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Abstract

Glioblastoma (GBM), a primary brain tumor, exhibits intratumoral heterogeneity and
dynamic spatial-temporal changes. GBM-derived extracellular vesicles (EVs), reflecting
tumor characteristics, present potential as liquid-biopsy markers for early diagnosis and
monitoring. This study aims to evaluate molecular signatures of plasma-derived EVs from
GBM patients using a conventional flow cytometer. EVs have been isolated from glioma
patients and healthy controls (HCs) plasma using density gradient ultracentrifugation
(DGU). EVs were evaluated by bead-based multiplex analysis in a conventional flow
cytometer. Principal component analysis (PCA), hierarchical clustering, and correlation
analysis provided comprehensive insights into EV characteristics. EVs successfully iso-
lated were visualized in transmission and scanning electron microscopy (STEM). Bead-
based multiplex analysis in flow cytometer detected the level of 37 EV surface markers,
including tumor-related, cancer stem cell, endothelial cell, and immune cell- specific anti-
gens. PCA identified the EV surface markers that are most significant for differentiating the
subjects, and hierarchical clustering revealed four distinct clusters based on EV surface
marker levels. EV molecular signature demonstrated considerable heterogeneity across
patient clusters. The presence of CD29 emerged not only as a defining factor for a cluster
of patients, but also served as a marker to differentiate patients from HCs.
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1. Introduction

Malignant brain tumors are one of the most feared pathologies due to their heterogeneous
spectrum, aggressive evolution, and limited therapeutic approach. Therefore, establishing
precise diagnosis criteria for these tumors is paramount to provide a targeted treatment [1,2].

In 2021, WHO updated the previous classification system of the central nervous system
(CNS) malignancies by adding molecular profiling techniques to the already existing histolog-
ical and immunohistochemical features and genetic alterations. GBM, currently recognized as
an isocitrate dehydrogenase (IDH) wild type WHO grade 4 diffuse gliomas, is a primary brain
tumor affecting adults and having one of the lowest survival rates despite the current standard
of care being applied as early as possible [3-5].

GBMs are composed of tumor cells and tumor microenvironment (TME), which include
immune and stromal cells, extracellular matrix (ECM), blood vessels, lymphatic vessels, cyto-
kines, growth factors, and other non-cellular components. Intratumorally heterogeneity has
been classically defined by transcriptome profiling [6]. Single-cell RNA sequencing has lately
revealed the presence of various transcriptome subtypes within the same tumor [7,8]. The
tumor functional heterogeneity is determined at genetic and epigenetic level, under microen-
vironmental pressure [9]. GBM shows a dynamic spatial and temporal heterogeneity due to
reversible cellular phenotype shifts. Phenotypic changes take place in vivo in a complex TME
defined by metabolic changes, oxygen and glucose levels, pH fluctuation, and therapy [10,11].

TME complexity is also defined by its stromal component, such as tumor associated fibro-
blasts (TAFs), glioma mesenchymal stem cells (GSCs), tumor endothelial cells (TECs) and peri-
cytes. In TME network participate astrocytes, lymphocytes, microglia, and macrophages with
different degrees of reactivity to modulate tumor immunosuppression [12,13]. The GBM micro-
environment has been described as invasive and perivascular niches, in which the TECs are in
contact with glioma stem cells (GSCs). In these areas, GSCs proliferate along the basal lamina
of vessels. In fact, perivascular, hypoxic, immune, and extracellular matrix niches represent one
single niche harboring GCSs, which have the ability of self-renewing and to differentiate into
multiple lineages triggering GBM heterogeneity, plasticity, and progression [13,14]. In TME, in
proximity to blood vessels, has been also identified a population of glioma-associated stromal
cells (GASCs). This cell population has phenotypic and functional properties of GSCs and TAFs,
and may facilitate angiogenesis, invasion, and tumor growth [12].

All these cells communicate not only by cell-to-cell interaction, but also through paracrine
signaling exerted by soluble factors and EVs faithfully reflecting the status of their parental
cells [15,16]. The bioactive cargo of EVs interferes in GBM cell- and microenvironment-
mediated mechanisms to promote tumor phenotypic shifts [17-19]. EVs released from
mesenchymal GSCs favor migratory potential, stemness, invasiveness, proliferation, and
treatment resistance occurrence in tumor cells [20]. EVs released by tumor cells promote a
pro-tumorigenic microenvironment suitable for tumor growth and dissemination, through
the activation of stromal cells, extracellular matrix reprogramming and angiogenesis [21,22].

EVs originating from the same cell population may exhibit a remarkable spectrum of char-
acteristics, which may change dynamically with the status of parental cells [23,24].

EVs originating from GBM cells can pass the blood-brain barrier (BBB) and deliver in
the blood stream molecules specific to their cell of origin, reflecting the spatial and temporal
tumor heterogeneity. Tumor-derived EVs may promote the dissemination of tumor cells and
the occurrence of the pre-/pro-metastatic niche in target organs [25,26].

Considering all these aspects, plasma-derived EVs may serve as liquid-biopsy markers for
early diagnosis and tumor monitoring [27]. Liquid biopsy has emerged as a minimally invasive
technique, which is rapid, cheap, can be performed multiple times, and allow the surveillance of
tumor progression by identifying the GB-derived EVs in either blood or cerebrospinal fluid [28].
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In this study we aimed to evaluate molecular signatures of plasma-derived EVs from GBM
patients, using a conventional flow cytometer and a multiplex bead-based technique.

