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ABSTRACT

Cells release heterogeneous nano-sized vesicles either as exosomes, being derived from endosomal
compartments, or through budding from the plasma membrane as so-called microvesicles, commonly
referred to as extracellular vesicles (EVs). EVs are known for their important roles in mammalian physiology
and disease pathogenesis and provide a potential biomarker source in cancer patients. EVs are generally
often analysed in bulk using Western blotting or by bead-based flow-cytometry or, with limited para-
meters, through nanoparticle tracking analysis. Due to their small size, single EV analysis is technically
highly challenging. Here we demonstrate imaging flow cytometry (IFCM) to be a robust, multiparametric
technique that allows analysis of single EVs and the discrimination of distinct EV subpopulations. We used
IFCM to analyse the tetraspanin (CD9, CD63, CD81) surface profiles on EVs from human and murine cell
cultures as well as plasma samples. The presence of EV subpopulations with specific tetraspanin profiles
suggests that EV-mediated cellular responses are tightly regulated and dependent on cell environment.
We further demonstrate that EVs with double positive tetraspanin expression (CD63*/CD81%) are enriched
in cancer cell lines and patient plasma samples. In addition, we used IFCM to detect tumour-specific GFP-
labelled EVs in the blood of mice bearing syngeneic intracerebral gliomas, indicating that this technique
allows unprecedented disease modelling. In summary, our study highlights the heterogeneous and
adaptable nature of EVs according to their marker profile and demonstrates that IFCM facilitates multi-
parametric phenotyping of EVs not only in vitro but also in patient plasma at a single EV level, with the
potential for future functional studies and clinically relevant applications.
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Introduction protected from fragmentation and enzymatic degrada-
tion by the membranous enclosure, rendering circulating
EVs better candidates than free circulating tumour DNA
(ctDNA) or RNA as biomarkers to define disease sub-
groups, stratify patients and monitor therapy outcome by
liquid biopsy [7,8]. Beyond their value as biomarkers in
cancer [3,9,10], EVs have further been postulated to play
an active role in shaping the tumour microenvironment
[2,11] and to have therapeutic potential [12-14].

The majority of cancer cells, including malignant glioma
cells, shed extracellular vesicles (EVs) into the tumour
microenvironment and the blood circulation [1-5]. EVs
are nano-sized particles (typically <1000 nm in size) that
contain proteins and nucleic acids as well as lipids. Their
content reflects the cell of origin, so that EVs can serve as
a source of genetic and biologically active cellular material
[5,6]. An advantage of EVs is that their molecular cargo is
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While EVs can readily be isolated from cell culture
media and almost all body fluids, their small size has
previously required bulk analyses through Western blot-
ting, ELISA, nPLEX, uNMR and bead-based flow cytome-
try or — with limited parameters — nanoparticle tracking
analysis (NTA) [15-19]. However, since EVs are also shed
by normal host cells, preparations of circulating EVs from
patient plasma or other body fluids are invariably “con-
taminated” by non tumour-derived EVs and these pre-
parations are not suitable for rare mutation detection,
treatment monitoring and precise analyses of single EVs.
In glioma patients, EVs from blood and cerebrospinal fluid
(CSF) were found to contain transcripts encoding the
mutated tumour-specific variant of the epidermal growth
factor receptor EGFRVIII as well as the corresponding
protein [4,6,20]. In addition, EVs in CSF and plasma can
contain mutant IDH1 transcripts and DNA [21,22].
However, all of these molecular analyses were performed
on bulk EV preparations, which do unfortunately not
permit a more comprehensive assessment of the full
range of genetic, epigenetic, transcriptional and proteomic
alterations in tumour-derived circulating EVs by methods
such as next generation DNA and RNA sequencing,
methylation array or mass spectrometry. Such analyses
would require more sophisticated techniques that allow
identification and enrichment of tumour-derived EVs to
reduce signals derived from normal host cells.

IFCM has been utilized to visualize and track EV-
uptake inside cells and more recently to monitor the bind-
ing capacity of EVs to the cellular outer membrane [23].
However, multiparameter surface protein analysis on sin-
gle vesicles by IFCM has proven to be far more challenging
[24-26]. In this paper, we describe the application of IFCM
for multiparameter single EV analysis of glioma EVs,
facilitating the detection and quantification of EV subpo-
pulations within different types of samples including clini-
cally relevant patient samples. EVs were stained with
a robust immunofluorescence protocol, and unbound
excessive antibodies were eliminated through concurrent
membrane filtration prior to IFCM analysis. We further-
more validate the suitability of commercially available
fluorophore-conjugated antibodies for single EVs detec-
tion by correlative light- and electronmicroscopy (CLEM).
In summary, we optimized multiparameter IFCM analysis
with an AMNIS ImageStream™ Mark II instrument
through the integration of distinct software settings for
a robust, practical and simple single-EV characterization.
This technique allows the detection and precise quantifica-
tion of EV subpopulations secreted from malignant glio-
mas as well as other cancer types, presenting a robust assay
that defines the basis, for future characterization and iso-
lation of tumour-specific EV populations, which are highly
needed for tumour-specific molecular analysis.

Materials and methods
Human specimens

Patient tumour and blood samples were obtained as
approved by the medical ethics committee of the
Chamber of Physicians in Hamburg. Informed consent
was obtained from all patients. Ethylenediamine tetra-
acetic acid (EDTA) was used as anti-coagulant for all
plasma samples. Peripheral blood mononuclear cells
(PBMCs) were isolated from heparin anti-coagulated
venous blood of healthy donors using Ficoll gradient
(Sigma-Aldrich). All experiments were performed in
accordance with local guidelines and regulations.

