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Abstract

Background. Extracellular vesicles (EV) are shed by tumor cells but little is known about their individual molecular
phenotypes and heterogeneity. While exosomes have received considerable attention, much less is known about
larger microvesicles. Here we profile single microvesicles (MV) and exosomes from glioblastoma (GB) cells and
MV from the plasma of patients.

Methods. EV secreted from mouse glioma GL261 and human primary GBMS cell lines as well as from the plasma
of 8 patients with diagnoses of GB and 2 healthy controls were isolated and processed for single vesicle analysis.
EV were immobilized on glass slides and the heterogeneity of vesicle and tumor markers were analyzed at the
single vesicle level.

Results. We show that (i) MV are abundant, (ii) only a minority of MV expresses putative MV markers, and (iii) MV
share tetraspanin biomarkers previously thought to be diagnostic of exosomes. Using MV capture and staining
techniques that allow differentiation of host cell and GB-derived MV we further demonstrate that (i) tumoral MV
often present as <10% of all MV in GB patient plasma, and (ii) there is extensive heterogeneity in tumor marker
expression in these tumor-derived MV.

Conclusion. These results indicate that single MV analysis is likely necessary to identify rare tumoral MV popu-
lations and the single vesicle analytical technique used here can be applied to both MV and exosome fractions
without the need for their separation from each other. These studies form the basis for using single EV analyses
for cancer diagnostics.

Key Point

Many mammalian cells release extracellular vesicles (EV)  50-200 nm), derived from multivesicular bodies. The last
into circulation. These vesicles differ in ontogeny, size, and  few years have seen intense interest in these vesicles given
molecular composition.'*The two most abundant fractions  their biological role in cancer®® and potential for diagnostic
of EV are termed microvesicles (MV; 200-1000 nm), formed  and therapeutic purposes.'®'3To date, vesicles are often dif-
by budding of the cell membrane, and exosomes (EX; ferentiated by size and density criteria’*'® and the presence
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Importance of the study

Extracellular vesicles have emerged as important cir-
culating, nano-sized structures with diagnostic and
therapeutic potential. These vesicles are shed by a
number of cell types in the human body, and analyz-
ing their makeup is essential prior to clinical appli-
cations. Despite intense research interests, little is

or absence of markers considered “specific” for certain EV
subtypes. For example, it is generally accepted that EX frac-
tions are positive for cluster of differentiation (CD)63, CD9,
CD81, Alix, and tumor susceptibility gene 101 (TSG101).%
Similarly, it has been reported that MV are positive for inte-
grin beta 1, CD40, vesicle-associated membrane protein 3
(VAMP-3), and ADP-ribosylation factor 6 (Arf6).17-19

Much of the work to date has relied on bulk analysis
of vesicle fractions using western blotting?® and micro-
chip analysis of RNA?"22 or protein cargo.*?324 Invariably,
these data fail to provide granularity on the composition
of specific vesicles and thus support coexpression of dif-
ferent markers of EV populations. Yet, it is the protein pre-
sent on a given vesicle that could ultimately determine its
pharmacokinetics and together with its mMRNA and miRNA
also biological function. For this reason, we have been
interested in developing single EV analytical techniques
to shed light on the composition of vesicles obtained from
patients.

Single EV analytical technologies are slowly emerg-
ing for use in cancer??2?52% and are believed to ultimately
provide much needed insight into the molecular makeup
and heterogeneity of tumor-derived EV. The majority of
emerging technologies have been applied to EV from cell
culture lines rather than primary human samples. The goal
of the current study was thus to focus on the makeup of
MV obtained from peripheral blood of glioblastoma (GB)
patients. We adapted a capture/image technology in which
EV are immobilized on glass slides and then developed an
imaging strategy to separately analyze EV from host and
tumor cells based on surface markers. Here we provide a
comprehensive single vesicle analysis of large (MV-like)
and small (EX-like) fractions of thousands of vesicles. We
show unexpected findings of marker expression on MV
that have previously been excluded in the diagnostic anal-
ysis of plasma EV.

