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ABSTRACT

Tumour cells release diverse populations of extracellular vesicles (EVs) ranging in size, molecular cargo,
and function. We sought to characterize mRNA and protein content of EV subpopulations released by
human glioblastoma (GBM) cells expressing a mutant form of epidermal growth factor receptor
(U87ESR in vitro and in vivo with respect to size, morphology and the presence of tumour cargo.
The two EV subpopulations purified from GBM U875 cancer cells, non-cancer human umbilical vein
endothelial cells (HUVEC; control) and serum of U875"™" glioma-bearing mice using differential cen-
trifugation (EVs that sediment at 10,000 x g or 100,000 x g are termed large EVs and small EVs,
respectively) were characterized using transmission electron microscopy (TEM), confocal microscopy,
nanoparticle tracking analysis (NTA), flow cytometry, immunofluorescence (IF), quantitative-polymerase
chain reaction (gPCR), droplet digital polymerase chain reaction (ddPCR) and micro-nuclear magnetic
resonance (UNMR). We report that both U875F™! and HUVEC release a similar number of small EVs, but
U875 glioma cells alone release a higher number of large EVs compared to non-cancer HUVEC. The
EGFRvIIl mRNA from the two EV subpopulations from U87EF™!" glioma cells was comparable, while the
EGFR protein (wild type + vlI) levels are signiﬁcantly higher in large EVs. Similarly, EGFRvIIl mRNA in large
and small EVs isolated from the serum of U87*™! glioma-bearing mice is comparable, while the EGFR
protein (wild type + VlI) levels are significantly higher in large EVs. Here we report for the first time a direct
comparison of large and small EVs released by glioma U875 cells and from serum of U87=crRv!
glioma-bearing mice. Both large and small EVs contain tumour-specific EGFRvIIl mRNA and proteins and
combining these platforms may be beneficial in detecting rare mutant events in circulating biofluids.

ARTICLE HISTORY
Received 15 January 2019
Revised 16 September 2019
Accepted 1 November 2019

KEYWORDS

Extracellular vesicles; large
extracellular vesicles; small
extracellular vesicles;
biomarkers; glioma

Introduction ) . ) i . i )
increasing cell proliferation and promoting angiogenesis,

matrix remodelling, and, ultimately, metastasis [1,2]. EVs
are explored as biomarkers for tumour RNA profiling and

Extracellular vesicles (EVs) are small membrane enclosed
particles released by both cancer and non-cancer cells into

the extracellular space. Once they leave the cells, EV's travel
through extracellular matrices and reach various biofluids
including blood. They can therefore be isolated from bio-
logical fluids and analysed for molecular signatures of the
primary tumour. EVs contain proteins, RNA and DNA
that can inform us of the molecular status of their respec-
tive producer cell. EV's are thought to be a potential means
by which tumour cells can communicate and influence
their microenvironment to promote tumour progression
and dissemination, via altering immune responses,

mutation detection at the time of initial diagnosis, long-
itudinally for patient follow up, and also for evaluation of
tumour response to therapy [3-6].

EVs are markedly heterogeneous and it is increasingly
recognized that each cell type secretes a unique mixture of
different EV subpopulations that vary in size, content and
function [7-13]. A commonly studied subfraction of EV's
are small EVs, also called exosomes (~100 nm diameter)
[14,15]. Glioblastoma-specific small EVs are demon-
strated to contain several of the transcripts of parental
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tumour cells and can be used to detect EGFR variant III
(EGFRVIII) mRNA transcripts and other tumour-specific
mRNA and miRNAs from various biofluids [11,16-18].
Recent studies demonstrated that prostate cancer cells
which exhibit amoeboid behaviour release large EVs,
also called large oncosomes (>1000 nm diameter)
[12,19-22], into the medium which result from pinching
off of non-apoptotic blebs from the plasma membrane.
These large EVs represent a distinct subclass of EVs,
containing tumour-specific mRNA, miRNA and proteins
that could be used as potential biomarkers for tumour
diagnosis and monitoring. Large EVs have been asso-
ciated with disease progression in the context of prostate
cancer cells, but remain largely uncharacterized in GBM
cells [12,19-22]. Hence, we sought to characterize large
and small EVs in GBM cells, in vitro and in vivo.
Currently, differential centrifugation is the most widely
used technique to separate vesicles of different size or
density [20,23]. Small EVs are conventionally sedimented
at 100,000 x g spin using high-speed ultracentrifugation
after a 2800 x g clearing step, while large EV's have been
shown to sediment at a lower speed of 10,000 x g [21,24].
EVs that sediment at 100,000 x g or 10,000 x g are termed
small EVs or large EVs, respectively. In this study, we
performed sequential centrifugation (10,000 x g followed
by 100,000 x g) for all EV isolations.