Cell culture

Human glioblastoma stem-like cells (GS-5, GS-8, GS-57,
GS-60, GS-74, BT112, NCH644, GSC168, GSC233,
GSC407) were cultured as neurospheres in stem cell med-
ium, consisting of Neurobasal Medium (NBM, Invitrogen)
supplemented with 1% Glutamine (Invitrogen), 2% B27
(Invitrogen) and 20 ng/mL each of epidermal growth
factor and fibroblast growth factor-2 (PeproTech), as
described previously [2]. Lung (H441, H579, H1975), pros-
tate (LNaCP), and melanoma (SK-MEL28) cell lines were
cultured in RPMI-1640 (PAN Biotech™) with 10% FBS
(Invitrogen). Breast cancer lines (MCF7, MDA-MB-468,
SKBR3) and the BS153 glioblastoma cell line were cultured
in DMEM (Invitrogen) medium with 10% FBS
(Invitrogen). Prior to EV isolation, cells requiring serum
were washed 3x with PBS and cultured in RPMI-1640 or
DMEM supplemented with Exosome-Depleted FBS
(Invitrogen #A2720801) for 48 h.

PBMC:s were isolated by density gradient centrifuga-
tion from buffy coats obtained from the Blood Bank at
the University Medical Centre Hamburg-Eppendorf.
CD8 and CD4 T-cells were purified from PBMCs
using magnetic bead-based negative selection (EasySep
Negative Selection Kits, Stemcell Technologies).

Endothelial cells (HUVEC, Clonetics) were cultured
in M199 with 20% FBS.

Murine glioma cell lines (GL261 and CT2A) were stably
transduced with PalmGFP as described previously [2,3],
sorted using fluorescence activated cell sorting (FACS) and
cultured in DMEM with 10% FBS (Invitrogen).

Isolation and size analysis of EVs

Conditioned medium and plasma (EDTA) were col-
lected, and EV's were isolated by differential centrifuga-
tion as described previously [2,3]. Briefly, conditioned
medium was centrifuged at 200 x g for 5 min to eliminate
cells, followed by filtration through 0.22 um filters



(Millipore). Plasma were centrifuged at 15,000 x g for
15 min. EVs were pelleted from supernatants by ultra-
centrifugation (Thermo Fisher Scientific, TW60i) at
100,000 x g for 70 min and washed with PBS. The con-
centration and size of EV's was determined by NTA, using
an LM14 instrument (NanoSight, Malvern) equipped
with a 638 nm laser and a Merlin F-033B IRF camera
(Adept electronic solution). EV-enriched samples were
diluted 1:300 in PBS prior to NTA. Quadruple 1-min
movies were recorded on camera level 15, and then
analysed with detection threshold 4 in NTA 3.2 Build
16. All NTA EV size data is presented as mode values.

EV labelling and data acquisition

EVs isolated from cell culture supernatants (concen-
tration 1 x 10'° to 1x10'!/ml) were stained in filtered
PBS, containing 2% Exosome-depleted FBS supple-
mented with protease-inhibitor and phosphatase-
inhibitor. 100 ul of plasma were used to isolate EVs
for the analysis of circulating EVs. Antibodies used
to stain human EVs were anti-CD9, clone MZ3
(4 pg/ml); anti-CD63, H5C6 (40 ug/ml); anti-CD81,
clone 5A6 (40 pg/ml) and isotype control, MOPC-21
(500 pg/ml); all antibodies were pre-conjugated to
either FITC, PE or PacBlue (Biolegend) except for
anti-CD9 PacBlue, clone MM2/57 (40 pg/ml).
Antibodies for the analyses of murine samples were
anti-CD?9, clone MZ3 (50 pug/ml, Biolegend); anti-CD
63, clone: NVG2 (200 pg/ml, Biolegend); anti-CD81,
clone: EAT2 (30 pg/ml, Miltenyi). EVs and antibo-
dies were added in equivalent volumes (total 12 pl)
and stained for 45 min at RT in the dark. EVs were
then washed using a 300 kDa filter (Nanosep) and re-
suspended in washing buffer (0.2 um-filtered PBS +
2% Exosome-depleted-FBS) for IFCM analysis. For
control purposes, EVs were lysed by NP40 (0.5%) for
30 min at RT as described previously [27]. Data were
acquired on an AMNIS ImageStream™ Mark IT Flow
Cytometer (AMNIS/Millipore, Seattle). Laser powers
were adjusted so that the fluorophore intensity was
well inside the detection range or run at maximum
power (405 nm: 175 mW; 488 nm: 145 mW; 561 nm:
90 mW; 642 nm: 145 mW). Fluorescent signals were
collected as follows: PacificBlue was measured in
channel 7 (435-505 nm filter), FITC was measured
in channel 2 (480-560 nm filter), Phycoerythrin (PE)
was detected in channel 3 (560-595 nm filter) and
Allophycocyanin (APC) was detected in channel 11
(642-745 nm, filter). All readings were acquired at
60x magnification collected at low flow rate. Data
analysis was performed using IDEAS software v6.2.
A uniform gating strategy was applied: (a) all
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fluorescent events were plotted against the side scat-
ter (Ch06), (b) all events that showed low SSC (<500)
but a fluorescent intensity were used for further
analysis (>10,000 events were acquired), (c) inspire
masking was used for Ch01 and Ch09 to detect any
events that showed a brightfield image, (d) a new
feature was created by using the Raw Max Pixel
feature on the created inspire mask for Ch0l1 and
Ch09 to exclude any events that had a brightfield
image, (e) inspire masking was used to detect any
fluorescent image in the recorded channels (Ch02,
Ch03, Ch07, and Chll), (f) swarm detection was
excluded by using the spot counting feature on the
inspire mask for Ch02, Ch03, Ch07 and Ch11 and by
eliminating any events that showed more than 1 spot,
and (g) all remaining events were labelled as single
EVs and analysed for their multiparameter signals.
Positive EV counts were calculated as the fraction of
EVs positive for each tetraspanin in relation to all
EVs captured by either anti-CD9, -CD63 and -CD81
staining.

