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Abstract 
Background.   Glioblastoma (GBM) is the most common malignant brain tumor and has a poor prognosis. Imaging 
findings at diagnosis and in response to treatment are nonspecific. Developing noninvasive assays to augment 
imaging would be helpful. Plasma extracellular vesicles (EVs) are a promising biomarker source for this. Here, we 
develop spectral flow cytometry techniques that demonstrate differences in bulk plasma EV phenotype between 
GBM patients and normal donors that could serve as the basis of a liquid biopsy.
Methods.    Plasma EVs were stained for EV-associated tetraspanins (CD9/CD63/CD81), markers indicating cell of or-
igin (CD11b/CD31/CD41a/CD45), and actin/phalloidin (to exclude cell debris). EVs were analyzed using spectral flow 
cytometry. Multiparametric analysis using t-distributed stochastic neighbor embedding (t-SNE) and self-organizing 
maps on flow cytometry data (FlowSOM) was performed comparing GBM and normal donor (ND) plasma EVs.
Results  Size exclusion chromatography plus spectral-based flow cytometer threshold settings enriched plasma 
EVs while minimizing background noise. GBM patients had increased CD9+, CD63+, CD81+, and myeloid-derived 
(CD11b+) EVs. Multiparametric analysis demonstrated distinct surface marker expression profiles in GBM plasma 
EVs compared to ND EVs. Fifteen plasma EV sub-populations differing in size and surface marker expression were 
identified, six enriched in GBM patients and two in normal donors.
Conclusions.    Multiparametric analysis demonstrates that GBM patients have a distinct nonneoplastic plasma EV 
phenotype compared to ND. This simple rapid analysis can be performed without purifying tumor EVs and may 
serve as the basis of a liquid biopsy.

Key Points

•	 Spectral flow cytometry rapidly characterizes plasma extracellular vesicles (EVs). 
Nonneoplastic plasma EVs have a distinct phenotype in GBM patients. Plasma EV flow 
cytometry is promising for GBM liquid biopsy.

Glioblastoma (GBM, WHO grade IV) is the most common ma-
lignant brain tumor in adults.1,2 Even with maximal safe resec-
tion, radiotherapy and adjuvant chemotherapy,3 median overall 
survival is just over 15 months4 and 5-year survival is only 4%.5 

Treatment response is generally assessed clinically and with 
magnetic resonance imaging (MRI). Unfortunately, inflamma-
tory pseudoprogression with associated clinical symptoms, new 
contrast enhancement, and edema indistinguishable from true 

Spectral flow cytometry identifies distinct 
nonneoplastic plasma extracellular vesicle phenotype 
in glioblastoma patients  
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progression is common.6,7 Differentiating pseudoprogression 
from true tumor progression is critical to ensure appropriate 
management decisions but challenging based on clinical 
findings and MRI alone. Definitive diagnosis can be made via 
brain biopsy, but this is invasive, carries risk, and may not 
capture tumor/necrosis heterogeneity.8 Minimally invasive 
diagnostic tools to augment clinical and imaging findings in 
GBM patients are a vital, unmet clinical need.

Extracellular vesicles (EVs) are lipid bilayer-encapsulated 
nanoparticles released by all cells. They are present in body 
fluids including plasma, cerebral spinal fluid, and urine. EV 
size is heterogeneous but has previously been used to cat-
egorized EVs as exosomes (30–150 nm), microvesicles (50 
nm–1 µm), oncosomes (1–10 um), or apoptotic bodies (500 
nm–5 µm), all of which may have unique cargo and bio-
genesis.9 EV cargo includes nucleic acids (RNA, DNA), pro-
teins (immunoglobulins, tumor-specific proteins, surface 
tetraspanins, and enzymes), lipids, and metabolites.10–16 
EV cargo reflects cell of origin, making these nanoparticles 
attractive candidates for liquid biopsy in glioblastoma.11 
This has typically involved separating/concentrating 
GBM-derived EVs from body fluids and performing deep 
sequencing and/or proteomic analysis.

However, GBM patients have higher plasma EV con-
centrations than healthy individuals. Measuring this one 
bulk variable can be used for treatment response assess-
ment.17 Given that GBMs do not generally metastasize and 
that there are multiple potential cellar sources for plasma 
EVs (e.g. leukocytes, red blood cells, platelets, endothelial 
cells), the source of increased plasma EVs in GBM patients 
remains uncertain. EV flow cytometry is possible and 
could clarify cells of origin but technical challenges to nan-
oscale flow cytometry have been a barrier.18 To address 
this, we sought to develop a simple but rigorous spectral 
flow cytometry panel characterizing surface marker ex-
pression profiles of GBM patients’ plasma EVs in com-
parison to normal donors as proof of principle that this 
technique is feasible for liquid biopsies in GBM patients.