EGFRVIII mRNA and protein status can provide GBM-
specific liquid biopsy based monitoring that can help not
only diagnose but also evaluate tumour progression [8].
Since most groups focus on either large or small EVs for
biomarker studies, we focused on understanding the differ-
ences between the two EV subfractions in terms of size,
mRNA and protein content. We first sought to investigate if
GBM cells release large EVs in vitro and in vivo. We then
directly compared the two EV subpopulations (large and
small EV's) derived from a glioma cell line (U87ECFRVI and
a control, non-cancer cell line (HUVEC) for EGFRVIII
mRNA and protein. We later quantified EGFRvIII mRNA
and protein in both large and small EVsisolated from serum
samples of U87"“™™! glioma-bearing xenograft models.
Our findings suggest that both large and small EV's contain
comparable quantities of EGFRVIII mRNA while large EV's
contain higher levels of EGFR protein (EGFRwt +
EGFRVIII) and combining both these EV subpopulations
could result in higher rates of mutation detection.

Materials and methods
Cell line

The human GBM cell line U875SF®M yas obtained from
the American Type Culture Collection (Manassas, VA).
U87FFRIT glioma cells were stably engineered to express

the deleted form of EGFR - EGFRVIII (for further details,
please see [25]) and cultured in high glucose Dulbecco’s
modified essential medium (DMEM, Life Technologies,
Grand Island, NY), which contained 10% foetal bovine
serum (FBS; Sigma, St. Louis, MO) and penicillin/strep-
tomycin (10 TU ml™" and 10 pg ml™, respectively;
Cellgro, Manassas, VA). HUVEC were provided by Drs.
Francis W. Luscinskas and Kay Case, Cell Core Facility,
Brigham and Women’s Hospital (supported by NIH P01
HI36028). HUVEC were cultured in gelatin-coated flasks
using endothelial basal medium (Lonza, Allendale, NJ)
supplemented with human epidermal growth factor
(hEGF), hydrocortisone, and media with growth factors
(GA-1000; Singlequots from Lonza). All in vitro experi-
ments were performed with a cell confluency of 50-70%
to minimize cell death. All the cell lines are periodically
verified for mycoplasma contamination using commer-
cial mycoplasma PCR (PCR Mycoplasma Detection Kit,
Applied Biological Materials Incorporated, Richmond,
British Columbia).

Xenograft tumour models

Ten adult nude mice (nu/nu NCI) were each injected
subcutaneously in both flanks with 5 x 10° human
GBM U87ECFRVIL (eljg (Figure 2(a)). Tumours were
allowed to grow for 1 month, mice were deeply anaes-
thetized, and blood was drawn via cardiac puncture.
Tumour mass at euthanization for each mouse was
recorded as follows: 1-2.1 g; 2-1.5 g; 3-0.7 g; 4-0.8 g;
5-05 g; 6-1.1 g5 7-1.2 g; 8-09 g 9-1.5; 10-1.2 g.
Approximately, 1 ml of total blood was collected from
each mouse and allowed to clot at room temperature
for 30 min prior to being centrifuged at room tempera-
ture for 10 min at 1300 x g. Serum was transferred to a
clean Eppendorf tube and stored at —80°C until proces-
sing. All samples were then thawed once and centri-
fuged at 10,000 x g for 30 min, yielding a pellet which
was labelled “large EVs”. Then, the supernatant was
ultracentrifuged at 100,000 x g for 1 h and the resulting
pellet was labelled “small EVs”.