Flow cytometry and IFCM on cells

Non-tumorous and tumour cells were permeabilized using
Fixation/Permeabilization solution (BD Bioscience, San
José) for 20 min at 4°C, washed once with Perm/Wash
Buffer (BD Bioscience, San José) and subsequently stained
with CD9 (PE, 1:300), CD63 (PacBlue, 1:200) and CD81
(FITC, 1:200) for 45 min at RT in the dark. Data were
acquired at a BD Fortessa (BD Biosciences, San Jose) as
well as a AMNIS ImageStream™ Mark II Imaging Flow
Cytometer (AMNIS/Millipore, Seattle). Isotype controls
were used to verify the expression of each tetraspanin.
Expression of each tetraspanin is shown as MFI for each
epitope alone. For IFCM analyses, calculation of the simi-
larity score (the log-transformed Pearson’s correlation
coefficient measuring the spatial linear correlation between
the bright regions of two stains within a cell mask) [28] was
performed by using the Amnis IDEAS software. Six differ-
ent non-cancerous cell types and 16 cancerous cells types
were analysed for their similarity score, while we gated on
10,000 cells in each cell type.

Correlative light- and electron microscopy

For correlative light-electron microscopy (CLEM) the
samples were adsorbed to glow discharged carbon coated
nickel grids (EMS 215-412-8400), washed 3x with PBS
and fixed with 2.5% Glutaraldehyde in PBS. After 3x
washes with PBS 0.2 pm latex beads (ThermoFisher
F8807, diluted 1:100) were adsorbed to each grid, fol-
lowed by 3x washing in PBS and fixation in 2.5%
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Glutaraldehyde. The grids were placed face down in water
in glass bottom dishes (MatTek, 35 mm, No.1.5) and
investigated by confocal laser scanning microscopy
(CLSM). Fluorescence and DIC images were acquired
with a Nikon Al+ confocal microscope with a 60x/1.4
oil immersion objective at Nyquist sampling rate (42 nm/
pixel). Thereafter 20 iterations of Richardson-Lucy
deconvolution (Nikon NIS-Elements v.4.51) were applied
for image restoration. After CLSM the grids were stained
with 1% uranyl acetate in water and investigated by
transmission electron microscopy (TEM). The central
grid area was used for re-localization in TEM. TEM
images were acquired either with a SIS Veleta camera
mounted on a FEI Tecnai G20 microscope or with
a Gatan MSC794 camera mounted on a Philips CM120
microscope operated at 80 kV. Overlays and alignment
were done manually in Photoshop CC 2015 (Adobe).

Quantitative PCR

Quantitative PCR (qPCR) was performed as pre-
viously described [2,3]. Total RNA was extracted
using Trizol (Invitrogen) and treated with RNase-
free DNase (Qiagen). mRNA expression analysis was
carried out using Power SYBR Green (Applied
Biosystems) and a 7500 Fast Real-Time PCR System
(Applied Biosystems). See Supplementary Table 1 for
primer sequences. Relative amounts of target mRNA
were normalized to 18S as internal control (ACT).
Values were calibrated according to the AACT
method, and relative quantity (RQ) values were calcu-
lated by normalizing each individual cell line to cells
under normoxia.

In vivo studies

All animal work was approved by the authorities for
health and consumer protection in Hamburg, Germany.
GL261-PalmGFP or CT2A-PalmGFP glioma cells (1x10°
cells in 2 pl PBS) were injected into the caudate/puta-
men of six-week-old female C57BL/6 mice (Jackson
Laboratory) to establish mouse brain tumours. To iso-
late EVs from the blood circulation, mice were injected
with 1 ml of PBS in the left heart ventricle and blood
was drained from the right ventricle. Blood samples
were immediately centrifuged at 500 x g for 7 min and
at 15.000 x g for 15 min at 4°C. Plasma samples were
stored in the dark and frozen at —80°C.

Animal MRI

Tumour growth of intracerebral glioma-bearing mice
was evaluated on a 7T MR imaging system (ClinScan,

Bruker). Mice were anesthetized with 1% isoflurane
(Baxter) in oxygen (0.5 /min). Respiratory rates were
monitored using a small animal vital sign monitor (SA
Instruments Inc.). Axial 2D T2 weighted turbo spin
echo images were acquired to assess tumour location
and size. Sequence parameter were: TE = 39 ms,
TR = 2500 ms, BW = 250 Hz/pixel, turbo factor 7,
matrix = 256 x 192, FOV = 20 x 15 mm?, 19 slices,
0.4 mm slice thickness with 0.1 mm gap.

Bioinformatic analysis

Gene expression values and clinical data were down-
loaded from the TCGA data portal (https://tcga-data.
nci.nih.gov/docs/publications/tcga/) [29], and were
analysed through the GlioVis portal (gliovis.bioinfo.
cnio.es). RNA-Seq data were analysed for CD9, CD63
and CD81 expression using the adult TCGA-GBM
dataset for all non-G-CIMP tumours (n = 146). Log-
rank tests were conducted for survival analysis with the
cut-off set at the mRNA-expression median.