Methods

GBM Patient and Normal Donor Blood and Plasma

Primary GBM (IDH wildtype) patient plasma samples were 
obtained from the Mayo Clinic Neuro-Oncology Biobank 

(IRB#12005438, #22000883). All GBM plasma samples were 
collected in the operating room before the surgery. Normal 
donor plasma samples were obtained from discarded an-
onymized healthy donor leukoreduction chambers from 
the institutional blood bank. Blood samples were collected 
in ethylenediaminetetraacetic acid (EDTA) tubes and were 
centrifuged twice (2000g × 10  min) to remove cells and 
harvest plasma. Plasma samples were further centrifuged 
(1500g × 10 min, 15000g × 10 min) to remove any additional 
cell debris and platelets. Isolated plasma samples were 
stored in sterile cryogenic vials (Corning Incorporated No. 
430488) at −80℃ for the following experiments.

Spectral Flow Cytometry Calibration

A 5-laser Cytek Aurora Flow Cytometer equipped with 
SPECTROFLO software (Cytek Biosciences Inc, Fremont, 
CA) was used. ApogeeMix beads (Cat#1527, Apogee 
Flow Systems, United Kingdom) were used for calibra-
tion and acquisition settings were optimized to visualize 
nanoparticles of varying sizes. Serial dilution of ApogeeMix 
beads was performed to demonstrate detection of single 
particles. Comparison was made between side scatter 
(SSC) and various fluorescent channels to optimize thresh-
olds for nanoparticle acquisition.

Isolating CD14+ Monocyte-derived EVs

Peripheral blood mononuclear cells (PBMC) were obtained 
from discarded anonymized healthy donor leukoreduction 
chambers from the institutional blood bank via Ficoll gra-
dient centrifugation (800g ×15  min). CD14+ monocytes 
were isolated from PBMC with CD14+ magnetic beads 
(Miltenyi Biotec, San Diego, CA) per manufacturer instruc-
tions. CD14+ cells (1 × 106/well) were seeded in 6 well plates 
(Corning Incorporated; Corning, NY) in RPMI (Corning, 
Mediatech Inc., Manassas, VA) media with 10% fetal bo-
vine serum (FBS) (Atlanta Biologicals, Flowery Branch, CA) 
and 1% Penicillin/Streptomycin (PEN) Solution (Sigma–
Aldrich, St. Louis, MO) and incubated at 37°C/5%CO2. After 
24 hours, media was replaced with serum-free RMPI and 
incubated for an additional 72  h. Serum-free media was 
collected and centrifugated (1200 RPM × 10  min ×2) to 
remove cells and cell debris. The supernatant was ultra-
centrifuged at 24000 RPM for 16 h at 4°C (Optima LE-80K 

Importance of the Study

Because glioblastoma imaging findings are nonspecific 
at both diagnosis and recurrence, developing noninvasive 
liquid biopsies to augment MRI would be helpful. Plasma 
extracellular vesicles (EVs) are a promising biomarker 
source for liquid biopsies. However, EV analysis typically 
relies on technically demanding methods to separate and 
concentrate tumor EVs followed by additional RNA/DNA 
sequencing or proteomics. In this study, we developed 
spectral flow cytometry techniques enabling analysis 
of bulk plasma EVs in GBM patients without specifically 

isolating tumor-derived EVs. Multiparametric analysis 
demonstrated distinct surface marker expression and 
size profiles in GBM patients’ nonneoplastic plasma EVs 
compared to normal donors. These findings underscore 
GBMs systemic effects and demonstrate a novel tech-
nique utilizing widely available technology that can poten-
tially identify GBM patients within a few hours based on a 
blood test without complex EV isolation, genomic, or pro-
teomic steps. With further validation, this rapid technique 
could be widely applied as a liquid biopsy.
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Ultracentrifuge, Beckman Coulter, Indianapolis, IN) using a 
swinging bucket (SW 55 Ti, Beckman Coulter, Indianapolis, 
IN). Supernatant except for the last 300 µl was discarded. 
Nanoparticle tracking analysis (Nanosight) was performed 
to determine the concentration of enriched EV samples.

Antibodies

Detailed information for all antibodies utilized in flow 
cytometry and western blot experiments is listed in 
Supplementary Table 1.

