS-EVs subpopulations was 25-fold lower than the
ApoBI00 concentration in plasma. Similarly, the average level
of Albumin protein across immunocaptured-EVs was ~10%x
lower than the concentration detected in blood plasma. We also
measured Calnexin protein by ELISA as an EV negative marker,
revealing low levels of this endoplasmic reticulum protein across
the subpopulations (Figure 3F). These results confirmed that
immunocaptured-EVs enriched by our approach presented low
presence of apolipoproteins, plasma proteins or cell components,
typically regarded as contamination, being non-EV markers
(Brennan et al. 2020, Téth et al. 2021, Marlega-Linert et al. 2024).
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FIGURE 2 | Selection of tissue-specific surface targets and validation markers. Graphic representation of the tissue and cell type explored in this

study. Nervous system EVs have been investigated targeting surface markers specific to neurons, astrocytes and microglia cells. The EV subpopulation
from neurons was enriched targeting the growth-associated protein 43 (GAP43) and neuroligin 3 (NLGN3) as surface markers, while the validation was
assessed by measuring the amount of synaptophysin protein (SYP). EVs released from astrocytes and microglia cells were immunoprecipitated using
antibodies towards the glutamate aspartate transporter (GLAST, also known as Excitatory amino acid transporter 1-EAATI) and the transmembrane
protein 119 (TMEM119) respectively and measuring glial fibrillary acidic protein (GFAP) protein for astrocyte EVs, human allograft inflammatory
factor 1 (AIF1) and purinergic receptor P2Y12 (P2RY12) for microglia EVs. The human type I cell 56-kDa protein (HT1-56) and/or the advanced
glycosylation end-product specific receptor (AGER) were targeted to enrich EVs release from the Alveolar Type 1 lung cells (AT1 cells). The validation
was performed by measuring the protein level of human aquaporin 5 (AQP5) and human napsin-A (NAPSA). Liver EVs released from hepatocytes have
been immunocaptured targeting glucose transporter 2 (GLUT2) and/or the asialoglycoprotein receptor 1 (ASGR1), validating the protein level of ASGR1
and cytochrome P450 family 2 subfamily E member 1 (CYP2E1). EVs released from the placenta tissue, specifically from trophoblast cells, have been
targeted using placental alkaline phosphatase (PLAP) as surface marker, and measuring the level of cytochrome P450 family 19 subfamily A member 1
(CYP19A1) as validation marker.

3.2 | Co-Localization of Canonical and
Cell-Specific EV Surface Markers

By detecting single markers on the surface of intact EVs, super
resolution microscopy helped us to confirm the surface co-
localization of our targeted tissue-specific proteins with EV
markers, supporting capture specificity. Tissue/cell-specific sur-
face markers GAP43/NLGN3, GLAST, TMEM119, HT1-56, AGER,
GLUT2 and ASGRI all co-localized with general and canonical
EV markers (i.e. Tetraspanins trio, Pan-EV or CD9) (Figure 4).
However, we did not observe any co-localization of PLAP, a
putative antigen for placental EVs, with any of the EV markers.

3.3 | Validation of Immunocaptured-EVs
Measuring the Expression of Cell-Specific Proteins
by Immunoassay

For each of the immunocaptured-EV subpopulations, we sought
to validate that our method specifically enriches for the intended
subpopulation of EVs by the enrichment of tissue-specific

luminal or membrane proteins (Figure 5). Additionally, we
cross-validated the specificity of our immunocaptured-EVs by
using one EV subpopulation (GLAST* EVs) as control for the
others, showing poor enrichment or no detection across different
tissue-specific proteins (Figure S3).

3.3.1 | Nervous System—NS EVs

We enriched neuronal EVs using a commercially available
mixture of antibodies against the neuronal membrane proteins
GAP43 and NLGN3 and validated the capture by measuring the
level of the neuronal synaptic marker SYP. We observed that the
subpopulation GAP43" || NLGN3* EVs from neurons had a ~237-
fold enrichment of SYP protein compared to the isotype control
(p = 0.008), and ~482-fold enrichment compared to total EVs (p
= 0.01) (Figure 5A). The enrichment was 390x compared to IP
unbound fraction (p = 0.04) (Figure S4A).