Materials and Methods
Cell Culture

Cell lines in this study were acquired from the Breakefield
lab from recent American Type Culture Collection stocks
and verified to be mycoplasma free. Mouse glioma GL261
cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum (FBS; Sigma) at 37°C
in a humidified atmosphere with 5% CO,. Before EV col-
lection, cells were grown in DMEM with 10% exosome-
depleted FBS (Thermo Fisher Scientific) for 72 hours.

known about the heterogeneity of these vesicles. Here
we used a single vesicle analytical technique to profile
microvesicles from glioblastoma cells and patients.
Our studies detail the landscape of microvesicles in
human circulation and provide the basis for future
cancer diagnostics.

Human primary GBM8 cells were grown as spheroids
in Neurobasal media (Thermo Fisher Scientific) with
1.5 mL/100 mL 100x Glutamax (Thermo Fisher Scientific),
0.5 mL/100 mL N-2 supplement (Thermo Fisher Scientific),
2 mL/100 mL B-27 supplement (Thermo Fisher Scientific),
1% penicillin/streptomycin, 20 ng/mL epidermal growth
factor (R&D Systems), and 20 ng/mL fibroblast growth
factor (Peprotech). Media with supplements were filtered
through a 0.22-um pore size membrane to sterilize. Cells
were subcultured by seeding at a 10000-20000 cells/cm?
density and supplied with fresh media every 3 days.

Human Samples

Blood samples were obtained from patients (8 with diag-
noses of GB at the Brigham and Women's Hospital and 2
neurologically healthy controls) per institutional review
board-approved protocol with informed consent acquired
from each patient. Histological diagnosis of GB was made
by a board certified neuropathologist at Brigham and
Women'’s Hospital. For every patient, the tumor cytogenetic
was determined by a comparative genomic hybridization
assay. Blood samples were collected in 10 mL EDTA tubes
and inverted several times before storing at 4°C. Within 1
hour of blood collection, samples were spun at 400 x g for
10 min at 4°C, and plasma layer was pulled from the top,
aliquoted, and stored at —80°C until ready for EV isolation
and preparation.3®

Preparation of EV

In preparation of EV fractions we adopted a clinically
viable method of size separation for analytic purposes.
Supernatants from cell culture media and plasma were cen-
trifuged at 300 x g for 5 min followed by centrifugation of
the resultant supernatant at 2000 x g for 10 min to remove
cell debris. The supernatant from this step was then centri-
fuged at 10000 x g for 30 min to isolate a fraction of larger
EV which we termed a “large (MV-like)” subfraction. The
pellet was resuspended in phosphate buffered saline (PBS)
and re-spun at 10000 x g for 30 min. Supernatant from
the initial isolation spin was centrifuged at 100000 x g for
70 min to isolate a smaller EV population which we termed
a “small (EX-like)” fraction. The pellet was washed in PBS
and then centrifuged at 100000 x g for 70 min to re-pellet.
Size separated EX, and MV fractions were resuspended in
300 pL of PBS and incubated with 333 uM EZ-Link Sulfo-
NHS-LC-Biotin (Thermo Fisher Scientific) for 30 min at
room temperature. We used a 20-fold molar excess of
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sulfo-NHS-biotin to EV protein in approximately 0.5 mL
volume. Thus about 4-6 biotins were expected to be incor-
porated per vesicle. Excess biotin was then removed utiliz-
ing the Zebra Spin Desalting Column, 7K MWCO (Thermo
Fisher Scientific) per the kit instructions. EV were then
incubated with 5 ng/mL Cell Tracker CM-Dil membrane dye
(Thermo Fisher Scientific) for 30 min at room tempera-
ture, and excess dye was removed utilizing the Zebra Spin
Desalting Column, 7K MWCO.