Developing a EV Flow Cytometry 
Characterization Panel

Initial assay controls were performed using CD14+ 
monocyte-derived EVs. Phosphate-buffered saline (PBS; 
1X, GE Healthcare Life Sciences Hyclone Laboratories, 
Logan, UT) was passed through a 100  nm filter (Anotop 
10, GE Healthcare UK Limited, UK) and degassed. CD14+ 
monocyte-derived EVs were stained by diluting 20 µl EVs 
in 80 µl PBS and incubating with 1 µl of anti-CD9 and/or 
CD11b antibody (1:100 dilution). Assay controls included 
buffer only (PBS), buffer with reagent (PBS + antibody), 
single color staining (CD9 or CD11b), and detergent-treated 
EV staining control (0.2% SDS) per International Society 
for Extracellular Vescicles (ISEV) guidelines.18 Serial dilu-
tion of CD9-stained EV samples was performed.

Subsequent assay controls were performed with 
plasma samples. An antibody mix including anti-CD9, 
CD11b, CD31, CD41a, CD45, CD63, and CD81 antibodies, 
phalloidin, and Fc blocking buffer (see Supplementary 
Table 1 for relative volumes) was spun (21,000g for 
10  min) to remove antibody aggregates. About 50 µl 
plasma samples were added to 50 µl antibody mix, then 
incubated in the dark at room temperature for 60 min. CD9 
titration for plasma samples was performed by staining 
50 µl plasma sample with different amounts of CD9 
antibodies. PBS only, PBS + all antibodies, single color 
staining, all color staining, and fluorescence minus one 
(FMO) controls were performed for all markers. Various 
antibodies with different fluorochromes were available 
for the same target. We chose strongly fluorescent fluoro-
chromes compatible with our overall panel. Comparison 
was made between stained plasma samples and PBS + 
antibody controls to identify antibodies with the highest 
signal to noise ratio.

Separating and Concentrating Stained EV 
Samples

We compared differential ultracentrifugation (DU), density 
gradient ultracentrifugation (DGU), size exclusion chro-
matography (SEC), and ultrafiltration (UF) methods for 
separating and concentrating stained EVs while removing 
unstained antibodies. For DU, stained EVs (100 µl) in 4 ml 
PBS were ultracentrifuged (100000g × 90  min; Beckman 
Coulter Optima LE-80K Ultracentrifuge, Rotor SW55Ti). All 
supernatant was discarded except for the last 200 µl. For 
DGU, stained EVs (100 µl) in 3 ml PBS were layered on top 

of 1 ml of 0.971 M sucrose in an ultra-clear ultracentrifuga-
tion tube (13*51 mm, Beckman Coulter, Indianapolis, IN), 
then ultracentrifuged (190000g × 2 h). The EV pellet was re-
suspended in PBS (200 µl). For UF, stained EVs (100 µl) in 
14 ml of PBS and concentrated to 500 µl with concentration 
filters (Amicon Ultra-15, 10 kDa MWCO, Sigma–Aldrich, St. 
Louis, MO). For SEC, stained EVs (100 µl) were run through 
qEV single/70 nm columns (IZON Science, Portland, OR). 
EV fractions were collected per manufacturer’s instruc-
tions. Purified samples were analyzed on a Cytek flow 
cytometer with stopping criteria set as a 20 µl sample col-
lection and a SSC-500 threshold. For each method, PBS + 
Antibody was used as a process control. Finally, SEC to 
separate/concentrate stained EVs was further tested in 
plasma samples.

Nanoparticle Tracking Analysis

Particle concentration in cell culture-derived EVs and 
stained plasma EVs were analyzed using NanoSight 
(Malverin Panalytical, NanoSight NS300, Westborough 
MA). Plasma samples were diluted 1:50 and cell culture-
derived EVs were diluted 1:100 in filtered PBS prior to NTA. 
Triplicate measurements (collection time 30 s/each; camera 
level 15) were analyzed using NTA software (Malvern 
Panalytical, Westborough MA, Version number MAN0545-
01-EN-00) with a threshold of 5.

Western Blots

Samples were prepared with RIPA buffer (50 mM Tris [pH 
7.4], 1% Triton X100, 0.25% Sodium deoxycholate, 150 mM 
NaCl, 1 mM EDTA [pH 8] and 10 mM NaF). Proteins were 
separated by electrophoresis on SDS-PAGE, followed by 
membrane transfer and probing with primary antibodies 
(CD9, CD81, CD63). Secondary antibodies were horse-
radish peroxidase-conjugated goat anti-rabbit or goat 
anti-mouse. Membranes were visualized by enhanced 
chemiluminescence.