We targeted the transmembrane protein GLAST (also known as
Excitatory amino acid transporter 1-EEAT1) to enrich astrocyte
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FIGURE 3 | General EV characterization. (A) TS-EV concentration and size distribution. NanoFCM analysis shows the particle number
concentration (particles/mL) on the y-axis and the size (diameter) distribution (nm) on the x-axis for each subpopulation of enriched TS-EVs. The
box at the top of each plot shows the median values of the particle diameter, ranging from 78.2 + 29.1 nm to 96.6 nm + 40.4 nm, and the median values
of the concentration, in the range of 107-10% particles/mL. (B) Tetraspanins profile. Subpopulations of TS-EVs assessed for abundance of EVs positive
for CD9, CD63 and CD81 markers (mean + SEM/mL). (C-F) Apolipoproteins, albumin and calnexin assessment. Subpopulations of TS-EVs, total EVs,
and plasma assessed for levels of (C) ApoAl, (D) ApoB100, (E) Albumin and (F) Calnexin proteins (mean concentration ng/mL + SEM).
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Co-localization of surface markers on single EVs. Single EV analysis by super resolution microscopy shows surface co-localization of

tissue-specific and general EV markers (Tetraspanin trio = mixture of CD9, CD63, CD81, ‘Pan-EV’ stain or CD9 alone) (scale bars 200 nm).

EVs, and we validated the enrichment by the astrocyte marker
GFAP. GFAP protein was significantly enriched in the GLAST*
EVs (p = 0.007) compared to the IgG, total EV and unbound
fraction (Figure 5B, Figure S4B).

We enriched microglia cell-derived EVs targeting the trans-
membrane protein TMEM119, and we validated the enrichment
using two microglial markers, the receptor P2Y12 and the
cytosolic/peripheral membrane protein AIF1. The subpopulation
TMEMI119" EVs showed a significant enrichment of the P2Y12
(p = 0.007), compared to IgG, total EVs, and IP unbound
(Figure 5C, Figure S4C). Similarly, AIF1 protein, a sensitive
marker for microglial activation, was enriched 23x in TMEM119*
EVs compared to the isotype control (p = 0.008), 37x compared to
the total EV (p = 0.008) (Figure 5D), and 24x compared to the IP
unbound fraction (p = 0.008) (Figure S4D).

3.3.2 | Alveolar Type 1 Cell EVs

To enrich EVs originating from alveolar type 1 cells, we targeted
the cell-specific membrane proteins HT1-56 and AGER. We
validated the enrichment by measuring levels of the luminal
marker NAPSA and the membrane channel AQP5.

HT1-56" EVs were enriched 10-fold for NAPSA protein compared
to the IgG (p = 0.008) and total EVs (not detected, p = 0.007)
(Figure 5E). The same subpopulation revealed a significant
enrichment for the AQP5 marker compared to the IgG isotype
control (not detected, p = 0.007) and total EV (not detected,
p = 0.007) (Figure 5H). The enrichment was also significant
when compared to the IP unbound fractions (p < 0.001) (Figure
S4E,F).
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FIGURE 5 | TS-EV validation by immunoassay. Bar plots show EV subpopulations validated for tissue-specific markers, comparing the fractions

obtained by IP to the isotype control and the total EV. Data are reported as relative average concentration (ng/mL) + SEM. (A) GAP43* || NLGN3* EVs
from neurons; (B) GLAST* EVs from astrocytes; (C, D) TMEM119* EVs from microglia cells; (E-H) HT1-56" EVs, (F-I) AGER* EVs and (G-L) HT1-56™
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and (P-T) GLUT2*/ASGR1* (‘double-positive’) EVs from hepatocytes.

The AGER* EVs did not show any significant enrichment of
NAPSA compared to IgG (p = 0.31), while it was significant
compared to total EVs (undetected, p = 0.007) (Figure 5F, Figure
S4G). AGER* EVs also showed significant enrichment of AQP5
when compared to IgG (p = 0.007), total EVs (p = 0.007) and the
IP unbound fraction (p < 0.001) (Figure 5I, Figure S4H).