Antibody Preparation

Vendor and clone information of all antibodies used
are summarized in Supplementary Table 1. All antibod-
ies were validated against positive and negative controls
and other published means.3' CD9(VJ1)-CD405M, TSG101,
integrin beta 1 (12G10), epidermal growth factor recep-
tor (EGFR)-AF594, CD31-AF647 CD45, epithelial cell adhe-
sion molecule (EpCAM) (AUA1), and Arf6 (poly) antibodies
were purchased from Abcam; CD41, CD42b-AF647, CD40
(5C3), CD40 (3/23), CD9 (MZ3), and isocitrate dehydroge-
nase 1 (IDH1) (O92H9) antibodies were purchased from
Biolegend; CD63 (AHN16.1/16-4-5) antibody was purchased
from Ancell; Alix, CD81, and VAMP-3 antibodies were pur-
chased from Santa Cruz; IDH1-R132H, Arf6é (EPR8357), and
integrin beta 1 (poly) antibodies were purchased from
EMD Millipore; CD235a-AF647 antibody was acquired from
BioRad; EGFR variant lll (EGFRvIIl) and IDH1 (D2H1) anti-
bodies were acquired from Cell Signaling Technologies;
CD63 (poly) was acquired from R&D Systems; and EpCAM
(G8.8) was acquired from eBioscience. CD40 and IDH1-
R132H antibodies were conjugated to Pacific Blue; TSG101,
VAMP-3, and EGFRVIIl antibodies were conjugated to
AF488; IDH1 and CD63 were conjugated to AF555; integ-
rin beta 1 and Alix antibodies were conjugated to AF594;
CD45 and CD41 antibodies were conjugated to AF647;
and EpCAM, CD81, and Arf6 antibodies were conjugated
to AF680 utilizing Antibody Labeling Kits (Thermo Fisher
Scientific) per manufacturer’s instructions.

Single EV Analysis Protocol

Experiments were performed on a BX-63 Upright
Automated Fluorescent Microscope (Olympus) with a 100x
oil objective using Metamorph Software. Biotinylated EV in
1x PBS were captured on a streptavidin-coated coverslip
for 30 min at room temperature. The coverslip was then
washed 3 times using 0.2% bovine serum albumin (BSA)
in PBS and then blocked for 30 min with this BSA solution.
Next, fluorescently labeled antibodies were incubated on
the coverslip for 1.5 hours followed by 3 washes of 5 min
with 0.2% BSA in PBS. Coverslips were then mounted on
slides using ProLong Gold Antifade Mountant (Thermo
Fisher Scientific) overnight. Slides were sealed and fluo-
rescent images were taken.

Image Processing

Image analysis was performed using Imaged. We used the
Cell Tracker CM-Dil imaging channel to create masks at EV

locations and isolate the signal of interest in all channels.
Imaging conditions (ie, objective, exposure times, cam-
era settings, sample preparation, illumination) were fixed
across all experiments. Instances of spectral bleed-through
among adjacent imaging channels were eliminated using
spectral un-mixing plugins in ImagedJ. At each mask posi-
tion, we obtained average pixel intensities for each respec-
tive molecular target.

Data Analysis

Data were analyzed in a similar fashion as done in flow
cytometry. Single parameter histograms were first obtained
by measuring the signal distribution for each marker as com-
pared with controls where the primary antibody was omit-
ted or was nonsense immunoglobulin G. A gating threshold
was then determined and each data channel was normalized
to this value. Vesicles with signal above the threshold were
then counted as positive and the percentages of total EV
positive for a given marker was determined for each chan-
nel. Heat maps were built with each fluorescence channel
normalized to its maximum thresholded value.

Results
Microvesicles Are Abundant

Our study sought to characterize vesicles utilizing a sin-
gle vesicle analytical strategy, outlined in Fig. 1. We bioti-
nylated vesicles obtained by differential ultracentifugation
and captured them on streptavidin-coated glass slides to
immobilize vesicles. Following this capture vesicles were
stained with fluorochrome labeled antibodies and imaged,
and the data then analyzed. This generic principle was
applied to vesicles obtained by 10000 g centrifugation and
a subsequent 100000 g centrifugation. Since it is not pos-
sible to determine the precise ontogeny of vesicles based
on ultracentrifugation alone, we have adopted the nomen-
clature of “large (MV-like)” and “small (EX-like)” vesicles.
We were primarily interested in the large MV-like fraction,
since (i) MV are more abundant than EX, (ii) MV contain
most of the mRNAs that can report on mutational status
and gene amplification,? (iii) much less is known about MV
protein makeup, and (iv) MV-like fractions contain larger
vesicles that afford easier analysis and isolation proce-
dures. Since some prior studies had looked at single EX in
cell lines, we also directly compared MV-like fraction and
EX-like fraction makeup released by cell lines.