Statistical analysis

Data are expressed as mean + SD. The unpaired two-
tailed Student’s t-test was used for comparisons between
two groups. Each group was tested for Gaussian distri-
bution if one-way ANOVA was passed, followed by
Bonferroni’s test. If this failed, the Kruskal-Wallis test
followed by Dunn’s correction was conducted to test for
significance among multiple groups. Statistical analyses
were performed using Microsoft Office Excel 2011 or
Graph Pad Prism 6 software. p < 0.05 was considered
statistically significant.

Results

Quantification of circulating EVs in brain tumour
patients

To quantify circulating EVs in brain tumour patients,
we isolated vesicles from plasma samples of patients
with glioblastoma (WHO malignancy grade IV), ana-
plastic astrocytoma (WHO grade III), brain metastases,
meningioma (WHO grade I) or pituitary adenoma by
ultracentrifugation and compared these to vesicles from
healthy donors as well as patients with epilepsy. NTA
analysis revealed that particle sizes were well within the
reported range of circulating EVs (mode particle size of
groups 116-141 nm), with no significant differences
between groups (Figure 1(a)) Interestingly, patients suf-
fering from glioblastoma, anaplastic astrocytoma, brain
metastasis, meningioma or pituitary adenoma displayed
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elevated circulating particle counts per ml of plasma
compared to healthy donors (e.g. 3.7-fold increase in
glioblastoma) (Figure 1(b,c)).

Tetraspanin expression in human glioblastoma
tissue

Since NTA analysis does not only detect vesicular par-
ticles but can also detect protein complexes, lipoproteins
and other small particles [30,31], we aimed to further
characterize the particle populations in different groups.
The tetraspanins CD9, CD63 and CD81 are considered
to be specific EV markers that are ubiquitously present
on EVs from most cell types [32-35], even though
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a fraction of EVs might be devoid of these tetraspanins
[35]. Studies in other types of cancer showed that high
tetraspanin expression is correlated with a poorer prog-
nosis and worse overall survival [36-38]. To first assess
tetraspanin expression in human glioblastomas, we ana-
lysed the TCGA database and discovered that also in
glioblastoma tissue transcript levels of CD9, CD63 and
CD81 are upregulated, however, only CD81 expression
is significantly associated with decreased overall survival
(Figure 2(a,b)). In order to perform a more detailed
multiparametric analysis of circulating nanoparticles
based on these tetraspanin markers, we decided to
employ IFCM using an AMNIS ImageStream™ Mark
IT Imaging flow cytometer.
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Figure 1. Cancer patients have elevated circulating nanoparticles. (a) Circulating plasma particles were analysed by NTA. Sizes of plasma
particles did not differ significantly between groups. (b) Patients with glioblastoma (GBM), anaplastic astrocytoma (AA), brain metastasis
and meningioma display elevated circulating particle counts. (c) Representative NTA graphs are shown. ANOVA, posthoc Bonferroni/Dunn
was performed for multiple group comparison (**** = p < 0.001, *** = p < 0.001; ** =p < 0.01; * =p < 0.05) .
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Figure 2. Tetraspanin expression is elevated in glioblastoma tissue. (a) The expression of CD81, CD9 and CD63 is elevated in human
glioblastoma (GBM) tissue as determined by analysing the TCGA database. (b) Glioblastoma patients with elevated CD81 expression
show decreased survival, whereas CD63 and CD9 expression levels do not correlate with survival. mRNA expression levels and
clinical data were obtained and analysed through the GlioVis portal (http://gliovis.bioinfo.cnio.es).

Defining detection parameters for single particle
analysis

To set up IFCM for EV analysis, we first measured a set of
fluorescent beads with defined sizes between 100 and
500 nm. We observed a clear separation between all bead
subsets and thereby defined basic settings and gating stra-
tegies for submicron particle analysis. Parameters were set
mainly based on low SSC signals and the absence of bright-
field (BF) signals, while still detecting clear fluorescent dots
in respective detection channels (Figure 3(a,b)). Our bead
results do not allow a direct size comparison with submi-
cron biological particles such as EVs due to their different
refractive indexes, but they facilitate an approximation for
defining parameters that are suitable for EV analysis.

IFCM allows the detection of multiple parameters
on single EVs

In a second step, we isolated EVs, including exosomes and
microvesicles, which are in the size range of the 100--
160 nm, from cell culture media and stained these using
fluorescent-labelled antibodies against CD9, CD63 and
CDS8I1. In order to eliminate excessive antibodies, which
could contribute to background in IFCM analysis, we
established a protocol to remove unbound antibodies
from stained EV samples. Antibody removal is achieved
by washing in 0.2 um filtered PBS + 2% EV-depleted FBS
with a subsequent filtration through 300 kD filters which
retain EVs (Figure 4(a)). Correlative light and electron
microscopy (CLEM) was used to validate that fluorescent
antibodies bind to EVs and are not detected as coincidence
events. Latex 200 nm beads were spiked into the sample
(Figure 4(b)) before acquisition of confocal laser micro-
scopy images. This allowed us to relocate the fluorescent
signal in subsequent electron microscopy imaging and