Given that both HT1-56* and AGER* were potential targets
for alveolar EV enrichment, we tested the utility of using both
antibodies simultaneously in a single immunocapture step. The
HT1-56" || AGER" population (i.e. EVs positive for at least one
of the two markers) showed a 5.4-fold enrichment in NAPSA
compared to IgG (p = 0.01), and 13.8-fold compared to total EVs (p
= 0.007) (Figure 5G). For AQP5, HT1-56" || AGER" EVs showed
significant enrichment compared to IgG (10.2-fold, p = 0.008) and
total EV (undetected, p = 0.007) (Figure 5L). Overall, it appears
that most of the enrichment in this process was driven by HT1-

567 EVs, and that the combination of both antibodies did not
substantially improve the enrichment.

3.3.3 | Hepatocyte EVs

We tested GLUT2 and ASGRI, two transmembrane proteins
highly expressed in hepatocytes, as potential targets for the
enrichment of hepatocyte-derived EVs. We validated the enrich-

ment by measuring levels of the liver markers CYP2EI and
ASGR1.

GLUT2* EVs showed 3.3-fold enrichment in CYP2EI protein
compared to the isotype control (p = 0.008) and 5.4-fold compared
to total EV (p = 0.008) (Figure 4M). GLUT2" EVs also showed a
3-fold enrichment for the ASGR1 marker compared to IgG (p =
0.01) and 13.8-fold enrichment compared to total EV (p = 0.01)
(Figure 5Q). GLUT2* EVs were also significantly enriched in both
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CYP2E1 (p = 0.005) and ASGRI1 (p = 0.004) compared to the
unbound fractions (Figure S4K,L).

Similarly, the ASGR1* EVs showed a significant enrichment for
CYP2E1 protein compared to IgG and total EV (both undetected,
p = 0.007) (Figure 5N). The ASGR1* EVs also showed 2.3-
fold enrichment for the ASGR1 marker when compared to IgG
(p = 0.008) and 43-fold compared to total EVs (p = 0.008)
(Figure 5R). ASGR1* EVs were also enriched for CYP2E1 and
ASGR1 compared to the unbound fractions (p < 0.001) (Figure
S4M,N).

Given that both GLUT2* and ASGRI1* showed promise for
hepatocyte EV enrichment, we tested the utility of using both
antibodies simultaneously in a single immunocapture step to
derive EVs positive for at least one of GLUT2 or ASGRI. These
GLUT2" || ASGR1* EVs showed ~272-fold enrichment of CYP2E1
compared to the IgG (p = 0.01) and a significant enrichment com-
pared to the total EVs (p = 0.007) (Figure 50). This simultaneous
approach also showed a 5-fold enrichment of the ASGR1 marker
levels compared to IgG (p = 0.008), 97-fold enrichment compared
to total EV (p = 0.008) (Figure 5S), and significant enrichment
compared to the unbound fractions (p < 0.001) (Figure S40,P).
Overall, the simultaneous use of the targets slightly improved the
enrichment when compared to the single-positive capture.

While GLUT2 and ASGR1 are most highly expressed in the liver,
GLUT?2 protein is also expressed in the digestive tract and kidney,
while ASGRI is also expressed in the stomach and gallbladder.
Thus, to increase the specificity of the immunocapture for
hepatocyte-derived EVs, we also performed a sequential enrich-
ment targeting GLUT2 and ASGRI proteins in two consecutive
steps (Figure 5P,T). The resulting subpopulation of double-
positive GLUT2*/ASGRI1" EVs presented a 4.2x enrichment of the
CYP2E1 protein compared to EVs that were positive for either
GLUT2 or ASGRI1 (p = 0.01). There was also a marginal (1.3x)
improvement in the enrichment of ASGR1 protein levels among
double-positive GLUT2*/ASGR1* EVs compared to EVs positive
for either GLUT2 or ASGRI1 (p = 0.28). Thus, our evidence sug-
gests that sequential immunocapture, yielding double-positive
EVs, more specifically enriches hepatocyte-derived EVs than
capturing single-positive EVs or a mixture of GLUT2* and
ASGRI* EVs.