As can be seen from Fig. 1, the different vesicle frac-
tions were abundant following their respective enrich-
ment procedures. In general we obtained ~10° vesicles/mL
of harvested media and used ~10 pL of that for analysis.
Supplementary Fig. 1 shows a representative example of
the typical MV-like fraction obtained from the plasma of
GB patients. In this particular example, there were about
2000 vesicles per field of view (100x objective). The tar-
get-to-background ratio following staining was ~110:1
(Supplementary Fig. 2) once the different antibodies had
been optimized (SupplementaryTable 1).

O
Q
=
=1
o
)
Q.
[0)
(o8
=
©
3
=
=
O
@
£
Q
o
Q
Q
[¢]
3
I
o
c
©
Q
o
3
=
>
[]
c
=
Q
o
S
Q
o
o
«Q
<
=
Q
Q
<
Q
=
o
®
Q
—+
Q
¢
Q
o
(7]
=
=
Q
(o]
=
o
o
L.
=
o
N
o
©
w
=
>
@
c
o
=
Q
Q.
=3
(]
<
a
oo
N
=
[$)]
N
a
o
[e2]
(&)
s
O
<
T
Q
S
<
Q
=
o
[
=]
<
[¢]
=
(7]
2.
<
c
(7]
[¢]
=
o
=
-
©
O
[0
Q
@
3
o
@
=
N
o
=
[ee]


http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noy187#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noy187#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noy187#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noy187#supplementary-data

Fraser et al. Characterization of single microvesicles in plasma from glioblastoma patients

A
EV capture EV antibody labeling
Labeled mabs
« > iy * < e
Biotin
20 e
Streptavidin-glass

Imaging and processing

Analysis

=3 e I

All EV before centrifugation Microvesicle fraction Exosome fraction
40000000 40000000 40000000
_ [ ] — Microvesicles — Exosomes
£ 30000000 £ 30000000 £ 30000000
> > S
w &J{ E
= c <
2 20000000 £ 20000000 2 20000000
g g [
£ £ £
g g € 10000000
g 10000000 £ 10000000 g
o Q o
(6] o (6]
0 — 0 0
0 250 500 750 1000 0 250 500 750 1000 0 250 500 750 1000
Size (nm) Size (nm)

Size (nm)

Fig.1 Overview of single vesicle analysis. (A) Overview of the procedural steps for single vesicle analysis. EV are biotinylated and captured on
streptavidin-coated glass coverslips and stained by fluorescent antibodies. Coverslips are imaged by microscopy and multidimensional data are
analyzed. Scale bar = 10 pm (B) Representative Nanosight Tracking Analysis (NTA) size distribution of vesicles from GBM8 media. NTA analyses

are shown for samples before and after separation.

Unique Patterns of Biomarker Expressions in
Microvesicles

Following the above optimization procedures we next ana-
lyzed vesicles from 2 different cell lines—primary human
GBM8 and mouse glioma GL261. GBMS8 is a patient-
derived xenografted GB cell line that had been directly
propagated following resection under anchorage-inde-
pendent sphere culture conditions and then maintained
by serial intracranial engraftment.®® GBMS8 cells exhibit
primitive neuroectodermal characteristics and prolifer-
ate as loose neurosphere aggregates in vitro. Inoculation
of GBMBS cells into the brain of immunosuppressed NSG
(NOD-scid IL2Rgamma™™!) mice leads to a diffusely inva-
sive tumor. In contrast, GL261 is a mouse glioma cell line
that can be grown in immunocompetent C57/BL6 mice.3*
Another reason to analyze EV from cell lines first was to
focus on tumor cell derived vesicles prior to embarking on
clinical samples where EV in plasma represent a combina-
tion of both normal host and tumor cells.