2. Experimental procedures

The workflow summarized in the Fig 1 illustrates the step-by-step experimental procedure
used in this study, starting from sample preparation to data analysis.

2.1. Patient selection

Our study was approved by the Committee for Ethical Research of the Emergency Clinical
County Hospital of Targu Mures (decision no. 29573/8.12.2020) and the experiments were
performed according to the Declaration of Helsinki principles for experiments involving
humans. Patients were recruited from January 2021 until December 2022, before underwent
surgical resection of the tumor. All patients signed the informed consent prior to admission to
the study. Exclusion criteria were other malignancies or radio-and chemotherapy in anteced-
ents. Peripheral blood samples were collected from 24 glioma patients and 9 healthy controls
(HC) sex- and age-matched with the patients. All the patients were treated at Neurosurgery
Clinic from Emergency Clinical County Hospital of Targu Mures. Tumor size (as the largest
extension in axial direction based on preoperative MRI), tumor location, molecular tumor
subtype, immunohistochemical characteristics and preoperative Karnofsky Performance Sta-
tus Index (KPSI) were recorded for each patient, as shown in Table 1.

2.2. EVsisolation from GBM patient plasma

Whole blood samples were harvested from subjects in 9-mL K2-EDTA vacutainers (Becton
Dickinson, Franklin Lakes, NJ, USA) and processed within 2h, according to recommenda-
tions of the current edition of the Minimal Information for Studies of Extracellular Vesicles,
updated in 2023 (MISEV2023) [29]. Blood was spun at 300 x g for 10 minutes, at 4°C. Plasma
samples were further centrifugated at 2000x g for 20 minutes at 4°C for platelets, cell debris
and apoptotic bodies removal, then frozen at —80°C [30]. After thawing, plasma samples were
subjected to OptiPrep™ DGU method, at 24000 rpm for 18h, at 4°C, in Hitachi himac Ultra-
centrifuge Model CP100NX equipped with Hitachi P32ST rotor. (https://www.himac-science.
com/application/life/pdf/166red_e.pdf). The density gradient was obtained with a serial dilu-
tion of 40% (1.255g/cm3), 20% (1.150g/cm?), 10% (1.097g/cm?) and 5% (1.065g/cm?) iodix-
anol (OptiPrep™ Sigma Aldrich cat. no. D1666) in Tris-HCI buffer which contained 0.25M
sucrose. DGU is known as a method used to separate EV subtypes from non-vesicular extra-
cellular particles and proteins. EV's were fractionated in the density gradient according to their
specific densities. EVs comprise exosomes, microvesicles and apoptotic bodies. Knowing that
the density of exosomes is between 1.15 and 1.19 g/cm’, the method is optimal for recovering
EVs with a high purity fraction of exosomes at the border between the layers of 40% and 20%
iodixanol in Tris-HCI buffer. DGU has been reported as a method leading to low recovery

of high purity EVs [29]. Therefore, in this study all samples were analyzed in a single exper-
imental run, without replication, due to limitation in sample availability. The main aim of
this study was to identify early trends and gather preliminary data to offer useful insights and
guide the design of future experiments, which will include replication and validation steps.

2.3. Evaluation of tetraspanin-positive EVs isolated by DGU

To further assess the presence of EVs in samples collected from glioma and HC subjects using
OptiPrep™ DGU, tetraspanin markers such as CD9, CD63, and CD81 were detected. Tetra-
spanins are proteins found on EVs originating from different cell types. This evaluation was
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Fig 1. The flowchart of experimental procedures.

https://doi.org/10.1371/journal.pone.0315890.9001
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Table 1. Main demographic, clinical and immunohistochemical characteristics of glioma patients.

Patients Age Gen- Tumor Left/Right Tumor dimen- Preopera- Molecular GFAP IDH- Ki67 p53
(years) der location hemisphere sion(mm) tive KPSI subtype R132H
Gl.1 59 M 2 R 48 90 IDH + + >15% +
mutant
G2.1 65 M 2 R 20 90 NOS + - >15% +
Gé6.1 68 M 0 R 43 80 IDH + + >15% +
mutant
G9.1 57 M 2 R 42 90 NOS + - 10% +
G10.1 74 M 2 R 71 80 NOS + - 8-10%
Gl13.1 55 F 1 L 29 90 NOS + + 20% -
Gl4.1 49 M 1 L 59 80 NOS + - 30% -
G15.1 67 F 3 R 37 90 NOS + - 25% -
Gl6.1 76 F 2 L 37 80 NOS + - 15-20% +
G20.1 51 F 1 R 40 60 NOS + - >15% +
G21.1 44 F 0 L 59 80 NOS + - >15% -
G23.1 67 F 0 R 34 80 NOS + N 35-40% -
G25.1 79 F 2 L 40 80 NOS + - 10% -
G26.1 71 M 1 R 66 80 NOS + - >20% -
G27.1 46 F 3 L 80 20 gliosar- - - 5% -
coma
G28.1 57 M 1 L 53 80 NOS + - 10% +
G32.1 60 F 1 L 36 90 NOS + - 25% +
G36.1 48 M 3 R 50 90 NOS + - 10% -
G37.1 47 M 2 R 47 90 NOS + - >15% -
G38.1 62 M 0 L 54 80 NOS + - 10% +
G39.1 71 M 1 L 38 90 NOS + N >25% +
G41.1 59 M 1 L 54 80 NOS + - 10% -
G42.1 68 M 2 L 70 80 NOS + - 8-10% -
G43.1 54 M 2 L 30 90 IDH + + 20% +
mutant