Extracellular vesicles isolation

U7 YL cells were grown in 15-cm plates (~20

million cells/plate) in 20 ml media containing 5%
EV-depleted FBS. For EV depletion, FBS was ultra-
centrifuged (100,000 x g) for 16 h at 4°C and the
supernatant filtered under sterile conditions using a
0.22 um filter (Millex-GV, PVDF; Millipore, Billerica,
MA). Conditioned media was collected after 48 h and
processed as follows: 300 x g speed spin at 4°C for
10 min, followed by transferring the supernatant to a



clean Falcon tube and centrifuging again at 2,000 x g.
The supernatant was removed and re-centrifuged at
10,000 x g for 30 min; the remaining pellet was
resuspended in 100 pl of PBS and stored on ice for
1 h. This is labelled “large EVs’. The supernatant was
transferred to Beckman polyallomer tubes and ultra-
centrifuged at 100,000 x g for 1 h at 4°C. The pellet
containing predominantly small EVs was resuspended
in 100 ul of PBS and labelled “small EVs”. A fixed
angle rotor 70 Ti was used to isolate EVs from con-
ditioned media. A MLA-55 fixed angle rotor was used
to isolate EVs from serum of glioma-bearing mice.

RNA extraction and qRT-PCR

The large and small EV pellets were lysed in 700 ul Qiazol
lysis buffer. The miRNeasy kit (Qiagen, Valencia CA) was
used to isolate RNA from EV subfractions, as per the
manufacturer’s recommendations. DNase digestion was
performed on-column before assessing the quality and
quantity of the extracted RNA using ThermoFisher
Nanodrop (for accurate RNA quantification) and
Agilent’s Bioanalyzer RNA 6000 pico (for sizing, quantifi-
cation and quality control of the RNA). Equal volumes
(14 yl) of RNA from large and small EV pellets were used
as input for the cDNA reactions using SuperScript VILO
(Invitrogen, Carlsbad, CA). All qRT-PCR reactions were
performed in 25 pl reaction volumes using fast TagMan
MasterMix (Applied Biosystems, Foster City, CA).
Amplification was performed using ABI PRISM 7500
(Applied Biosystems) set to the following conditions: 50°
C for 2 min; 95°C for 10 min; 40 cycles of 95°C for 15 s; and
60°C for 1 min on standard mode. Primers used in this
study were provided by Applied Biosystems and corre-
sponded to the following sequences. EGFRVIII primers
were as follows: EGFRVIII Forw: CTGCTGGCTGCGC
TCTG; EGFRVIII Rev: GTGATCTGTCACCACATAAT
TACCTTTC; EGFR probe: TTCCTCCAGAGCCCGA
CT. EGFRwt primers were as follows: EGFR Forw: TATG
TCCTCATTGCCCTCAACA; EGFR Rev: CTGATGATC
TGCAGGTTTTCCA; EGFR Probe: AAGGAATTCGCT
CCACTG. TagMan ThermoFisher assay GAPDH-Hs039
29097_gl (within one exon; ThermoFisher).

Droplet digital PCR (ddPCR)

A volume of 5 ul of cDNA was used as input in duplicate
reactions. About 20,000 droplets were generated using the
AutoDroplet generator (Bio-Rad, Hercules, CA). PCR
conditions were as follows: 95 °C for 10 min, 39 cycles at
94 °C for 30 s and 61 °C for 1 min. The last stage was 98 °C
for 10 min followed by 4 °C. Droplets were analysed using
the Droplet Reader (Bio-Rad). Gates were set to exclude all
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events from the cDNA no-template control sample. All
events above the no-template control gates were consid-
ered positive. Concentrations were calculated in auto
mode using the Bio-Rad software.

Nanoparticle tracking analysis (NTA)

EVs were purified by ultracentrifugation and quantified
using the Nanosight LM10 (Malvern, Framingham,
MA) [26,27]. Samples were diluted in PBS 1x (1:20)
from the concentrated pellet. Each sample was
recorded three times for 30 s, with manual monitoring
of temperature and cameral level set to 14. Analysis
was performed using the NTA v3.1 software, with
detection threshold set to 7 (Malvern, Framingham,
MA). NTA EV concentration was expressed in EVs/
ml and EV size in mean values.