We assessed single EV compositions, and a representa-
tive example of this from GBMS8 culture is demonstrated
in Fig. 2A. Focusing on MV-like vesicles, in this particular
example about 400 individual vesicles were examined in a
single field of view. Of interest, putative MV marker integ-
rin beta 1 was present on only half of the isolated MV-like
vesicles. Furthermore, the putative MV marker CD40 was

present on even lower numbers of MV-like vesicles or even
absent. Conversely, classic markers that are often used in
the literature to characterize EX in mixed EV populations
were also positive in this MV-like fraction.® In particular,
tetraspanins (CD9, CD63, CD81) were found at varying lev-
els in the large MV-like fraction. Finally GB markers (EGFR,
EGFRvIIl, EpCAM) were present at various concentrations.
We calculated the proportion of individual MV-like vesicles
that were positive for a given marker in GBM8 (Fig. 2B).
The positive markers ranked as follows (Fig. 2B, Table 1):
integrin beta 1 (62% of MV were positive), CD81 (49%),
IDH1 wildtype (48%), TSG101 (43%), EGFR (32%), CD9
(26%), CD63 (13%), EGFRVIII (12%), CD40 (9%), Alix (6%),
EpCAM (6%), Arf6 (5%), VAMP-3 (5%), IDH1-R132H (nega-
tive). To determine whether the above MV observations
were unique to the GBM8 model, we also investigated
GL261 vesicles. As can be seen from Fig. 3C, a similar pic-
ture emerged. The most abundant MV markers (number of
vesicles above the dashed red line Fig. 3A, C) were integrin
beta 1, CD81, and EGFR.

We next addressed the question of whether MV patterns
of the analyzed proteins would be different in concurrently
isolated single EX. For this purpose, we analyzed GBMS8
(Fig. 3B) and Gli26 (Fig. 3D) vesicles and simply classified
them as either positive or negative for a given protein,
using the same metric as in Fig. 3A, C, that is, larger than
the cutoff (1). Data were expressed as percent of vesicles

810z lequiada G uo Jasn Ajsianiun plealeH Aq $59062G//8 L Aou/ouonau/ge0 L 0L /I0pAoeISqe-ajo1e-aoueApe/ABojoouo-0inau/wod dno-olwapede//:sdiy woly papeojumoq



Fraser et al. Characterization of single microvesicles in plasma from glioblastoma patients

CD81

TSG101

CD63

Alix

10 IDH1
Integrin Beta 1- CD81
Integrin Beta 1
CD9 F T r
0 20 40 60
CD40 % of total MV
Arf6
VAMP-3
0

== 10
VAMP-3

Arf6

EpCAM

Alix

CD40

EGFRvIlI

CD63

B

IDH1-R132H

0 CD9
EGFR
TSG101

IDH1 10
EGFR
EGFRuvII
EpCAM
IDH1-R132H .

Fig.2 Marker expression in microvesicles obtained from GBM8. (A) Images of MV-like vesicles labeled for generic EV markers (CD81, TSG101,
CDB63, Alix, integrin beta 1, CD9, CD40, Arf6, VAMP-3) and glioblastoma markers (EGFR, EGFRvlIII, EpCAM, IDH1-R132H) were quantified per single
vesicle. Heat map of data is organized by high expression to low expression. Note the heterogeneity profile of each individual MV-like vesicle.
(B) Waterfall plot displaying the percent of the total MV-like vesicles that are positive for a given marker. IDH1-R132H was not detected in any of

the vesicles.

positive for a given marker and as the MV/EX ratio, that is,
whether a marker was preferentially expressed at higher
levels in the MV-like fraction compared with the EX-like
fraction. As can be seen from Fig. 3, Arf6 and CD9 were
expressed at a higher fraction in the EX-like fraction, but
most other proteins studied were expressed at similar lev-
els in both EX-like and MV-like fractions.The exception was
in expression levels of GB markers (EGFR, EGFRvIII, and
IDH1), where different patterns of MV/EX were observed
in Gli261 compared with GBMS. It should be pointed out
that these numbers represent ratios of ratios and that all
MV-like and EX-like fractions contained vesicles positive
for these tumor markers.