https://doi.org/10.1371/journal.pone.0315890.t001

performed with Basic Exo-Flow Capture Kit (System Biosciences cat.no. CSFLOWBASICA-1)
in BD FACS Aria III Flow Cytometer. The Exo-Flow kit allows the selective capture of CD9,
CD63, and CD81 positive EVs on large magnetic streptavidin beads coupled with the specific
biotinylated antibodies against tetraspanins (Miltenyi biotec anti-human CD9 antibody
cat.no.130-118-816, anti-human CD63 antibody cat.no. 130-100-169, anti-human CD81
antibody cat.no. 130-122-217). The captured EVs were stained with FITC conjugated to a
protein that recognizes and binds EV surface proteins with post-translational modifications
(glycosylations, carbohydrate additions). Tetraspanin-positive EVs determined an increase
in median and mean of fluorescein isothiocyanate (FITC) fluorescence intensity during the
acquisitions in the flow cytometer, as exemplified in Fig 2. The difference between the buffer
control and glioma patient/HC samples is due to statistical variance of the fluorescence mea-
surements, which increases with the number of teraspanin-enriched EVs captured on beads
and subsequently stained with FITC. Plots of forward scatter (FSC) versus FITC intensity
showed 0.1% of FITC-positive complexes in control (buffer only), whereas in the EVs-
containing sample, over 98-99% of particles were FITC-positive in patient and HC samples.
The histograms are illustrating the degree of separation between fluorescence intensity of
negative versus positive complexes in the FITC channel.
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Fig 2. EVs positive and negative bead complexes from the control containing only buffer (a) and from a glioma patient-derived EV suspen-
sion (b).

https://doi.org/10.1371/journal.pone.0315890.9g002

2.4. EV characterization by Scanning and Transmission Electron

Microscopy

As previously stated, there is no universal molecular markers of EVs or EV subtypes. TEM is
among the techniques capable of detecting EVs irrespective of size [29]. EVs stored at -80°C were
briefly thawed and mixed with an equal volume of glutaraldehyde to achieve a final concentra-
tion of 2.5%. A 5 pL aliquot of the fixed EV's was then applied to Formvar-carbon coated grids.
The EVs were visualized and imaged using a Hitachi HD-2700 scanning transmission electron
microscope (Hitachi STEM High-Technologies Corp., Japan) at 200kV, with magnifications of
15000x, 50,000x, 150000x, 200000x, 400000, respectively, and without contrast enhancement.
The nanoscale particles appeared small and rounded, typically ranging from 30 to 1000 nm, which
correspond to EV sizes. The EVs exhibited an outer boundary, with variations in membrane
thickness or internal content generating different contrast levels, as shown in Fig 3.
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Fig 3. Overview of EVs suspension on SEM at magnification 15000x (a); at magnification 50000x (b); TEM at
magnification 15000x (c); EVs in SEM at magnification 200000x (d); EVs in SEM at magnification 400000x (e).

https://doi.org/10.1371/journal.pone.0315890.9g003

2.5. Bead-based multiplex EV analysis by conventional flow cytometry

EV suspensions obtained by DGU from plasma of patients and HCs were further subjected to
bead-based multiplex analysis in FACS Aria IIT flow cytometer with MACSPlex Exosome Kit
(Miltenyi Biotec, cat. no. 130-122-209).

As it was previously evaluated, this method can detect EV surface marker signatures in a
specific and reproducible manner [30-32]. EV surface signatures were studied in different
pathologies with the same method, using the MACSPlex Exosome Kit from Miltenyi Biotec
[33-36]. The performance of the multiplex bead-based flow-cytometry assay for the detection
of GBM cell EVs, primary human astrocyte-derived EVs, and circulating EVs of GBM patients
was also previously evaluated [37].
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In our study, a volume of 120 uL from each EVs suspension or a volume of 120l buffer as
negative control were incubated with the beads. MACSPlex Exosome Capture Beads contain
39 different antibody-coated bead subsets for the detection of 37 exosomal surface epitopes
and two isotype controls. The controls including isotype-conjugated capture beads (mIgG1
and REA control) and capture beads with detection antibody alone were used according to
MISEV standards [29].

15 pL of MACSPlex Exosome Capture Beads were added to EV samples (or buffer only)
and incubated on an orbital shaker overnight at 450 rpm in dark, at room temperature. EVs
bound by capture beads were stained with 5 pL of each APC-conjugated anti-CD9, anti-CD63,
and anti-CD81 detection antibody and incubated on an orbital shaker at 450 rpm 1h at room
temperature, protected from light. Sample acquisitions were performed with BD FACSAria III
cytometer and BD FACSDiva™ v 8.01 digital software. A minimum of 7500 single bead events
were recorded per sample. Data were exported in FlowJo v10 software as fcs. files, and APC
MFI for all 39-capture bead subset with captured EVs were background corrected by subtract-
ing APC MFI of buffer only negative controls.