Flow Cytometry Data Acquisition and Analysis

After performing daily quality controls, the flow cytometer 
was cleaned with 10% bleach followed by molecular grade 
water and filtered PBS at low speed (10 min each). Stained, 
purified plasma EV samples (20 µl) diluted in 1 mL filtered 
PBS and then analyzed. EV data were collected on the Cytek 
Aurora flow cytometer with a SSC-500 threshold and a 100 
µl stopping criteria for sample collection. Subsequently, 
thresholds were changed to the fluorescent intensity peak 
channels for each fluorophore (V7/B2/YG1/YG5/YG9/R2/
R7-600). At least 8 × 104 CD9+ events were collected. Events 
were manually gated to exclude background noise and 
only events in the EV size range (gated as “EV region”) 
were included. Flow data was analyzed in FlowJo Software 
for Windows Version 10.8.1 (FlowJo LLC; Ashland, OR). 
Further gating for CD9+/phalloidin- events was performed. 
Finally, we performed self-organizing map clustering via the 
FlowSOM algorithm and dimensionality reduction using 
t-distributed stochastic neighbor embedding (tSNE)19 on a 
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combined data set. This combined data set contained 8 × 104 
randomly sampled phalloidin-negative events from each 
replicate (n = 10 each for GBM and normal donors). tSNE 
and subsequent FlowSOM analysis incorporated SSC-A, 
CD9, CD31, CD11b, CD45, CD41a, CD63, and CD81. Meta 
clustering was further applied to these samples and an ad-
ditional 10 GBM and 10 ND replicates (n = 20 total replicates/
condition) to determine the frequency of each cluster.

Tumor Volume Assessment

DICOM images from axial T1 post-contrast MRI sequences 
were imported into 3D Slicer software.20 Regions of in-
terest outlining contrast-enhancing tumor (excluding ne-
crotic core) and total tumor (enhancement plus necrotic 
core) were manually created on each slice showing tumor 
and volumes were calculated using this software.

Statistical Analysis

Student t-test (parametric) and Mann–Whitney test (non-
parametric) were used to compare two groups. Statistical 
significance was determined at p < 0.05. p values were ad-
justed for multiple comparisons and denoted as asterisks: 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. All data 
were analyzed and plotted in GraphPad Prism version 9.2.0 
for Windows (GraphPad Software, San Diego, CA).

Results

Patients and Normal Donors

A total of 20 GBM patient and 20 ND plasma samples 
were analyzed. Age and gender of all cases are listed in 
Supplementary Table 2. Mean age between GBM patients 
and ND was not significantly different (63.6  ±  8.1 years 
versus 62.6 ± 8.8 years; p = 0.71). Gender was not signif-
icantly different between GBM patients and ND (p = 0.17).

Optimizing Spectral Flow Cytometry for 
Nanoparticle Analysis

ApogeeMix calibration beads including fluorescent poly-
styrene beads (80 nm, 110 nm, 500 nm) and nonfluorescent 
silica beads (180 nm, 240 nm, 300 nm, 590 nm, 880 nm, 
1300 nm) were used to define acquisition parameters for 
single nanoparticle detection appropriate for EVs. An ac-
quisition threshold of SSC-500 proved optimal for these 
beads compared to other channel gates (Supplementary 
Figure 1) and allowed resolution of various distinct sizes 
(Figure 1B) though the 80 nm and 110 nm fluorescent beads 
overlapped as a single population. Analysis of 110 nm fluo-
rescent or 880  nm nonfluorescent beads showed linear 
correlation between serial dilution factor and events de-
tected (R2 = 0.99) compatible with the detection of single 
particles (Figure 1C). Optimal data acquisition settings for 
gain were FSC 20, SSC 1000, SSC-B 1000. Similar analysis 
using an ImageStreamX MkII Imaging Flow Cytometer 
(Amnis Corporation; Seattle, WA) demonstrated individual 

particles but had poor resolution for nonfluorescent beads 
(Supplementary Figure 2).

Developing an EV Staining Protocol

Since plasma contains heterogeneous particle populations 
in which the EV concentration remains largely unknown, 
we first developed our EV staining protocol in vitro with 
monocyte-derived EVs and single color staining for CD9 
and CD11b (Figure 1D). Nanoparticle tracking confirmed 
the presence of EVs and while western blot demonstrated 
EV-associated tetraspanin (CD9, CD63, CD81), CD11b, and 
HSP-90 expression (Supplementary Figure 3). There was a 
small false positive signal in PBS + Ab controls that was 
not eliminated by 0.2% SDS. However, false positive fre-
quency was much lower than true positive events (CD9: 
0.15% vs 9.4%; CD11b: 0.009% vs 1.01%). Exposure to de-
tergent (0.2% SDS) eliminated most of positive events, 
indicating the vesicular nature of detected particles. Dual 
color CD9 and CD11 staining showed the majority of CD11b 
positive events were also positive for CD9 though there 
were many CD11b−/CD9+ events as well (Figure 1E). There 
was a linear relationship between dilution factor and CD9+ 
events suggesting detection of single events (R2 = 0.99) 
(Figure 1F). Finally, we further compared antibodies with 
different fluorochromes for a given surface marker to max-
imize signal to noise ratio (Supplementary Figure 4).