correlate it with single vesicular structures. Indeed, CD?9,
CD63 and CD81 fluorescent-labelled antibodies stained
single EVs in a multiparametric surface protein fashion
and allowed the detection of triple positive EVs (upper
panel) as well as single positive EVs (middle panel). In
contrast, fluorescent isotype control antibodies showed no
correlation of detectable fluorescence with single vesicular
structures (lower panel Figure 4(b)). Fluorescent dots with-
out correlation to any clear structure in electron micro-
scopy images most likely represent antibodies that adhered
to the grid, or membrane particles of disrupted EVs (or
both). These findings demonstrate through an elaborate
innovative technology that small EVs can indeed be
labelled by multiple fluorescence-coupled antibodies that
are indistinguishable through size based. IFCM clearly
allowed the detection of CD9, CD63 and CD81 single
positive events, with nanoparticle-characteristic para-
meters (i.e. absence of detectable brightfield and low SSC
detectability), (Figure 4(c)). To avoid the detection of
unspecific events and coincidence of particles we applied
an automated workflow through the IDEAS software
(Figure 4(c)) that includes mask and feature improve-
ments. To prove specific EV labelling, we performed
a series of control experiments illustrated in Figure 4(d),
including isotype controls and lysis of EVs. We further
tested decreasing dilutions of different EV samples to
verify that the measured signals depend on the presence
of EVs (Figure 4(e)), with all dilutions still being above
background levels of all controls measured. Measurements
of serial dilutions demonstrated a linear decrease of EV
concentrations while the fluorescence intensities of the
events within the vesicle gate were stable. This indicates
the absence of coincidence, aggregates or swarm detection
and supports that this method provides single vesicle reso-
lution, as also addressed by other groups [24,26,39]. In
addition, EVs were stained with antibodies against CD9,
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200 and 160 nm beads can be discriminated through their characteristics in brightfield (BF), fluorescent intensity (FITC/PE) and
sideward scatter (SSC). Note that 500 nm beads are visible in BF, SSC and FITC while at 200 nm beads lose their SSC intensity and
the BF image is lost at 160 nm. Fluorescence is still detected on 100 nm beads. (b) According to their SSC and GFP intensity,
heterogeneous fluorescent beads can be discriminated by IFCM. Speed beads as well as all types of smaller beads can be separated
by their fluorescence intensity and SSC intensity. Top, complete dotplot; bottom, zoom-in for better visibility.

CD63 and CD81, coupled with either FITC, PE or PacBlue
(Figure 4(f)). Only minor differences in the detection of
tetraspanin-positive EVs were found for the three different
fluorescent conjugates, indicating that the detection sensi-
tivities are similar and comparable.

Analysis of tetraspanin profiles on cells and EVs by
IFCM

After establishing that IFCM can be used to detect differ-
ent tetraspanins on single EVs, we analysed EV's derived
from human cancer cell lines and non-tumour cells as
well as the cells themselves for their cellular and EV
tetraspanin expression profiles. First, we performed
qPCR and conventional flow cytometry (FCM) analysis
on permeabilized cells for CD9, CD63 and CD81 in
glioblastoma cell lines, various epithelial cancer cell lines
and in non-tumour cells, including PBMCs, T-cells and
endothelial cells (Figure 5(a)). CD9, CD63 and CD81

were found to be expressed in all cell types, and highest
levels of all three tetraspanins were detected in cancerous
cell lines. Second, we isolated EVs from all cell lines and
analysed their tetraspanin profiles by IFCM and their size
distribution by NTA (Figure 5(b, ¢, d)). Tetraspanin
protein expression on EVs did not correlate with gene
or protein expression levels in the cell of origin, suggest-
ing that EV packaging is driven by a specific machinery
and that the loading of tetraspanins into EVs is not
random (Figure 5(a, b)). While the proportion of CD9"
EVs did only slightly differ between groups, cancer cell
lines and even more so glioblastoma cell lines secreted
significantly elevated proportions of CD81" and CD63"
EVs (Figure 5(d)). Moreover, EVs from cancer cell lines
and glioblastoma cell lines, comprised elevated amounts
of double positive CD9"/CD81" and CD63"/CD81" EVs,
whereas EVs from normal cells virtually never displayed
any relevant double positivity for tetraspanin markers
(Figure 5(b,d)). We further analysed the expression and
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localization of CD9, CD63 and CD81 in our panel of
tumour cell lines by IFCM, as conventional FCM are
unable to detect spatial distribution patterns, and com-
pared these profiles to normal cells. In tumour cells,
tetraspanin expression showed a higher spatial overlap
compared to normal cells (Figure 5(e)), indicating that
the tetraspanin co-localization profiles on EVs reflect the
parental cells.

Stimulation-dependent changes of CD81, CD9 and
CD63 on glioblastoma EVs

Since glioblastomas are highly hypoxic tumours and the
expression of hypoxia markers correlates with a worse
prognosis [40-42], we determined whether tetraspanin
profiles of glioblastoma cells and corresponding EV's are
altered by hypoxia. Three different glioblastoma cell lines
(GS-8, GS-57, BT'112) were incubated under hypoxic con-
ditions (0.1% O,), and for comparison also under differ-
entiating conditions (medium containing FBS). Under
hypoxia, we observed a (non-significant) trend towards
increased cellular CD9 mRNA and protein expression as
evaluated by FCM, while in differentiating conditions
CD63 expression decreased significantly (Figure 6(a)).
Hypoxic cell adaptation was confirmed by the induction
of HK2 and GLUT], and differentiating conditions were
confirmed by elevated expression of the astrocytic marker
GFAP as well as decreased expression of stem cell markers
(OLIG2, PAX6, POU5F1 and SOX2) (Figure 6(b)).
Tetraspanin profiles of EVs secreted from the same cell
lines were analysed by IFCM. The secretion of CD81" EVs
as well as of double positive CD63"/CD81" EVs was sig-
nificantly increased under differentiating conditions,
whereas hypoxia had no significant effect (Figure 6(c)).
These findings demonstrate that tetraspanin profiles on
EVs do not necessarily match the cellular response mea-
sured by qPCR, indicating that the combination of tetra-
spanin surface marker on EVs is specifically regulated in
a dynamic way based on the cell activity and reaction to the
microenvironment.