3.3.4 | Placental Trophoblast EVs

We tested PLAP as a target for the enrichment of placental
trophoblast-derived EVs using blood from pregnant individuals.
Consistent with the lack of co-localization between PLAP and
canonical EV markers as seen by the single EV microscopy,
PLAP* EVs did not show a significant enrichment of CYP19A1
protein compared to the male control, and non-pregnant female
controls (Figure S5). Similar results were shown by using ERW-1*
EVs and measuring CYP19A1 protein (Figure S6).

4 | Discussion

The lack of standardized and reproducible methods has limited
the study of TS-EVs. An appropriate and robust enrichment

protocol is likely a precondition to successful EV clinical studies
(Gao et al. 2023), including biomarker discovery and EV-based
liquid biopsy applications. Here, we optimized and extended
existing approaches to enrich subpopulations of EVs from circu-
lation, starting from a relatively small volume of frozen plasma,
making them suitable for human studies in which biospecimen
volumes are often limited. To our knowledge, this is the first
method paper that describes a systematic characterization and
validation of EV subpopulations derived from lung alveolar cells,
hepatocytes and placental trophoblasts, while being compliant
with MISEV guidelines. We introduced a key improvement,
sequential immunocapture, that improves capture specificity by
leveraging two or more proteins that, on their own, may not
be exclusively specific to the cell type of origin. Additionally,
we expanded on the existing evidence for nervous system cell-
derived EVs and established a rigorous, MISEV guideline (Théry
et al. 2018, Welsh et al. 2024) informed validation workflow
that provides robust evidence for the cell of origin, such as for
microglial and astrocyte EVs, which previously lacked systematic
validation.

To our knowledge, this is the first paper enriching and validating
lung alveolar type I cell EVs from human blood plasma. EVs
released from pulmonary tissue have been mainly investigated
through in vitro models of lung disease (Feng et al. 2021, Hu
et al. 2022, Akbar et al. 2022) and recently collected from human
exhaled breath condensate (Mitchell et al. 2024). The exhaled
breath condensates carry markers specific to club cells and
alveolar type II cells. In contrast, our approach from blood
plasma focused on alveolar type I cells that cover most of
the internal surface area of the lung alveoli (~70%) and are
commonly damaged in acute and chronic lung diseases. Lung
injuries, like chronic obstructive pulmonary disease (COPD),
can contribute to altered release and content of lung-derived
EVs (Bartel et al. 2024); therefore, EVs originating from type 1
cells can be representative of the overall condition of the lung
tissue, especially in active damage. Our results showed that the
EV subpopulation expressing the protein HT1-56, an integral
membrane protein specific to human alveolar type I cells (Dobbs
et al. 1999), presented high levels of NAPSA and AQP5. NAPSA
is an aspartic proteinase mainly localized in pneumocytes and
alveolar macrophages (Ordoéiiez 2012), while AQPS5 plays a role
in alveolar epithelial cell transdifferentiation and alveolar home-
ostasis (Flodby et al. 2017), and is involved in the progression of
lung cancer (Jaskiewicz et al. 2023). The results for AGER, a pro-
inflammatory pattern recognition receptor mainly expressed by
type I alveolar cells, showed less relative enrichment compared
to HT1-56, and the addition of AGER™ antibody to enrich for EVs
that were positive for at least one marker (HT1-56* || AGER™) did
not result in meaningfully better specificity. These results may
be due to the multiple potential origins of AGER, as it is also
expressed at low levels in the brain, adrenal gland and kidney.
However, AGER is most highly expressed in lung tissue, and the
co-localization pattern of HT1-56 and AGER on the surface of
EV does provide additional corroborating evidence that HT1-56
captures EVs of alveolar origin.