Indeterminate EV Identification Using Membrane 
Dyes

Initially, the membrane fluorescence dye PKH67 (Sigma–
Aldrich, St. Louis, MO) was tested as a universal EV marker 
(Supplementary Figure 5). This showed low false positive 
events in reagent-only controls and increased positive 
events when EVs were added that were substantially re-
duced by 0.2% SDS treatment, suggesting a vesicular na-
ture to the positive events. However, two-color staining 
with PKH67 and various surface markers (CD11b, CD41a, 
CD45, CD31) was less conclusive. There was a significant 
increase in corresponding positive events for each sur-
face marker in each single-color staining compared to 
antibody-alone controls but adding PKH67 dye for double 
color staining showed few double positive events. The 
order in which EVs were stained (PKH67 first or surface 
marker staining first) made no difference to this (data not 
shown). Treating double-stained EVs with SDS eliminated 
most of the surface marker-positive and PKH67-positive 
events. This could indicate PKH67 stains both EV particles 
and non-EV particles in the plasma. Thus, we discontinued 
staining with PKH67 as a universal plasma EV labeling 
strategy and used anti-tetraspanin antibodies (CD9/CD63/
CD81) in all subsequent experiments.

Size Exclusion Chromatography is Most Efficient 
for Separating and Concentrating Stained Plasma 
EVs

We compared four standard methods for EV separa-
tion and concentration: differential ultracentrifugation, 

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad082#supplementary-data
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ultrafiltration, size-exclusion chromatography, density gra-
dient ultracentrifugation (Figure 2). PBS+CD9 antibody was 
used as a control with each method. Differential ultracen-
trifugation not only removed most false-positive events 
(1.08% vs 0.11%) but also reduced the percentage of CD9+ 
EVs (3.82% vs 0.51%). Ultrafiltration and DGU purification 
enriched both CD9+ EVs (9.55% vs 3.82%, 8.74% vs 3.82%, 
respectively) and false-positive events (5.17% vs 1.08%, 
5.18% vs 1.08%, respectively). SEC produced the highest 
signal-to-noise ratio (8.91% vs 0.34%). Furthermore, while 

all four methods lowered the total yield of CD9+ EVs, this 
reduction was smallest for size exclusion chromatography 
(along with ultrafiltration). Repeated experiments com-
paring separation and concentration efficiency for these 
four methods using EVs stained for a different surface 
marker (CD11b) also showed that SEC-purified samples 
had the highest signal-to-noise ratio (0.95% vs 0.009%) 
with relatively preserved yield (Supplementary Figure 
6). We thus selected SEC as a purification method for our 
downstream plasma sample staining.
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Figure 1  Human plasma processing and EV staining assay controls. (A) Schematic showing method for plasma isolation from whole blood. 
(B) Settings of Cytek Aurora Flow cytometer were optimized to visualize different sizes of fluorescent and non-fluorescent ApogeeMix beads. 
(C) Serial dilution demonstrates a linear relationship between dilution and detected events for fluorescent beads (110 nm) and non-fluorescent 
beads (880nm), suggesting D, E clumping is absent. (D) EVs isolated from CD14+ monocytes in vitro were stained with CD9 (upper panel), CD11b 
(lower panel), and (E) CD9/CD11b together. Controls included buffer-only (PBS), buffer with reagent (PBS+Ab), single color-stained EVs (EV+Ab) 
and stained but detergent-treated EV samples (EV+Ab+SDS) (D, E). Serial dilution of CD9-stained EVs also demonstrated a linear relationship 
between dilution and detected events.
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Developing a Staining Panel for Plasma EV Flow 
Cytometry Analysis

Our protocol for plasma EV staining followed by SEC for 
EV separation and concentration is shown in Figure 3A. 
In addition to EV-associated tetraspanins (CD9, CD83, 
CD81), we sought to identify EVs originating from mye-
loid cells (CD11b+), leukocytes (CD45+), platelets (CD31+/
CD41a+), and endothelial cells (CD31+/CD41a−) and to ex-
clude particles staining for actin (phalloidin+) which repre-
sent cellular debris. Antibody titration was performed for 
the various staining antibodies to demonstrate the lowest 
amount of antibody that reliably produced similar event 
rates and mean fluorescence intensity (MFI) (Figure 3B, C). 
Assay controls for each marker included PBS alone, PBS 
+ antibody, EVs + single antibody, EVs + all antibodies, 