Multiparametric analysis of patient plasma EVs by
IFCM

Since we observed that patients suffering from glioblas-
toma and anaplastic astrocytoma have elevated circulat-
ing particle counts (Figure 1(a)) and that glioblastoma
cells lines secrete EVs with different tetraspanin profiles
than normal cells and other cancer cell lines (Figure 4(b)),
we next asked whether tetraspanin profiles are also
altered on circulating EVs from glioblastoma patients.
IFCM analysis of EVs expressing CD9, CD63 or CD81
isolated from patient plasma revealed significantly

increased levels of CD63" EVs in patients with glioblas-
toma and anaplastic astrocytoma compared to healthy
donors, with a similar (but non-significant) trend
observed for CD81 (Figure 7(a)). The majority of circu-
lating EV's expressing CD9, CD63 or CD81, were positive
for CD9 in patients and in healthy individuals, whereas
the proportions of CD81" and CD63" EVs were both in
a far lower range of 1-20% with our antibody cocktail.
The total numbers of double positive CD63"/CD81" and
CD9'/CD63" EVs were also increased in glioblastoma
patients, and the percentage of all three different double
positive EV fractions was elevated, with the combination
of CD63"/CD81" being the most significant (Figure 7(b)).

Detection of glioma-derived EVs in the circulation
of mice by IFCM

To investigate whether we can detect glioma EVs that are
released into the circulation and identify their tetraspanin
profiles in a murine model, we injected syngeneic glioma
cell lines into the brains of C57BL/6 mice. Murine glioma
cell lines GL261 and CT2A were transduced with palmi-
toylated GFP (palmGFP) [43], enabling the detection of
fluorescently labelled GFP* tumour EVs, and the secreted
EVs were first characterized in vitro. The size of EVs
secreted from both cell line was in the range of 100-150 nm,
as measured by NTA (Figure 8(a)). IFCM revealed strong
co-expression of CD9 and GFP on EVs derived from both
cell lines, and CT2A cells secreted higher amounts of
double positive CD9"/CD63" and CD63"/CD81" EVs
compared to GL261 cells (Figure 8(b)). Following intracra-
nial injection of CT2A-palmGPF and GL261-palmGFP
cells, blood was withdrawn after 14 and 21 days, and
plasma EVs were isolated and analysed by NTA and
IFCM (Figure 8(c)). Similar to human glioblastoma
patients, tumour-bearing mice displayed elevated amounts
of circulating particles as seen in Figure 8(d) (2.1-fold
increase). Here again, we found that the majority of plasma
EVs with the applied antibody cocktail, were CD9 positive
compared to only minor fractions of CD81" and CD63"
EVs. Notably, levels of CD63" as well as CD63"/CD81"
double positive plasma EVs were increased in tumour-
bearing mice in comparison to sham-operated animals
(Figure 8(e)), mimicking our observations on human
glioma plasma EVs shown in Figure 7. In order to restrict
our analysis to tumour-derived EVs only, we quantified the
fraction of GFP* EVs, which turned out to be rather low,
ranging between 0.04 to 0.49% of total plasma EVs
(Figure 8(f)). Circulating GFP* EVs mimicked the expres-
sion of their parental cell line EVs in so far as most
EVs were strongly positive for CD9 and in mice bearing
CT2A tumours also CD63"/GFP* EVs could be detected

(Figure 8(g)).
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Figure 6. Cellular and vesicular tetraspanin responses to various cell stimuli. (a) Three glioblastoma cell lines (GS-8 (triangle), GS-57
(circle), BT112 (square)) were cultured under hypoxic conditions (0.1% O,) or differentiating condition (medium containing EV-depleted
FBS). Cellular CD81, CD9 and CD63 expression was measured by qPCR, and transcript levels were normalized to 18S. Expression values
of pooled GS-8, GS-57 and BT112 cells are shown as means + SD and were normalized to cells under normoxia. (b) Hypoxic cell
adaptation was confirmed by induction HK2 and GLUT1, and differentiation was confirmed by elevated expression of GFAP as well as
downregulation of OLIG2, PAX6, POU5F1 and SOX2. Expression values of pooled GS-8, GS-57 and BT112 are shown as means + SD. (c)
Corresponding EVs were analysed for CD81, CD9 and CD63 by IFCM, and single (left) as well as double (right) positive EVs are shown
and calculated as fraction of positive EVs of CD9, CD63 or CD81 positive EVs. EV profiles of GS-8, GS-57 and BT112 were pooled and
values are shown as mean + SD normalized to cells under normoxia. Results are representative of at least three biological repeat
experiments. ANOVA, posthoc Bonferroni was performed for multiple group comparisons and student’s t-test was performed to
compare two individual groups (**** = p < 0.0001, *** = p < 0.001, ** = p < 0.01; * = p < 0.05) .