Transmission electron microscopy (TEM)

A 10 pl droplet of 4% paraformaldehyde fixed large and
small EV suspension was transferred onto 200 mesh
Formvar/carbon-coated nickel grids and allowed to
adsorb 15 min. Suspensions were diluted, as needed,
in phosphate-buffered saline. The grids containing
adsorbed EVs were blotted and contrast-stained in 2%
methyl cellulose (tylose)-uranyl acetate solution, then
blotted on filter paper and air dried prior to analysis.
Examination of preparations was done using a JEOL
JEM 1011 transmission electron microscope at 80 kV.
Images were collected using an AMT digital imaging
system with proprietary image capture software
(Advanced Microscopy Techniques, Danvers, MA).

Blebbistatin treatment and cholera toxin B
labelling

Cells were treated with blebbistatin (50 uM) for 24 h or
vehicle and then incubated with the cholera toxin B
subunit directly conjugated with FITC label (CTxB-
FITC) (Sigma) and imaged using the Axioplan 2 micro-
scope (Zeiss, Oberkochen, Germany), as described in the
previous studies [12,19,22].

Western blotting

Cells and EV pellets were lysed in RIPA buffer on ice for
15 min. The protein lysates were centrifuged at 12,000 x g
for 15 min at 4°C. Protein lysates from cells and EV's were
quantified using the Bradford Protein Assay (Bio-Rad,
Hercules, CA). Samples were resolved by SDS-PAGE and
then analysed using the following antibodies: rabbit poly-
clonal CD63 (1:1000; H-193; Santa Cruz), mouse
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monoclonal CD81 (1:1000; M38; Abcam) and rabbit
monoclonal heat shock protein family A HSPA5 (1:1000;
Abcam) and mouse monoclonal beta-actin (1:5000; AC-
15; Sigma).

Flow cytometry analysis of large EVs

Following purification, large EVs were washed in PBS
and their size was analysed using a LSRII Flow
Cytometer (BD) as previously described [12,19,22].
For each sample, a minimum of 3000 events were
recorded. Data analysis was performed using the
FlowJo software (Treestar); only events that resulted
>1 pum/s were taken into account.

EV preparation and labelling for uNMR

Isolated EVs were resuspended in PBS and labelled for
UNMR analysis. Briefly, EVs were mixed with trans-
cyclooctene (TCO)-modified antibodies. The antibody-tar-
geted EVs were then coupled with magnetic nanoparticles
(MNP) derivatized with 1,2,4,5-tetrazine (TZ), mixed
within the microfluidic device and processed for yNMR
measurements. All experiments were performed with
TCO-modified isotype control antibodies to determine
non-specific background binding. EV protein expression
profiles were normalized by their CD63 expression to
account for variations in EV numbers.

UNMR measurement

We performed uNMR measurements using a pre-
viously described miniaturized NMR relaxometer
[17,28]. The operating magnetic field, generated by
a portable permanent magnet, was 0.5 T. The R2
relaxation was measured on 1 pl sample volumes
using Carr-Purcell-Meiboom-Gill pulse sequences
with the following parameters: echo time, 4 ms; repeti-
tion time, 1 s; the number of 180° pulses per scan, 50;
the number of scans, 8. All measurements were done in
triplicate and data are displayed as mean + SEM.

Statistical analysis

Statistical analyses were performed using unpaired
two-tailed Student’s t-test in GraphPad Prism 8 soft-
ware and p < 0.05 was considered statistically signifi-
cant. The results are presented as the mean + SD.

Results

Glioma cells release large and small extracellular
vesicles

Large and small EV's were isolated from conditioned media
derived from HUVEC and U87°°™™ glioma cells.
Electron microscopy images of the two EV subpopulations
from both HUVEC (Figure 1(a) and Supplementary
Figure S1) and US7ECFRVIL (ellg (Figure 1(b) and
Supplementary Figure S2) were obtained using TEM.
Small EVs ranged approximately between 50 and 300 nm
in diameter and displayed a lipid bilayer membrane and
cup-shaped EVs. Large EVs were >1 um in diameter and
showed a definable structure and not aggregates of small
EVs (Figure 1(a,b)). Cultured Ug7ECGHRVI glioma cells were
stained with cholera toxin B (CTxB), which labels lipid
membranes and allows for clear visualization of membrane
blebs from which large EV's are known to originate [20,21].
Cells were visualized using confocal microscopy 10 min
after labelling. Abundant large EVs were observed origi-
nating from the plasma membrane into the extracellular
space (Figure 1(c)), with instances of large EVs enclosing
small EV's (Figure 1(d,e)).