and EVs + all antibodies except the stain of interest (fluo-
rescence minus one or FMO). These clearly delineated EVs 
with different surface marker expressions (Figure 3D). CD9 
and CD41a were the most abundantly expressed surface 
markers in plasma EVs identified by our panel. However, 
most EV-sized particles detected in plasma with our in-
itial SSC-500 threshold for acquisition did not express 
any surface makers and likely represented contaminating 
non-EV particles. To minimize this, different data acqui-
sition thresholds were assessed. We had initially chosen 
an SSC-500 acquisition threshold as our assays with 
microbead showed this enabled detection of both the fluo-
rescent and nonfluorescent beads while thresholds based 
on fluorescent spectra only detected fluorescent beads 
(Supplementary Figure 1). However, this was less of an 
issue with fluorescently-labeled, SEC-purified plasma EVs 
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where changing from an SSC-500 acquisition threshold to 
a spectral fluorescence intensity threshold based on all the 
remaining fluorochromes (V7/B2/YG1/YG5/YG9/R2/R7-600) 
minimized the detection of both background noise and 
non-EV particles (Figure 3E).

Analyzing Plasma EVs in GBM Patients and 
Normal Donors

Only particles in the EV size range were included in our 
analysis (Figure 4A). Detected particles were further gated 

for phalloidin-negative events, followed by gating for 
other surface markers. CD41a+ and CD9+ EVs were the 
most common phalloidin-negative particles detected in 
GBM patients and normal donors (Figure 4B). There were 
no significant differences in CD41a+ EVs (mean 74.04% 
vs 73.04%, p = 0.82), CD31+ EVs (mean 1.14% vs 0.59%, 
p = 0.31) in GBM patients and normal donors. GBM pa-
tients trended toward higher CD11b+ EVs (mean 11.29% vs 
6.37%, p = 0.35) and had significant increases in CD9+ EVs 
(mean 66.16% vs 24.83%, p < 0.0001), CD63+ EVs (mean 
9.61% vs 1.99%, p = 0.014), and CD81+EVs (mean 6.49% 
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vs 0.37%, p = 0.005) compared to normal donors (Figure 
4B). Normal donor had increased expression of CD45+ 
EVs (mean 4.91% vs 13.67%, p = 0.04). Among the three 
EV-associated tetraspanins assessed, most plasma EVs ex-
pressed CD9 only (Figure 4C). GBM patients had increased 
CD9+ (mean 55.59% vs 24.33%, p < 0.00001), CD9+CD63+ 
(mean 3.84% vs 0.20%, p = 0.04), CD9+CD81+ (mean 5.90% 
vs 0.24%, p = 0.003) and CD9+CD63+CD81+ EVs (mean 
0.84% vs 0.05%, p = 0.007). Most of the CD45+, CD11b+, 
CD31+CD41a+, and CD31+CD41a− EVs in normal donors 
were CD9+CD63-CD81−, while in GBM patients they could 
be CD9+, CD9+CD81+, or CD9+CD63+CD81+ (Figure 4D-G). 
Further gating of CD9+/phalloidin− EVs was performed to 
deduce their cells of origin (Figure 4H). GBM patients had 
increased CD11b+CD45− EVs (putative myeloid-derived 
EVs) compared to normal donors (mean 14.70% vs 3.9%, 
p = 0.0008) (Figure 4I).Interestingly, further gating of 
phalloidin-negative events based on CD45 and CD11b ex-
pression showed most positive events were single posi-
tives for either CD45 or CD11b (Figure 4J). Unlike CD11b+ 
myeloid cells which would be expected to be nearly uni-
versally positive for CD45 as well, very few double posi-
tive CD45+/CD11b+ EVs were seen. However, GBM patients 
again tended to have higher percentage of CD11b+CD45− 
EVs compared to normal donors (mean 10.37% vs 4.72%, 
p = 0.25), while normal donors tended to have higher per-
centage of CD45+CD11b− EVs (mean 4.95% vs 12.75%, p = 
0.05).