Total bloodborne EVs have been studied in the context of liver
diseases, such as non-alcoholic fatty liver disease, fibrosis and
hepatocellular carcinoma (Mufioz-Hernandez et al. 2022, Urban
et al. 2019). Unfortunately, most existing data are based on
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total EV preparations, which do not distinguish liver-derived
EVs from those derived from other cell types. Recently, one
group has used ASGR1 to target liver-derived EVs from blood
plasma (Newman et al. 2022, Rodrigues et al. 2021). However, the
sensitivity and specificity of the immunocapture approach were
not reported, and the characterization of the purified ASGR1*
EV population was limited. Here, we showed that the ASGR1*
EVs are significantly enriched for hepatocyte-specific proteins.
We also noted that GLUT?2, a glucose transporter expressed on
the plasma membrane of hepatocytes, is a viable alternative, and
targeting both antigens to isolate EVs that are either ASGR1*
or GLUT2" led to greater enrichment of hepatocyte-derived EVs
compared to either antigen alone.

One key consideration is that both ASGR1 and GLUT2 are
not exclusively specific to hepatocytes. GLUT2 protein is also
expressed in the digestive tract and kidney, while ASGR1 is
also expressed in the stomach and gallbladder, and the use
of either antibody, or both simultaneously in a mixture, may
result in non-specific capture of EVs from other sources. We
overcame this non-specificity via sequential immunocapture. As
hepatocytes are the only cells that express both GLUT2 and
ASGR1, the GLUT2"/ASGR1* double-positive EVs from sequen-
tial immunocapture showed much greater specificity compared
to a single immunocapture step using either antibody or a mixture
of both. By employing a sequential immunoaffinity approach, the
improved specificity may theoretically result in a small reduction
in sensitivity and fewer EVs captured from the desired origin.
However, the evidence suggests that the double-positive EVs
(GLUT2*/ASGRI1" EVs) are likely more specific to hepatocytes
compared to EVs that are positive for either GLUT2 or ASGR1
(GLUT2* || ASGR1" EVs), which may lead to information more
relevant to the liver.

The smaller difference in ASGRI protein expression between
GLUT2*/ASGR1* double-positive EVs and GLUT2* || ASGR1*
EVs may be due to the distribution and source of ASGRI proteins
and technical factors. ASGR1 is a single-pass type II membrane
protein (isoform H1a), secreted to exert the endocytosis of plasma
glycoproteins (isoform Hlb). Considering that hepatocytes pre-
dominantly express the transmembrane isoform (Liu et al. 2010,
Harris et al. 2012), and the majority of the proteins from small
EVs are in the membrane, not in the lumen (Zendrini et al.
2022), we can expect that ASGR1 from hepatocyte EVs is almost
exclusively membrane-bound, in contrast to the soluble CYP2E1
found exclusively in cytosol/lumen. Therefore, it is possible
that the abundance of ASGR1 on the surface of the hepatocyte
EVs may obscure the additional specificity of the sequential
immunocapture. Furthermore, the specific epitopes of ASGR1 in
the membrane may be affected by the lysis step prior to protein
measurement, affecting the performance of the assay and the
observed relative enrichment. Lastly, the relative abundance of
CYP2E1 and ASGR1 in the luminal cargo of EVs may differ by
different biogenesis pathways and surface molecular features.

Nervous system EVs have been previously characterized (Eitan
et al. 2023, Goetzl et al. 2016, Visconte et al. 2023), but often lacked
systematic validation. Our results confirmed the tissue-specificity
of GAP43* || NLGN3* EVs, GLAST* EVs and TMEMI119* EVs
derived from neurons, astrocytes and microglia cells, respectively.
Immunoassays showed high levels of neuronal protein SYP,

astrocyte protein GFAP, and microglia proteins P2Y12 and AIFI,
for their respective subpopulations, compared to the isotype
control, as well as to the IP unbound fraction and total EVs
from plasma. Neurons and astrocytes are characterized by known
distinct features and properties within the NS. The synaptic
protein SYP, as well as the glial astrocyte marker GFAP, which
discerns astrocytes from other glial cells, allowed us to validate
the enrichment of the TS-EVs subtypes, consistent with other
independent studies (Eitan et al. 2023, Goetzl et al. 2016).
Conversely, microglia cells are the resident macrophages of the
nervous system, sharing several markers with other resident
macrophages. The two most specific microglia protein markers
identified so far are TMEM119 and P2Y12 (Jurga et al. 2020), while
ATF-1 can also be detected in macrophages outside the nervous
system (Guselnikova et al. 2024). However, AIF-1 is one of the
most used cytosolic markers of microglia activation, given the
role exerted in the reorganization of microglial cytoskeleton and
phagocytosis (Jurga et al. 2020). Consistent with our results, EV
released from microglia, detected from murine brain tissue and
cerebrospinal fluid, showed a characteristic cargo of TMEM119
and AIF-1 (Brenna et al. 2020, Roseborough et al. 2023).