2.6. Statistical analysis and Data Visualization

The statistical analysis and visualization of the results was conducted with Python version
3.10.9 (Rossum, G.V. Python Programming Language. USENIX Annual Technical Confer-
ence, 2007). After the background correction by subtracting APC MFI of buffer only nega-
tive controls, the data was standardized using z-score normalization with sklearn 1.2.1. The
standardized expression values were used for all subsequent analyses. For the comparison

of mean expression values between GBM patients (n=24) and HCs (n=9), both parametric
(student t-test, one-way ANOVA) and non-parametric (Kruskal-Wallis Htest, Mann-Whitney
U test) tests were employed to extract significant discriminant markers between the popula-
tions using scipy 1.11.4. Differences between marker expression were statistically significant
for a p-value < 0.05. Pair-wise correlations between markers were calculated with pandas 1.5.3
using Pearson’s correlation coefficient and a significant threshold of 0.05. PCA on the stan-
dardized data was performed using sklearn 1.2.1. Figures for the visualization of the results,
including hierarchical clustering, correlation analysis, PCA and kernel density estimation
plots were generated using seaborn 0.12.2.

3. Results

3.1. Demographic, clinical and immunohistochemical characteristics of
patients

The 5th edition (2021) of WHO Classification of CNS Tumors shows that IDH-mutations are
typical for diffuse lower grade astrocytomas (in the absence of 1p/19q codeletion and typically
mutation in TP53 and/or ATRX) and oligodendrogliomas (with codeletion of chromosomal
arms 1p and 19q). IDH-mutant gliomas have a far better prognosis than diffuse IDH wild-
type gliomas. Grade I tumors are benign and slow-growing gliomas, whereas grade II tumors
have the potential to develop into high-grade gliomas. High-grade gliomas can be classified as
grade I1I and I'V. Grade IV glioma or GBM has the highest malignant degree.

The study group presented in Table 1 included IDH wild-type GBM patients (n = 20),
IDH-mutant astrocytoma, with mutation in isocitrate dehydrogenase 1 (IDH1) at argi-
nine 132 (R132) (n = 3), and gliosarcoma (n = 1). Non-cancerous HC donors (n = 9) were

recruited from the medical staff and patients’ relatives, without known chronic or acute condi-
tions. The mean age of patients was 61.1 (range: 44-79) years and 54.7 (range: 41-73) years
for HC. Other patient characteristics were described, such as the tumor size (ranged between
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20 and 80 mm, as the largest extension in axial direction based on preoperative magnetic reso-
nance imaging/MRI images), tumor location (frontal 0, temporal 1, parietal 2, occipital 3) and
preoperative KPSI. All patients had KPSI values of 80 and 90, excepting 1 IDH wild-type GBM
patient with KPSI value of 60 and gliosarcoma patient, which had the lowest KPSI value of 20
and the highest tumor size of 80 mm.

Immunohistochemical analysis showed p53 positive staining for 9 IDH wild-type GBM
patients and for 3 patients with IDH-mutant astrocytoma. Negative p53 staining has
been found for 12 patients from GBM group and for gliosarcoma patient. P53 is a nuclear
phosphoprotein which controls the cell cycle, DNA repairing after damage and cell apoptosis.
Turnover of p53 in normal cells is rapid, instead mutations in p53 gene are associated with a
slower turnover and subsequent accumulation of p53 in both nucleus and cytoplasm.

In our group, the patients with > 15% positive nuclei were graded as subjects with high
Ki-67 expression, and those with < 15% positive nuclei were graded as low Ki-67 expres-
sion. Only 6 patients, 5 with IDH wild-type glioblastoma and the patient with gliosarcoma
were classified with a low Ki-67 expression. All the patients from our study group were
reported with positive Glial fibrillar acidic protein (GFAP) staining, excepting the patient
with gliosarcoma. GFAP is an intermediate filament III protein from the cytoskeleton of

glia cells, associated with greater tumor invasiveness in astrocytoma. A strong GFAP pos-
itivity reflects greater cell destruction in GBM tissue and could be associated with a poor
outcome.

3.2. The multiplex bead-based flow cytometry assay revealed the presence
of immune and tumor-specific antigen expression on EV surface

Multiplex bead-based flow cytometry assay is manufactured with capture antibodies
specific for exosome tetraspanin CD9, CD63, and CD81 and for surface antigens from
different cell types. The beads are manufactured pre-loaded with antibodies against CD2,
CD3, CD4, CD8, CD25 allowing the capture of whole plasma EVs originating from T cell
subsets. The antibodies against CD56 bind EVs released by NK cell in the blood stream,
the antibodies specific for CD19, CD20, CD24 bind B cell-derived EVs and anti-CD4
antibodies capture monocyte originating EVs. EVs released by the endothelial cells in
the peripheral blood are captured by the antibodies against CD31 and endoglin (CD105).
CD44, CD133, Epithelial cell adhesion molecule (EpCAM/CD326), stage-specific embry-
onic antigen-4 (SSEA-4), CD146 are expressed on the surface of EVs originating from
cancer stem cells and bind their specific antibodies immobilized on the beads. Melanoma
chondroitin sulfate proteoglycan (MCSP) and receptor tyrosine kinase-like orphan recep-
tor 1 (ROR1) are known markers of tumor cells, therefore found on the tumor cell- derived
EVs, which are specifically bound by antibodies from the capture beads, if these EV's
are present in the suspension isolated from the subject whole plasma. EV's derived from
platelets are also captured by specific antibodies against CD41b, CD42a, CD62P on the
beads. Other antibodies immobilized on the beads recognize and bind HLA-ABC (MHC-
I), HLA-DRDPDQ (MHC-II) and integrins (CD11c, CD29, CD41b, CD49¢) -expressing
EVs. On EVs released in blood stream can be detected markers of cell activation, such as
CD25 (activated T, B cells and macrophages), CD69 (activated lymphocytes, monocytes
and platelets), CD86 (activated lymphocytes, monocyte, dendritic cells and platelets) and
CD142 (activated endothelial cells, monocytes, platelets).