Differentially Expressed EV Subpopulations in 
GBM Patients and Normal Donors

t-SNE analysis based on relative SSC, CD9, CD63, CD81, 
CD31, CD45, CD11b, and CD41a values on a data set com-
bining 10 GBM patients and 10 normal donors (Figure 5A) 
revealed distinct clusters enriched in GBM patients and 
normal donors. GBM patients’ plasma EVs had increased 
CD9, CD81, and CD11b expression (Supplementary Figure 
7). FlowSOM revealed 15 distinct EV subpopulations (Figure 
5B, C). Pop4 (mean 8.95% vs 0.17, p < 0.0001), Pop6 (mean 
8.76% vs 0.11%, p < 0.0001), Pop7 (mean 2.08% vs 0.01%, p 
< 0.0001),Pop8 (mean 0.62% vs 0.003%, p = 0.0003), Pop10 
(mean 0.21% vs 0.02%, p = 0.0019), and Pop11 (mean 0.13% 
vs 0.05%, p = 0.01) were enriched in GBM patients while 
Pop0 (mean 66.14% vs 79.67%, p = 0.005), Pop2 (mean 
1.48% vs 5.02%, p = 0.015) were enriched in normal donors. 
No correlation was seen between enhancing tumor volume 
or total tumor volume and plasma EV subpopulations iden-
tified by multiparametric analysis. However, blinded anal-
ysis of a small independent cohort of 5 GBM patients and 
5 normal donors using thresholds distinguishing GBM and 
ND in our earlier experiments based on CD9, CD81, pop-
ulation 8, and a combination of populations 0 and 6 cor-
rectly identified GBM or ND in all cases except CD81 in a 
single GBM case (Supplementary Figure 8).

Discussion

Plasma EVs are promising biomarkers in GBM patients. 
Plasma EV concentration may serve indicate tumor burden 

as GBM patients have higher plasma EV concentrations 
than healthy donors17,21 and plasma EV decline after tumor 
resection and increase with relapse.17,22 Those studies are 
based on bulk plasma EV analysis, without isolating tumor-
derived EVs. Given that GBM-derived EVs can cross the 
blood–brain barrier,23,24 GBM-derived EVs in plasma may 
also be a biomarker. Orally administered 5-aminolevulinic 
acid (5-ALA) in GBM patients produces fluorescent 
protoporphyrin IX (PpIX)-positive EVs which can be de-
tected in plasma.25,26 However, GBM-derived plasma EVs 
are very rare compared to nonneoplastic plasma EVs and 
show great individual variability.27–30 This suggests they 
do not contribute significantly to the bulk changes seen 
in plasma EVs in GBM patients. Improved nanoparticle 
flow cytometry has allowed determining cell of origin for 
EV subpopulations.31 Based on this, we hypothesized that 
characterizing abundant non-neoplastic plasma EVs by size 
(SSC), EV-associated tetraspanin (CD9/CD63/CD81), and 
parental cell marker (CD11b/CD31/CD41a/CD45) expression 
would reveal novel potential GBM biomarkers.

EV flow cytometry requires special technical consider-
ations that we have addressed through the spectral ac-
quisition parameters afforded by the Cytek Aurora flow 
cytometer. EVs are smaller and dimmer than cells, creating 
flow cytometry challenges. Many investigators address this 
by calibrating flow cytometry using microbeads.22,26,28,32 
Light side scatter approximates particle size when particles 
are smaller than the fluorescence wavelength. However, 
this is complicated by different refractory indices in cali-
brating microbeads and actual EVs.33 Polystyrene beads 
have a higher refractory index (RI = 1.627) compared to 
silica beads (RI = 1.44) and produce more side scatter for 
a given size (Figure 1B). EVs’ refractory index is like silica 
beads (core RI = 1.38), and side scatter (SSC) can approxi-
mate their size.34 However, most particles detected by SSC 
in our study are not necessarily EVs. True EVs should ex-
press EV surface markers at levels > background. Because 
EVs vary in both size and surface marker expression, we 
only used SSC to gate on particles in an EV size range but 
not to determine the absolute number of EVs.

In addition, staining EVs for flow cytometry requires a 
different approach than staining cells to remove unbound 
fluorescent antibodies. Excess antibodies are easily re-
moved from cells in suspension by brief centrifugation, 
but this would produce unacceptable reduction in EV yield. 
We found that size exclusion chromatography was an ef-
ficient method for removing unbound antibodies. This de-
creased EV yield but only to acceptable levels, in keeping 
with prior reports.35,36 SEC separates particles based on 
size and removes many soluble proteins but does not spe-
cifically separate EVs from non-EVs. In our study, most of 
the particles in the EV size range after SEC purification did 
not express the EV-associated tetraspanin CD9 when ac-
quisition was performed with an SSC-500 threshold, sug-
gesting contamination with non-EV particles. Furthermore, 
lowering the EV detection size threshold significantly in-
creased background noise. We therefore changed to a 
fluorescence-triggering threshold. Combining this with 
SEC purification minimized background noise, keeping 
false positive event rate below 10 events/s when collected 
at low speed (5 µl/min). Plasma has extremely high particle 
concentrations and requires dilution before flow cytometry 

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad082#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad082#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad082#supplementary-data
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to avoid swarm effects. Prior studies suggest EVs can be 
gated by fluorescence labeling at 106–108 particles/ml and 
a 1:1000 dilution.37 In our study, we did not observe any 
swarm effects at a 1:800 dilution. Having worked through 
these technical challenges for plasma EV staining and flow 
cytometry acquisition, we further minimized background 
noise and detection of non-EV populations by focusing on 
phalloidin-negative (ie actin-negative) events to exclude 
cell debris.