Microvesicles in Human Plasma Samples Are
Heterogeneous

We next analyzed large MV-like vesicles obtained from
plasma of GB patients (n = 8) and age-matched normal

controls (n =2). In a first set of experiments, we analyzed
total MV-like vesicle concentrations in plasma samples.
As can be seen in Fig. 4A, MV-like vesicles were fairly
abundant in all patients, with concentrations ranging
from 8.1 x 107 to 2.1 x 10° MV/mL. As expected, there was
overlap in concentrations between GB patients and con-
trols, so that this metric is unlikely to be of diagnostic
utility. We thus set out to determine individual biomarker
expression in the MV-like fraction. To facilitate the differ-
entiation between host and putative tumor cell MV-like
vesicles we used a cocktail of antibodies to account for
the majority of host cell MV. This cocktail contained anti-
bodies against CD45 (leukocytes), CD31 (endothelial),
CD41/CD42b (platelet), and CD235a (red blood cell), all
with the same fluorochrome. While this staining strategy
is simple and akin to a “negative selection,” it still cannot
unequivocally define GB MV-like vesicles. To enable the
latter, we also analyzed tumor markers (EGFR, EGFRvIII,
EpCAM, and IDH1-R132H). This study was focused on
characterization of the most common molecular markers
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Table1 Summary of marker expression in MV-like fractions obtained from different specimens
Vesicle Type Protein Microvesicles Obtained from
GBMB8 Cells GL261 Cells Human Plasma
All vesicles CD9 0.26 0.02 0.12
CD63 0.13 0.02 0.09
CD81 0.49 0.67 0.14
TSG101 0.43 0.15 0.1
Alix 0.06 0.1 0.41
CD40 0.09 0.1 0.1
Arf6 0.05 0.12 0.29
VAMP-3 0.05 0.04 0.09
IDH1WT 0.48 0.22 0.03
Integrin beta 1 0.52 0.73 0.26
Tumor vesicles EGFR 0.32 0.1 See Fig. 4
EGFRuvlII 0.12 0.07
IDH1-R132H 0 NA
EpCAM 0.06 0.09

The table summarizes the fractions of MV-like vesicles that are positive for a given protein across cell lines and human samples (n =10). For exam-
ple, the putative ubiquitous MV biomarker integrin beta 1 was present in only 52% of GBMS. In GL261 cells it was present in 73% of vesicles but in
primary human samples only in 26% of MV-like vesicles. In human samples, this fraction was lower (26%). IDH1-R132H was not detected in any of
the samples and all human tumors were IDH wildtype by sequencing. WT = wildtype; NA = no mouse antibody available.

associated with clinical GB and for which good antibodies
are commercially available (EGFR amplification/mutation
and IDH1 mutation). Additionally, EpCAM overexpression
has been suggested to be predictive of malignancy,® pro-
liferation, and prognosis in GB and was thus included for
exploratory reasons.

Fig. 4B-D shows representative tumor-derived MV-like
vesicle (TMV) analyses. The absolute TMV concentrations
ranged considerably from 3.2 x 10° to 7.6 x 108 in the 8
GB patients (Fig. 4B) and there was no clear pattern in
patients who were treatment naive or who had received
standard-of-care treatment. The majority of plasma
MV-like vesicles in these samples originated from host
cells, on average making up ~90% of the MV-like vesicles.
The exception was a single patient (G1) in whom TMV
were more abundant.