Antibodies immobilized on other two bead subsets bind CD40-positive EV's (derived from
T, B, dendritic cells, macrophages and endothelial cells) and CD209-positive EVs (released by
dendritic cells, macrophages and endothelial cells).
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Fig 4. The gating strategy used for the analyze of 37 EV surface antigens from a glioblastoma patient. a. The 39 capture bead populations with different
FITC-PE intensities; b. APC intensity in controls with buffer only; ¢. APC positive capture bead populations after incubation with patient-derived EV suspension.
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https://doi.org/10.1371/journal.pone.0315890.g004

The gating strategy used for the analyse of 37 EV surface antigens and 2 isotypes is shown
in Fig 4 a, b, ¢ for a glioblastoma patient. 39 capture bead populations were identified in the
FITC and PE channels of BD FACSAria III flow cytometer (Fig 4 a). After detection of APC
positive bead populations (Fig 4 ¢), APC median fluorescence intensity (MFI) values for each
capture bead population were background corrected by subtracting corresponding MFI values
from controls (Fig 4 b). Fig 4 d, e, f shows the gating strategy for an HC subject.

Variations in APC signal intensities are semi-quantitative, as the signal originates from multiple
EVs captured by individual beads. Consequently, differences in signal intensity may indicate vary-
ing EV concentrations, differences in epitope density, or distinct distributions of EV subtypes.

APC positive data recorded for each subject from the study showed a heterogeneous pro-
file of EV surface antigens in the group. Therefore, with the APC MFI data, firstly has been
created a Principal Component Analysis (PCA) to evaluate the tendency of groups based on
glioblastoma conditions (+/-6 - 0), as shown in Fig 5.

3.3. Multiplex EV surface antigen analysis revealed four main clusters of
patients showing different levels of tumor related-markers

Data analysis led to the splitting of the study group in four clusters with different levels of EV
surface markers, as shown in Fig 6. The spread of the subjects in clusters is based on Pearson
correlation across all markers.

The cluster composition and the presence of tumor-, stem- and endothelial cell markers on
EVs, used as criteria for clustering subjects, are presented in Table 2.
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Fig 5. Samples of glioma patients and HCs plotted onto the first two principal components. Sample projection of the standardized expression values of all markers
between glioma samples and HCs.

https://doi.org/10.1371/journal.pone.0315890.9g005

Only CD133/1, a specific cancer stem cell, could not be identified in higher levels on EVs in
any patient from the group, compared to HCs. The analysis of CD133/1 in the study group is
shown in Fig 7.

The presence of tumor and glioma stem cell markers on EVs from patients grouped in the first
two clusters is correlated with a high level of tetraspanins CD63 and CD81, as shown in Fig 8. It
has been also noticed a total lack of correlation between tetraspanin CD9 and tumor or glioma
stem cell marker on EVs in the subjects from these two clusters. Only EVs positives for CD31
showed high levels of tetraspanin CD9. Instead, CD105- positive EVs were positive for CD81.

The presence of tetraspanin CD9 on EVss is strongly correlated with CD29 occurrence. The
third cluster of patients stands out through the presence of integrin CD29 and tetraspanin
CD9 on patient-derived EVs, associated with variable levels of CD63 and CD81.

The EVs showing high levels of CD29 serve not only as defining factors in the formation of
two clusters but is also a marker to distinguish the patient group from the HC group, despite
the heterogeneity in CD29 expression given by lower, overlapping or higher CD29 levels com-
pared with HC, as shown in Fig 9.
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Fig 6. Heatmap and hierarchical clustering based on normalized marker values of glioma patients and HCs. For this plot, Ward’s minimum variance method was
used for the generation of clusters with the Euclidean distance as a similarity metric.

https://doi.org/10.1371/journal.pone.0315890.g006

3.4. The heterogeneous profile of immune cell derived- EVs shows
different degrees of tumor-induced immunosuppression

CD45 from the immune cell-derived EVs has been found as the single discriminating marker
between HC group and glioma patients, with the higher presence on EVs from plasma of HCs,
as shown in Fig 10.

Unlike CD45, the diverse level of antigens on the surface of EVs released by the immune
cells of subjects grouped in the four clusters, added more heterogeneity to the EV profile, as
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Table 2. Surface tumor marker signatures on EVs from subjects grouped into the four clusters.

Clusters | Subject EV Surface Marker Key observations
1 G2 MCSP, CD326, CD44, | High levels of tumor cell, stem cell, and endothelial markers on EV's from peripheral blood;
SSEA-4, CD105, CD31 | The highest level of CD31, CD105 positive EVs in the study group.
Gl4 CD44, SSEA-4, Elevated CD44 and SSEA-4-positive EVs, suggesting the presence in the blood stream of EV's originating from
CD105, CD31 stem-like cells; CD105 and CD31 positive EVs indicate high endothelial cell activity, pointing toward tumor-
associated angiogenesis; this subject has a high tumor angiogenesis signature.