Collectively, these findings suggest that IFCM can be  treatment for the evaluation of an eventual therapeutic
used to stain and analyse EVs for multiple antigens from  response or resistance. While imaging technologies are
both cell culture media and plasma, thus highlighting its ~ emerging with better sensitivity and specificity, they are
potential for the monitoring and classification of plasma  costly and often not applicable for frequent, short-
EVs in cancer. interval sequential time points. As a result, an intense
interest in biological material released by tumours,
which can be obtained by liquid biopsy [44], has been
developed. Besides circulating tumour cells (CTCs) and
A major clinical hurdle in cancer lies in the detection  circulating tumour DNA (ctDNA), as the most fre-
of molecular and cellular changes in tumours during  quent analytes of liquid biopsy assays [45-47], EVs

Discussion
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Figure 7. Tetraspanin profiles of circulating EVs in glioblastoma patients. (a) Plasma EVs from healthy donors and patients with
glioblastoma (GBM) or anaplastic astrocytoma (AA) were analysed for CD9, CD81 and CD63 by IFCM. Positive EV counts were
calculated as the fraction of EVs positive for a tetraspanin in relation to all EVs captured by anti-CD9, -CD63 or -CD81. Both patient
groups display significantly higher numbers of circulating CD63* EVs (top) as well as an increased proportion of CD63* EVs among
all total plasma EVs (bottom). (b) Double positive CD63*/CD81" and CD9*/CD63™ plasma EV levels are elevated in glioblastoma
patients (top), and the proportion of all possible combinations of double positive EVs is increased compared to healthy donors.
ANOVA, posthoc Bonferroni was performed for multiple group comparisons. *** = p < 0.001; ** = p < 0.01; * = p < 0.05.
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Figure 8. IFCM allows tracking of circulating tumour EVs in a mouse glioma model. (a) NTA analysis of EVs secreted from PalmGFP-CT2A
and PalmGFP-GL261 cells in vitro. (b) IFCM analysis shows strong expression of CD9 and GFP on the secreted EVs (top). Positive EV counts
were calculated as the fraction of EVs positive for a tetraspanin in relation to all EVs captured by anti-CD9, -CD63 or -CD81. Similar
amounts of CD81*/CD9* EVs were detected in both cell lines, while higher percentages of EVs from CT2A cells are double positive for
CD9*/CD63* and CD81*/CD63" compared to GL261 cells (bottom). (c) Workflow of tumour cell injection and IFCM detection of murine
plasma EVs. (d) Tumour-bearing mice display elevated plasma EV counts compared to sham-injected mice, as measured by NTA analysis.
Top, MRI images of injected mice; bottom, plasma particle counts. (Tumour-bearing mice consist of pooled GL261 and CT2A injected
mice.) (e) Tetraspanin profiles of plasma EVs measured by IFCM. Tumour-bearing mice show elevated CD63" EVs as well as double positive
CD81*/CD63™ EVs. (f) GFP™ positive EVs were detected in plasma of tumour-bearing mice but not detectable (n.d.) in sham-operated
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have received increasing attention over the past 5 years,
which is also due to the fact that EVs are biomarkers
with a biological function in cancer progression [48].
However, current technologies do not yet allow suffi-
cient specificity to characterize individual EVs, so that
previous studies of EVs circulating in blood and other
body fluids were usually performed on bulk EV pre-
parations which are “contaminated”
by normal host cell-derived EVs, resulting in low
detection sensitivity of tumour-specific molecular
alterations.

Here, we show that (i) brain tumour patients have
elevated circulating plasma particle counts that (ii) can
be analysed at a single EV level by IFCM; (iii) well
know vesicle markers, CD9, CD63 and CD81 show cell
type-specific EV profiles with (iv) an increase of double
positivity (CD9"/CD81", CD63*/CD81") on EVs from
cancer cells, which is partially reflected at the cellular
level; (v) glioma patients show elevated circulating
CD63" EVs as well as double positive EVs, a finding
that relates to the observation seen in our cell lines; (vi)
circulating brain tumour-specific EVs are detectable in
a syngeneic murine brain tumour model, indicating
that glioma EVs can penetrate the blood brain barrier,
which is partially disrupted in glioma [49] and thus be
detectable in the blood circulation. Together, these
findings demonstrate the ability to detect and classify
tumour-specific EVs through IFCM and to define indi-
vidual EV subpopulations, which will be key for clini-
cally oriented liquid biopsy strategies.

EVs are commonly identified by the tetraspanin family
members CD9, CD63 and CD81, which are highly abun-
dant on their surface [32-35], however, only few studies
tried to understand the heterogeneity between different
tetraspanin-positive EV subpopulations [17,35,50,51].
Kowal et al. showed that EVs from dendritic cells,
which were immuno-isolated with beads binding to
CD9, CD63 or CD81 positive EVs, had distinct protein
profiles [35], providing a first comprehensive map of EV
subtypes and their biogenesis/secretion machinery. Other
studies demonstrated that EVs from different cell types,
including cultured cancer cells, can display distinct tetra-
spanin profiles [50,51], however, these studies also used
bulk EV preparations to asses tetraspanin profiles by
immunoblotting or Raman spectroscopy and were only
performed in vitro. More recently, Lee et al. developed
a novel technique to capture EVs on a microfluidic chip,
which allows the immunostaining of fixed EVs at a single
EV resolution level [17]. While EVs secreted from glioma
cell lines could convincingly be stained and quantified by
this approach, it was, however, not demonstrated that this
method is also applicable in vivo, and in particular to
human patient material. We here demonstrate that

IFCM is not only a robust method to analyse tetraspanin
profiles on EVs secreted from tumour cells in vitro, but
we also show that IFCM is capable of detecting and
profiling circulating EVs from patient and murine
blood in vivo in a multiplex fashion. Compared to con-
ventional FCM which is not suitable for robust detection
of submicron coincident events or to distinguish particles
with similar size or density from EVs, IFCM can distin-
guish true single events from aggregates (EVs and anti-
body) and debris [26,52], minimizing false data
interpretation. However, due to the lack of brightfield
images and low side scatter values the recording of aggre-
gates of small EV's can never be entirely excluded [53]. In
addition, the quality of antibodies and the fluorophore
composition may impact the results of single IFCM-
based EV analysis. To obtain reliable data with IFCM or
methods with similar detection sensitivity, each antibody
cocktail used containing labelled antibodies needs to be
qualified and validated. For example it needs to be
excluded that antibodies contain EVs from hybridoma
cells, which have been co-purified with the antibodies.
Furthermore, if not all antibody molecules in an antibody
product are labelled successfully, non-labelled antibodies
act as competitive inhibitors for labelled ones. Therefore
it is crucial to stay with a given antibody cocktail for all
experiments.