The makeup of the TMV in each of the 8 patients is
summarized in Fig. 4D. In these samples, EGFR, EGFRvIII,
and EpCAM were positive in a fraction of vesicles. EGFR
overexpression was commonly observed. The main
source of TMV in G1, the patient with the highest TMV
concentration, was due to EGFRvVIIl vesicles. None of
the age-matched control samples stained positive for
any of the 3 tumor markers. Furthermore, vesicle analy-
sis was conducted blinded to the IDH1 mutation status
of the patients, and patients were not selected with spe-
cific IDH1 mutation specifications. In the small cohort of
patients, IDH1-R132H mutations were not identified by
either sequencing or by the Single EV Analysis (SEA) pro-
tocol. Table 1 summarizes the fraction of marker positive
MV-like vesicles across all cell lines and human samples
for comparison. The plasma MV analysis was largely

concordant with pathological analysis of tumor tissue
(Table 2).

Discussion

Extracellular vesicles are shed by tumor cells but little is
known about their individual molecular phenotypes and
heterogeneity. While exosomes have received consid-
erable attention, much less is known about larger MV.
Microvesicles are a common type of EV and are produced
by direct membrane shedding from many host and tumor
cells. These vesicles measure 100-1000 nm in diameter
and reflect the plasma membrane protein composition
and orientation of their respective host cells. In addition,
they contain intracellular proteins, mRNAs, miRNAs, and
many noncoding small RNAs.3? Changes in vesicle num-
ber and composition have been observed in cancer and a
variety of other diseases.3¢3’ These changes can potentially
be used as biomarkers, but several questions and clinical
challenges remain. For example: what are the host cell MV
(HMV) numbers and variations in normal humans, what
are the number and composition of TMV, and how does
one best differentiate HMV and TMV in clinical samples?
The current study was designed to shed light on some of
the above questions. In addition—and as a necessary step to
answer the above questions—we were interested in single
vesicle analyses to provide unequivocal answers. Finally,
we asked the question whether MV analysis would be com-
plementary, additive to, or exclusive from EX analysis. This
question is of importance as many current clinical assays
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Fig.3 Comparison of biomarker expression in MV-like and EX-like fractions in GBM8 (A, B) and GL261 (C, D). (A) GBM8 MV-like vesicles were
analyzed for different proteins and data are plotted for individual vesicles. A signal intensity above 1 (red line) denotes “positivity” of a given
marker and values below 1 indicate negativity. Note the heterogeneous distribution for any given marker. (B) Comparative analysis of MV-like
and EX-like fractions obtained from GBMS8. Shown are the percentages of vesicles that are positive for a given protein marker. The heat map on
the right represents a ratio of MV over EX: red = higher in MV; blue = higher in EX; yellow = similar expression in both subfractions. (C) Similar
analysis as in (A) but for GL261 MV. (D) Similar analysis as in (B) but for GL261.

first isolate EX-like vesicles but discard larger MV-like frac-
tions. In other words: is such a separation warranted or
could diagnostics be performed on the larger pool of all
EV, irrespective of their origin? To address this question we
compared biomarker expression in both MV-like and EX-like
fractions from well-established model lines. We found that
(i) MV-like vesicles contained biomarkers once thought of
as typical of EX fractions, (ii) EX-like vesicles also contain
MV markers, and (iii) there was considerable heterogeneity
in marker expression across MV-like and EX-like fractions.
These results question the current paradigm of isolating
“specific” exosome fractions for diagnostic purposes and

argue for more comprehensive analysis of all EV fractions,
ideally with single vesicle resolution.

Our technique applied to patient samples showed
that MV-like vesicles were abundant in normal patients
(~71 x 108 MV/mL) and on average were slightly more
numerous in GB patients (~1.5 x 10° MV/mL) but with con-
siderable heterogeneity. The use of a host cell cocktail (con-
taining antibodies against CD45, CD31, CD41/CD42b, and
CD235a to account for MV from leukocytes, endothelial
cells, platelets, and red blood cells, respectively) allowed
us to broadly separate host and tumor MV-like vesicles in
a given sample in a time-efficient manner. We found that
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Fig.4 Global marker expression in human GB plasma samples. (A) Total MV-like vesicle numbers in the plasma from each patient were deter-
mined via nanoparticle tracking analysis (NTA). (B) The amount of TMV was determined by first accounting for host cell MV (using a cocktail
of CD31, CD41, CD42p, CD45, and CD235a) then staining remaining vesicles for tumor markers (EGFR, EGFRvIII, EpCAM, and IDH1-R132H). TMV
were present and detectable in all GB patients analyzed. (C) The relative contribution of TMV to the total MV-like vesicle pool was variable
among GB patients. (D) The heterogeneity of EGFR, EGFRvIII, and EpCAM expression (IDH1-R132H was not detected in any of the EV observed)