GI15 CD326, SSEA-4, MCSP, | The highest level of ROR1-positive EVs in the group, possibly linked to cancer metastasis and poor prognosis;

RORI, CD142, CD105, | the presence of EVs positives for CD142 may suggest a pro-thrombotic state, common in aggressive tumors;
CD146 elevated levels of EVs positive for CD105 and CD146 in patient peripheral blood may indicate tumor endothelial
dynamics.

Gl6 MCSP, CD44, SSEA-4, | This EV profile in patient periphery is indicative of a highly angiogenic and stem cell-enriched tumor

CD146, CD105, CD31 environment.

G20 CD44, SSEA-4 EVs with high levels of markers of stem cell-like properties, associated with tumor initiation and metastasis.

G36 CD44, CD326 EVs with high level of CD326, related to cell adhesion, proliferation, migration, while the presence of CD44-
positive EVs suggests stemness and tumor aggressiveness; this subject’s profile leans towards tumor progression
rather than angiogenesis.

2 G32 CD24, CD44, SSEA-4 Higher levels of CD24, an immune evasion marker, and of CD44, SSEA-4 positive EVs compared to HCs
from the cluster; CD24 is often associated with cancer cell immune evasion and metastasis; this profile reflects
increased metastatic potential in contrast to HCs.

G43 CD326, CD142 Elevated levels of CD326 and CD142- positive EVs in blood stream, compared to HCs; this profile suggests a
potentially aggressive cancer phenotype.

HC2, HC4, Low levels of tumor- Clustered with G32 and G43 based on EV surface markers, others than tumor-defining markers.

HC5, HC6, defining markers on

HC7, HC10 EVs

3 G13, G21, G23, | CD29, CD31 Higher levels of CD29 (integrin 1, involved in cell adhesion) and CD31-positive EVs, indicating active endothe-

G25, G26, G28, lial cell processes, aiding tumor invasion; absence of CD105-positive EVs suggests these subjects are not primarily

G39 involved in tumor angiogenesis.

G39 CD29, CD326 High levels of EVs positive for both CD29 and CD326 in peripheral circulation of the patient; this profile empha-
sizes tumor progression and invasive potential.

4 G1, G6, G9, Low levels of tumor- Similar EV marker levels as HCs; this cluster may represent non-aggressive phenotypes or possibly benign

G10, G27, G37, | defining markers conditions.

G38

G41 CD29, CD31 High levels of CD29 and CD31-positive EVs, suggesting an active vascular environment with possible tumor
invasion tendencies.

G42 CD29, CD142 High levels of CD29 and CD142-positive EVs, this combination may indicate a profile prone to metastasis and
clot formation.

https://doi.org/10.1371/journal.pone.0315890.t1002

described in Table 3. Only the markers of activated immune cells, such as CD86 and CD69,
showed low levels on EVs isolated from plasma samples of all patients.

4. Discussions

The surface markers of EVs reflect both the parental cell type and its functional status. EV's
share surface antigen signatures with their parent cells, making their analysis a promising tool
for uncovering GBM heterogeneity, crucial for early diagnosis and prognosis.

Eguchi et al. highlighted the oncogenic potential of EVs protein cargo and introduced the
conceptual term oncosome, showing that the molecular transfer of oncogenic proteins from
parental to recipient cell may elicit phenotype changes and tumorigenesis [26]. The ability
of EVss to cross BBB favors the transfer of information between CNS and recipient cells from
periphery, leading to cellular phenotype shifts and systemic changes. The use of EVs as liquid
biopsies derived from blood or cerebrospinal fluid holds great promise for glioma diagnosis,
particularly for deep-seated lesions where tissue biopsies are constrained by limited accessibility
and the spatial and temporal heterogeneity of the tumors.
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Fig 7. Kernel Density Estimation (KDE) plot of the CD133/1 standardized positivity in GB patients vs. HCs.
https://doi.org/10.1371/journal.pone.0315890.9007

The immunoaffinity-based EV capture from biological fluids started to be used to reveal
EV molecular signatures for GBM diagnosis and prognosis. Tzaridis et al. found elevated
CD81, CD44, and CD146 in serum-derived EVs from GBM patients compared to HCs. High
CD29, CD44, and CD146 levels were also detected in EVs from two primary and one estab-
lished high-grade glioma cell line, while CD133 was barely detectable in small EV's from all
three cell lines [38]. Recently, a study performed by Franceschi et al. showed that CD105,
CD133/1, CD14, CD142, CD146, CD29, CD44, CD56, HLA-DR/DP/DQ, MCSP, and the
three tetraspanins CD9, CD63, and CD81 had high levels on the surface of the GBM explant-
derived EVs [39]. In a study performed by Caponnetto et al., GSC-derived EVs isolated from
glioma tissues after patient surgery showed high levels for CD105, SSEA-4, CD44, CD29, and
CD20 and low levels for CD56, CD25, CD49¢, ROR1, HLA-ABC, MCSP, and CD133 [40].

In our study, conducted on whole plasma-derived EVs, the initial PCA of the standardized
dataset revealed that the variance cannot be associated with a unique GBM EV signature. EV
surface antigens exhibited patient-specific signatures.The clustering process that considers the
similarities or distances between patients based on EV marker profiles identified four clusters.
In order to assess significant discriminant markers associated with the conditions, we con-
ducted parametric and non-parametric statistical tests, which identified only CD29 as a tumor
marker differentially expressed among glioma patients and HCs.

In the first and second clusters, patients with IDH wild-type GBM and elevated Ki-67
expression had increased levels of EV markers associated with poor prognosis, EMT transi-
tion, cell proliferation, stemness, neoangiogenesis, and therapy resistance.