By analysing a large panel of different tumour cell
lines, we discovered that the secretion of CD81" and
CD63" EVs is significantly increased in glioblastoma cell
lines and other cancer cell lines compared to non-
tumour cells, while the proportion of CD9" EVs does
not differ between these groups. Moreover, glioblastoma
cell lines secrete elevated levels of CD9"/CD81" and
CD63"/CD81" EVs, whereas neither of these combina-
tions is detectable at relevant levels on EVs from normal
cells. Tetraspanin profiles on EVs are relatively stable
under different microenvironmental conditions, such as
hypoxia or differentiating conditions, and CD81" EVs
are even increased when glioblastoma cells are exposed
to serum. These findings suggest that double positivity
for surface tetraspanin markers can distinguish tumour
cell-derived EVs from those of normal cells, at least
from T-cells, PBMCs and endothelial cells that were
included in our study.

Importantly, we found that not only in vitro but also in
patients with glioblastoma and anaplastic astrocytoma
the number and proportion of CD63" circulating plasma
EVs is significantly increased, with a similar trend for
CD81" EVs. In addition, the proportion of double posi-
tive CD63"/CD81", CD9"/CD63" and CD9*/CD81" EV's
is higher in glioblastoma patients than in healthy donors.
Although CD63" and CD81" EVs represent only a minor
fraction of the total plasma EV population while the vast



majority is positive for CD9", the lack of a difference in
CD?9 positivity in patients versus healthy donors indicates
that CD63 and CD81 but not CD9 possess informative
value in distinguishing glioma patients from healthy indi-
viduals. In particular, the combination of CD63"/CD81"
on circulating EVs turned out to be most significant and
could not only discriminate glioblastoma patients from
healthy controls but also patients with less-malignant
anaplastic astrocytomas, fitting well with the observation
that most EV's in plasma are derived from thrombocytes,
being CD9*/CD81" [32], as the amount of platelet EVs
most likely would not differ between healthy donors and
tumour patients.

Similar findings were obtained in our syngeneic mouse
model. Again, while the majority of secreted EVs in vitro as
well as in vivo were CD9", the detection of CD63" and in
particular of CD63"/CD81" double positive EVs was most
discriminative in distinguishing tumour-bearing mice
from sham-operated animals. We could further detect
GFP" EVs in the blood circulation, which were also mostly
CD9", while only smaller subpopulations were CD63", in
particular in the CT2A model. These findings demonstrate
that glioma-derived EVs can cross the blood brain barrier
(BBB), which is known to be partially disrupted in experi-
mental orthotropic animal models of glioma [54]. Also in
human glioblastoma patients, the BBB is typically dis-
rupted and tumour EVs can exit the brain, so that specific
mutations, such as IDH1 R132 or EGFRVIII, are detectable
in circulating plasma EVs [4,6,20-22]. However, our
mouse model further revealed that tumour-derived GFP*
EVs constitute only a minor fraction (0.04-0.49%) of the
total plasma EV population. Since the total number of
circulating particles, as determined by NTA analysis, is
strikingly elevated by more than 2-fold in tumour-
bearing mice and almost 4-fold in human glioblastoma
patients, it is highly likely that not only tumour-derived
EVs but also EVs that are produced by other cells in
reaction to the tumour presence contribute to the total
circulating EV pool. It is well known that human glioblas-
tomas are infiltrated by large numbers of reactive macro-
phages and microglial cells, which can comprise as many
as 30%-50% of all total cells in human glioblastomas, and
similar findings were reported in mice [55]. Moreover,
glioblastomas typically induce profound neoangiogenesis,
involving the activation and proliferation of endothelial
cells which also produce EVs that may enter the circula-
tion. Further studies are necessary to quantify the exact
proportion of bona fide tumour cell-derived EV's in patient
blood. To this end, our identification of elevated circulat-
ing CD63", and in particular double positive CD63"/
CD81" EVs circulating in glioblastoma patients, could
help to enrich and immuno-isolate glioblastoma-derived
EVs from patient plasma.
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In conclusion, our study provides proof-of-principle
for the feasible to identify distinct EV subpopulations that
circulate in the blood of glioma patients by IFCM. A next
important step will be to characterize these EV subpopu-
lation in greater depth and also to identify additional EV
surface markers that could facilitate a more precise detec-
tion and enrichment of tumour-specific EVs. Successful
enrichment of circulating glioma-derived EVs can enable
a more comprehensive analysis of DNA and RNA con-
tained in circulating EVs by state-of-the-art techniques,
such as next generation sequencing and methylation
arrays. EVs as carriers of molecular information could
thereby become a diagnostic tool to monitor disease
status, treatment response, tumour adaptation and pro-
gression. Currently, glioma patients are followed by per-
iodic MRI scans, and the detection of suspicious lesions
requires invasive biopsy or tumour resection for diagnos-
tic confirmation. EVs, which can easily be obtained by
liquid biopsy, could become a non-invasive alternative to
provide dynamic information on the tumour state and its
molecular profile.
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