among the subpopulation of TMV for each patient was assessed.

the molecular makeup of MV-like vesicles in patient sam-
ples was surprising. We found that only a relatively small
fraction of MV-like vesicles were positive for presumed
“ubiquitous” MV markers such as integrin beta 1 (20-27%
of vesicles), VAMP-3 (9-10% of vesicles), and Arf6 (28-31%
of vesicles). Similar findings were also true for tetraspa-
nins (CD63+ in 7-9% of MV, CD9+ in 6-13% of MV, CD81+ in
8-15% of MV) and other MV markers. The observation that
EV are heterogeneous is not entirely unexpected given het-
erogeneous/mosaic marker expression on parental tumor
cells.23841 What is less established, however, is that even
large MV-like vesicles from homogeneous cell lines show
heterogeneity and occasionally lack expression of defining
markers, such as shown here. As expected, tumor mark-
ers (eg, EpCAM, EGFR, EGFRvIll, IDH1-R132H) were also
heterogeneous across samples from different patients
(Supplementary Fig. 3). These results are not entirely sur-
prising and likely reflect the heterogeneity of GB makeup

as well as the varying proportion of TMV in plasma in dif-
ferent GB patients.

While the current study was preliminary in nature and
focused on developing and validating new technology and
then applying it to thousands of vesicles per sample, future
studies are warranted to study larger patient cohorts and
different cancer types. Similar single vesicle analyses are
being performed utilizing nanoflow methods*?; however,
the SEA method has several advantages, including higher
signal-to-noise ratios and the ability to interrogate vesicles
in more than 2-3 channels. The implications of the current
study are clear: (i) TMV are heterogeneous in their makeup
and only a small fraction harbor tumor-specific mutated or
overexpressed proteins; (ii) single vesicle analysis is likely
necessary to capture these “rare” events and thus detect
early forms of cancers; and (iii) both host-cell and tumor-
cell specific staining protocols can be used to analyze large
numbers of EV in short periods of time.
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Table2 Patientdemographics and clinical characteristics

Pathology TumorTissue Dx Plasma MV Analysis

Treatment Prior to Diagnosis EGFR EGFRvIll IDH1-R132H EGFR EGFRuvlII IDH1-R132H
Blood Draw

Gl M 49 None GB mesench Amp NA WT Pos Pos Neg

G2 F 75 None GB proneural  Polysomy Chr7 NA WT Pos Neg Neg

G3 M 73 None GB proneural  Neg Neg WT Neg Neg Neg

G4 F 63 None GB proneural  Amp Neg WT Pos Neg Neg

G5 M 55 Surgery + XRT+ GB mesench Amp Neg WT Pos Neg Neg
T™MZ

G6 M 61 Surgery + XRT+  GB mesench Amp Neg WT Pos Neg Neg
T™Z

G7 M 73 Surgery + XRT+ GB NA Amp NA WT Pos Neg Neg
T™MZ

G8 F 54 Surgery + XRT +  GB mesench Neg Neg WT Neg Neg Neg
T™™Z

H1 M 57 None Normal NA NA NA NA NA NA

H2 M 50 None Normal NA NA NA NA NA NA

XRT = external beam radiation therapy; TMZ = temozolomide; WT = wildtype. The plasma MV analysis was largely concordant with pathological
analysis of tumor tissue, although some specimens were small biopsies only. NA = not available.

Supplementary Material

Supplementary data are available at Neuro-Oncology
online.
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