The high level of MCSP-positive EVs in two GBM patients from the first cluster is con-
sistent with previous studies showing MCSP’s association with chemo- and radioresistance,
aggressive phenotype and poor prognosis in GBM [41,42]. MCSP’s functional role involves
intracellular signaling pathways related to cell migration, survival, and angiogenesis, as well
as interactions with membrane-type 3 matrix metalloproteinase (MT3-MMP) resulting in
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https://doi.org/10.1371/journal.pone.0315890.g008

increased proteolysis of the ECM followed by tumor cell invasion [43]. MCSP is also a highly
immunogenic tumor antigen [44].

Three patients had EVs positives for CD326/EpCAM, a glycoprotein overexpressed in gli-
oma cells, especially in grade IV gliomas. EpCAM overexpression correlates with cell prolifer-
ation, Ki-67 expression, angiogenesis, and poor survival in high-grade gliomas [45]. EpCAM
regulates various signaling pathways involved in stemness, cell proliferation, angiogenesis,
EMT, metastasis, and resistance to therapy [46].
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Fig 9. Kernel Density Estimation (KDE) plot of the CD29 standardized level in GB patients vs. HCs.
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Fig 10. Kernel Density Estimation (KDE) plot of the CD45 standardized level in GB patients vs. HCs.
https://doi.org/10.1371/journal.pone.0315890.9010

An IDH-mutant astrocytoma patient from the second cluster showed high levels of
EpCAM-positive EVs associated with CD142-positive EVs, high Ki67 index, and positive p53
cells. CD142, also known as tissue factor or F3, promotes TME remodeling by activating intra-
tumoral signaling pathways and extrinsic coagulation mechanisms, leading to mesenchymal-
like cell state transition and ECM reshaping [47].
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Table 3. Surface immune marker signatures on EVs from subjects grouped into the four clusters.

Clusters EV Surface Marker

Key observations

1 Unique combination of CD3 and CD8-positive EVs, as well as CD14 and CD1c-positive EV's High CD56 on EVs from G36 suggests NK cell

detected in all patients;

CD25-positive EVs detected in all patients, excepting G2;
G15, G36 had lower levels of EV's positives for CD14, similarly to HCs;
G36 had the highest level of CD56-positive EV's from the entire study group.

anti-tumor activity.

2 G43 had the highest level of EVs positives for CD19, CD20, CD4, CD2 from the studied group; | The high levels of EV in G43 may suggest strong
A significant amount of CD14- positive EV's together with an increased presence in plasma of anti-tumor immune response.
EVs with CD8 and CD1c surface antigens have been also detected in this patient.

3 Cluster characterized by detection of EVs positives for CD40, CD209, CD29 and platelet-derived | Presence of CD40, CD209, and platelet markers on
EVs (CD41b, CD42a, CD62P) EVs indicates a distinct immune activation profile.

4 CDl11c positive EVs detected in G6, G27, G42; Cluster characterized by EV markers associated with
CD209 positive EVs present in G37, G41; anti-tumor immune responses (CD11c, CD209,
CD2 positive EV's detected in G41, G42. CD2).

https://doi.org/10.1371/journal.pone.0315890.t003

In GBM, the Ki67 proliferation index shows a positive correlation with microvessel density and
CD105 and CD31 markers [48]. In the first two clusters, four patients exhibited higher levels of
CD105-positive EVs compared to HCs, while only three patients displayed EV positivity for both
CD31 and CD105. Patients in the third cluster, which is distinguished by EV CD29 positivity, had
higher levels of CD31-positive EVs than HCs. Although GBM stem-like cells typically express endo-
thelial markers such as CD31, CD34, and CD105, vasculogenic mimicry in GBM lacks CD31[49,50].
CD105, a transforming growth factor beta receptor upregulated in proliferating endothelial cells, is
a sensitive marker for neovascularization in GBM. CD105-expressing cells in the pre-invasive niche
of GBM act as a subpopulation of GBM stem-like cells, contributing to TME remodeling and GBM
progression [51]. GBM cell types may release in the bloodstream EV's for CD105.

Five patients from the first cluster and one from the second cluster had higher CD44-
positive EV's levels compared to HCs. CD44, a receptor for hyaluronan and osteopontin,
promotes cell proliferation, cell cycle progression, and tumor-initiating cell maintenance, then
tumor growth and therapy resistance [52-54]. CD44 overexpression is linked to increased
glioma stemness [55]. Varying CD44 and CD133 expression in GSC types is suggesting diverse
origins for GBM-derived CSCs [56]. According to Brown et al., CD133 + cells show circum-
scribed growth, while CD44 + cells are more invasive. CD133 expression correlates with
proliferation, and CD44 with invasion. Hypoxia promotes GSC proliferation by altering CD44
and CD133 expression [57]. CD44 interacts with hyaluronic acid in the CNS, activating path-
ways for invasion and proliferation. In our study, CD44 + EVs were found in plasma samples,
while CD133 + EVs were detected at low levels in only two patients.

In our study, five patients from the first cluster and one from the second had elevated
SSEA-4 positive EV levels compared to HCs. SSEA-4, a glycosphingolipid linked to cancer cell
adhesion, migration, tumor aggressiveness and resistance to chemotherapy [58,59], is associ-
ated with higher astrocytoma grades [60].