Our results do not support the use of surface protein PLAP
for the enrichment of placental trophoblast EVs from blood
plasma. Previous literature reported mixed data regarding the
use of this marker to enrich placental EV. PLAP* EVs have
been reported to increase with gestational age in pregnant
women (Sarker et al. 2014), but it is also detectable in non-
pregnant individuals (Shinde et al. 2024). Some have attributed
this non-specificity to a cross-reaction of the placental alkaline
phosphatase to different isoforms of the protein, owing to the high
homology to other alkaline phosphatases (Sharma et al. 2014).
Our results show that CYP19A1 abundance was comparable in
EVs derived from blood plasma across pregnant donors, men
and non-pregnant donors. Similarly, super resolution imaging
of single EVs did not identify any clustering of PLAP with
general EV markers. Similar results were obtained by using PLAP
antibody from a different vendor (Cat. No. NBP2-76655B, Novus
Biologicals). In addition, we tested the protein Syncytin-1 (Cat.
No. ERVWI-BIOTIN, Thermo Fisher), previously described to
immunophenotype EVs of placental origin by flow cytometry
(Ferrari et al. 2022). Our validation on ERVW-1* EVs did not
produce significant enrichment of placental marker compared to
controls and other fractions.

The distribution of tetraspanins can vary based on several factors,
such as anticoagulants, EV isolation methods and analysis meth-
ods (Karimi et al. 2022, Mizenko et al. 2021). Our results show that
this distribution can also vary across different EV subpopulations.
While for the majority of our immunocaptured-EVs, CD81 is
the most abundant tetraspanin, we observed a slightly different
pattern for the hepatocyte-derived subpopulations, with CD63
and CD9 as more abundant compared to CD81. Interestingly,
CD81 has been observed as a typical tetraspanin expressed by
EVs isolated from cerebrospinal fluid and brain tissue, consistent
with what we observed on the subpopulations of circulating
neuronal-, astrocyte- and microglial EVs (Ferrari et al. 2022).
Heterogeneity in tetraspanins distribution was reported between
cell lines (Kugeratski et al. 2021, Tordoff et al. 2024), and
thus the heterogeneity we observed further supports distinct
origin.
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By targeting tissue-specific markers expressed on the surface of
EVs, our method enables the enrichment of subpopulations of
EVs from the intended tissue that are representative of the tissue
status. The identification of targetable surface markers specific to
the cell/tissue of interest is a fundamental step to specific capture
of TS-EVs. It is possible that the markers identified for their
high tissue-specificity can be expressed at lower levels in other
tissue types, thereby limiting their specificity. The use of multiple
surface proteins, as for the lung and the liver subpopulations,
enabled us to improve the specific capture of the EV subtypes
of interest. One of the key strengths of our study is the use
of sequential immunocapture to overcome the non-exclusive
specificity of the single targets, deriving double-positive EVs
with higher enrichment. Similarly, our study provides full vali-
dation data consistent with MISEV guidelines and uses multiple
validation markers to recognize the tissue of origin of the EV
subpopulations, confirming the reliability of the independent
results obtained. As protein expression patterns are routinely
used to identify cell types across different applications, including
immune cells phenotyping or tissue staining in pathological
diagnostic, our workflow can be applied to circulating TS-EVs
from other major organs, for which further investigations are
needed to define tissue/cell-type specific targetable markers.