The EV-associated tetraspanins CD9, CD81, and CD63 
are among the most widely studied surface markers 
for EV flow cytometry analysis.28,38 An earlier study 
also found that CD9 is the most abundant plasma 
EV-associated tetraspanin in GBM patients28 and that 
CD9+/CD81+ and CD9+/CD63+ plasma EVs are increased. 
CD9+ EVs represented up to 70% of detected tetraspanin+ 
EVs but the frequency of EVs expressing more than one 
tetraspanin was <5%. Our data are similar, showing that 
CD9 single-positive EVs are much more common than 

CD9+ EVs that also express CD63 or CD81 (Figure 4C). 
Nonneoplastic cell line-derived EVs have also been re-
ported to have more homogeneous tetraspanin expres-
sion than GBM cell lines (CD9>CD81>>>CD63).28 This is 
echoed in our plasma EV analysis (Figure 4D-G). Most EVs 
expressing nonneoplastic cell of origin markers in normal 
donors only express CD9 among the tetraspanins we 
examined while GBM patients have more heterogenous 
tetraspanin expression with increased CD9+CD81+ and 
CD9+CD63+CD81+ EVs.

Our data suggest EVs expressing the myeloid marker 
CD11b are increased in GBM patients (Figure 4I). These 
presumably originate from myeloid cells though, sur-
prisingly, they do no express leukocyte common antigen 
(CD45). This does not represent general lack of staining for 
more than one surface marker as many also express CD9, 
CD63, and CD81. Rather, it seems likely that CD45 expres-
sion is not universal in myeloid-derived EVs (as opposed 
to myeloid cells). Regardless, increased myeloid-derived 
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EVs is unsurprising given known EV functions including 
modulating immune cells and myeloid cell-mediated sys-
temic immunosuppression in GBM.39 GBM EVs in vitro 
induce normal monocyte differentiation into myeloid-
derived suppressor cells (MDSCs, HLADR-/CD11b+) that 
inhibit T cell proliferation.40 GBMs are heavily infiltrated 
by monocytic cells and GBM patients have increased cir-
culating MDSCs,41,42 many of which originate from tumor-
infiltrating monocytes.43 This contributes to profound 
systemic immunosuppression with diminished periph-
eral T cell numbers and function and downregulation of 
major histocompatibility complex class II expression.44 
Given these findings, we speculate that differences in 
nonneoplastic plasma EVs in GBM patients compared 
to normal donors may primarily reflect EVs released by 
immunosuppressive monocytes, though the relative 
contribution of tumor-infiltrating versus circulating im-
munosuppressive monocytes remains to be determined. 
Though detailed interactions between GBM cells, GBM 
EVs, and host immune cell EVs in situ remain undefined, 
thymic involution and decreased T cell counts in GBM-
bearing mice have been linked to nonsteroid soluble, high 
molecular weight (>100 kDa) factors in plasma potentially 
compatible with EVs.45 These findings also suggest that 
combining plasma EV biomarkers with profiles of circu-
lating immune cell populations might further increase the 
accuracy of liquid biopsy.

Finally, automated multiparametric t-SNE and FlowSOM 
analysis minimized bias from manual gating and ex-
panded our findings. This confirmed our earlier anal-
ysis by demonstrating that GBM patients have increased 
CD9+CD11b+CD45− plasma EVs corresponding to 
Pop8/10/11 marked by high CD9 and CD11 expression in 
FlowSOM (Figure 5). Normal donors have increased CD45+ 
EVs corresponding to Pop 2 with high CD45 expression. 
Moreover, this automated approach directly visualized 15 
different EV subpopulations in GBM and normal donor 
plasma. These findings support our hypothesis that bulk 
non-neoplastic plasma EV phenotypes in GBM patients 
are distinct from healthy donors. To the best of our knowl-
edge, this is the first study to apply t-SNE and FlowSOM 
on EV flow data analysis. These parameters could be ap-
plied to predict tumor presence or absence prospectively 
in the future. Given our promising initial results and that 
flow cytometry is widely available and can produce re-
sults within a few hours, this technique seems feasible 
and promising for clinically applicable liquid biopsy in 
GBM that will need to be explored and validated in larger 
samples.

Supplementary material

Supplementary material is available online at Neuro-
Oncology Advances online.
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