CD146 positive EVs were detected in two patients from the first cluster. CD146, a glyco-
protein from the Ig superfamily, is highly expressed in GSCs from high-grade gliomas and
regulates cell cycle, migration, invasion, tumor growth, and angiogenesis [61]. Higher CD146
expression is linked to tumor progression, poor survival, and treatment resistance in GBM,
marking GSCs and GBM aggressiveness [62].

Only one patient had elevated levels of EVs expressing ROR1 compared to HCs. ROR1, a
transmembrane protein belonging to the receptor tyrosine kinase family, is highly expressed in
GBM as a stemness marker and is associated with its infiltrative nature [63]. ROR1 promotes
cell proliferation, migration, and chemoresistance through various signaling pathways [64,65].
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Patients in the first two clusters showed a significant presence of CD25-positive EVs, indic-
ative of activated T regulatory lymphocytes. GBM cells release IL-6, IL-10, and express PD-L1,
fostering T regulatory and myeloid-derived suppressor cell generation, impairing anti-tumor
immune responses [46,66-69]. Tumor-derived EVs drive immune suppression by crossing the
BBB and carrying immunomodulatory molecules between TME and the peripheral immune
system.

Five out of eight patients had elevated levels of CD14-positive EVs. Immunosuppressive
monocytes, known as myeloid-derived suppressor cells, characterized by CD14 expression
combined with low HLA-DR were described in patients with GBM and other malignancies
[70,71]. CD8-positive EVs were prevalent in six of the eight patients. The mesenchymal GBM
phenotype significantly correlates with the amount of CD8 tumor- infiltrating cells, character-
ized by different degrees of TGF-beta-mediated suppression [72].

CD29-enriched EVs characterize the third cluster and is a discriminating marker for gli-
oma patients. Patients with CD29-positive EVs showed endothelial CD31 positivity on EVs,
but lacked CD105. CD29 (integrin f1) forms heterodimers with various o subunits (CD49a
to CD49f), known as Very Late Antigens (VLA), which is involved in cell adhesion, tumor
growth, invasion, angiogenesis, immune response, and therapeutic resistance. Integrins and
their ligands are overexpressed in GBM cells and stromal cells within TME. Upon binding
ligands from ECM, integrins activate downstream signaling pathways that promote migration,
invasion, proliferation, and survival of GBM cells. Integrins signaling also triggers changes in
the TME, promoting angiogenesis and immune cells trafficking [73].

EVs released by GBM cells contain 1 integrin and invasion-related proteins, contribut-
ing to tumor progression [74-76]. Proteins from 1 integrin signaling pathways were also
detected in the EVs released by GBM cell lines or patient-derived GSCs [77]. In a study con-
ducted by Spitzberg et al., multiplexed analysis of EVs showed a heterogeneous distribution of
biomarkers across the EV population. The most abundant markers were CD9, CD29, CD47,
CD63, CD98, CD81, and ALIX [78].

CD209, associated with myeloid cells, was upregulated in these patients, suggesting a link
to immune cell infiltration in gliomas. Additionally, CD40-positive EVs were prominent,
potentially linked to anti-tumor immune responses under IL-6 signaling. CD40, part of the
tumor-necrosis factor receptor family, is found on various immune and tumor cells, while
its ligand (CD40L) is expressed on activated T cells, platelets, and macrophages. High CD40/
CDA40L expression correlates with a favorable prognosis in GBM patients [79,80].

Platelets markers CD41b, CD42a, and CD62P (P-selectin) were also strongly expressed on
EVs identified in patients from the third cluster. Platelets play a significant role in tumorigen-
esis and tumor progression, by promoting tumor angiogenesis, vascular remodeling, and stro-
mal cell recruitment for metastatic niche formation. Conversely, tumors can activate platelets,
leading to their aggregation and the release of platelet-derived factors into bloodstream.
Tumors also induce thrombocytosis. Interaction between platelet P-selectin and tumor
P-selectin ligand contributes to tumor growth and enhances metastasis [81,82].

The fourth cluster of glioma patients lacking classical tumor marker presence on EVs
exhibit favorable clinical profiles, IDH mutations and low Ki-67 expression. Two patients
harbored the IDH-R132H mutation, characteristic of lower grade astrocytomas. One patient
was diagnosed with gliosarcoma, showing a low Ki-67 index. Another patient lacked the p53
mutation and achieved a postoperative KPSI of 100 at 3 months after surgery, indicating
significant clinical improvement. Three patients in this cluster exhibited low Ki-67 expres-
sion. Only two patients in this cluster, who also had low Ki-67 index and were negative for
p53 mutations, displayed elevated CD29-expressing EVs. One of them had both CD29 and
CD142-positive EVs.
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This study did not unveil a distinctive and unique EV surface antigen signature for
GBM patients. Instead, it has been revealed a heterogeneous profile, with patient-specific
signatures. CD29 serves as a hallmark in the third cluster, albeit with varying levels on
patient EVs.

To confirm these findings, further investigation is needed, which will include replication
and validation steps. The correlation between the molecular signature of tumor cells and the
molecular characteristics EVs released by these cells into the bloodstream of the patients must
also be investigated.

Although the study has the previously mentioned limitations, it still shows that analysis of
EV surface protein signatures may provide valuable insights into the molecular and clinical
diversity of GBM, highlighting potential markers for prognosis, therapeutic response, and
immune modulation. The distinct EV profiles observed in different patient clusters under-
score the heterogeneity of GBM and its implications for personalized treatment strategies.
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