As previously stated, the use of a small volume of frozen plasma
is an additional value to our workflow and makes it suitable
for human studies in which biospecimen volumes are often
limited. Due to the relative abundance of each EV subpopulation
in circulation, some downstream analysis, such as omics-based
method, could require higher input material to appreciate mean-
ingful signals, based on the technology sensitivity. Emerging high
sensitivity platforms might be instead feasible with the use of low
input material (Zheng et al. 2026).

While we use tissue-specific surface markers to immunocapture
EV subpopulations putatively originating from alveolar type 1
cells, hepatocytes and nervous system cells, we acknowledge that
these markers do not provide definitive evidence of tissue-of-
origin. Rather, our approach enriches for antigen-positive EV
populations that are most plausibly derived from these tissues
based on the specificity of the selected proteins. This interpreta-
tion is consistent with established practices, but we recognize that
additional orthogonal evidence would be required for conclusive
assignment. While the co-expression of multiple tissue-associated
markers on individual EVs cannot be entirely excluded, the use of
highly tissue-enriched markers and independent validation with
luminal proteins supports the interpretation that the captured
populations are enriched for their intended sources. EV popu-
lations are inherently heterogeneous, and it is unlikely that all
EVs released from a given tissue or cell type uniformly express
the same set of surface antigens. As such, our immunocapture
strategy likely enrich only a subset of the total EV population
originating from each tissue (Pierri et al. 2026). Collectively,
these considerations underscore that our approach should be
interpreted as enrichment of tissue-associated EV subpopulations
rather than definitive isolation of all EVs derived from a given
tissue.

A potential limitation of this study is the lack of validation
in in vitro or ex vivo systems or the use of multi-marker or
omics-based approach. However, substantial evidence indicates

that EVs isolated directly from tissue or primary cell cultures
substantially differ from EVs released in vivo, where cells exist
within a complex three-dimensional environment and must
traverse endothelial barriers to enter circulation (Crescitelli et al.
2021, Lee et al. 2024, Xu et al. 2024, Thippabhotla et al. 2019).
Consistent with this, we have shown that brain tissue-EVs are
larger and exhibit distinct surface charge and protein frequency
patterns compared with neuronal EVs enriched from plasma
circulation, despite tissue-specific markers overlap (Kalia et al.
2025). These differences highlight the strong influence of phys-
iological context and microenvironment on EV composition and
limit the interpretive value of in vitro or ex vivo validation for TS-
EVs captured from circulation. Moreover, many commonly used
markers, including proteins and small RNAs, are highly tissue-
enriched but not tissue-exclusive. As a result, tissue-specificity
becomes particularly critical in multi-marker or omics-based
analyses, relying on methods that could introduce additional bias
and uncertainty.

Another limitation of this study is that, although the super
resolution microscopy confirmed the colocalization of tissue-
specific and general EV markers on individual EVs, the frequency
and distribution of all possible marker combinations were not
comprehensively quantified and warrant further investigation.

In summary, our work provides a validated method to enrich
subpopulations of alveolar, hepatocyte, and nervous system EVs
from blood plasma, facilitating a broad spectrum of EV-based
applications. Examining the molecular information contained
in subpopulations of EVs allows us to reach difficult-to-access
organs, providing insight toward their health or disease phe-
notype, while avoiding invasive sampling of the tissue, which
is often not feasible. The subpopulations of EVs we enriched
and validated represent a promising tool for liquid biopsy to
elucidate acute or chronic lung and liver conditions. Likewise,
the validated subpopulation of microglia-derived EVs, in addition
to neuron- and astrocyte-derived EVs, can extend the breadth of
EV applications to neurological conditions not yet explored. TS-
EVs can represent a breakthrough advancement for translational
medicine, from a better understanding of underlying biological
mechanisms to clinical and therapeutic applications.

Establishing the validity and the feasibility of our workflow for
lung alveolar cells, hepatocytes and nervous system cells, we
are opening promising pathways to (i) apply TS-EV-biology to
achieve deep understanding of physiological/pathological status
of the source tissue, as well as shed light on the role exerted
by the messages carried by each EV subpopulation; (ii) explore
diagnostic, prognostic, and therapeutic response-monitoring of
TS-EV-based biomarkers; and (iii) provide novel instruments and
information to progress drug delivery to specific tissues.
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