We isolated large and small EVs from U87"FRv1
glioma cells using ultracentrifugation (see Methods).
To confirm the nature of our EV subfractions, we
performed western blot analysis for B-actin, HSPAS5,
CD81, CD63 in whole cell lysate (WCL), large and
small EV fractions from U87°SF®M! cells (10 ug of
protein per lane). B-actin is a ubiquitous cytoskeletal
protein, involved in cellular motility, structure and
integrity, abundant in all eukaryotic cells. HSPAS5 is a
protein that affects glutamine metabolism [29] and is
reported to be enriched in Large EVs [21].
Tetraspanins like CD81 and CD63 are enriched in
small EVs and have been traditionally used as markers
for small EVs [30]. We observed that large EVs con-
tained higher levels of HSPAS5, while small EVs were
enriched in the canonical small EV markers, CD63 and
CD81, which were very low in the large EV fraction. Of
note, large EVs contained slightly higher levels of B-
actin than small EVs. WCL contained high levels of -
actin, HSPA5 and CD81, but relatively low levels of
CD63 (Figure 2(a); Supplementary Figure S3). This
result confirmed that EVs isolated using 10,000 x g
and 100,000 x g spin from U87"CF* glioma cells
were enriched in large EVs and small EVs, respectively.

Inhibition of cellular blebbing using blebbistatin
induced a significant drop in large EV formation as
compared to mock (vehicle only) treated cells (p < 0.01;
Figure 2(b)). This result suggests that, similar to pros-
tate cancer, large EV formation in GBM cells is



Figure 1. Structural visualization of large and small EVs released from HUVEC and GBM U8
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Transmission electron microscopy (TEM) images of large and small EVs derived from (a) HUVEC and (b) U875 cells. (c) Confocal images of U87%F™" cells
stained with CTxB-FITC showing large EVs (arrowhead) blebbing from the plasma membrane. (d, e) Magnified snapshot of a large EV enclosing small EVs.

regulated by Myosin II and therefore in line with an
amoeboid phenotype. The rate of blebbing was deter-
mined as the number of blebs released by a single cell
over a minute.

We also quantified the EGFRwt and EGFRVIII
mRNA levels within large and small EVs isolated from
U87ECFRYI glioma cells and show that both EV subfrac-
tions contained similar amount of EGFRVIII levels while
EGFRwt levels were significantly higher in small EVs
(p £0.03) compared to large EVs. Data were normalized
to RNA input and GAPDH (p < 0.03; Figure 2(c)).

Normal HUVEC cells and GBM cells release EVs that
range in size

Nanoparticle tracking analysis (NTA) was used
to study the counts and the size distribution of the
small EV populations derived from both GBM
U87°FRII and HUVEC. NTA data indicate that
both U7 ™ and HUVEC release similar numbers
of small EVs (Figure 2(d)) with similar size distribu-
tions (Figure 2(e); Supplementary Figure S4). However,
due to the limitations of NTA in counting large EVs,
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Figure 2. Characterization of large and small EV cargo released from GBM U87ESFRI! cells.

(a) Western blot analysis of B-actin, HSPA5, CD81 and CD63 in whole cell lysate (WCL), large and small EV fractions isolated from U875F*!" cells
demonstrated WCL enriched in B-actin, HSPAS5, CD81; large EVs enriched in HSPA5and small EVs enriched in CD81, CD63. (b) Quantitative analysis of
large blebs released per cell in U8755F*"!! cells treated with blebbistatin (a known inhibitor of bleb formation) or vehicle (mock) yielded a significant
decrease in large EV release. (c) EGFRwt and EGFRvIIl mRNA quantification using qRT-PCR demonstrated significantly higher amounts of EGFRwt
mRNA in small EVs and similar amounts of EGFRvIIl mRNA in both large and small EVs. (d) Nanoparticle tracking analysis (NTA) of particle counts of
small EVs derived from HUVEC and U875C™™!! cells represent a similar number of small EVs released from both the cell lines. (e) Size distribution of
small EVs derived from HUVEC and U875FR!" cells depicted a similar size distribution of small EVs released from both the cell lines. (f) Flow-
cytometry analysis of large EVs derived from HUVEC and U87°F* cells depicting higher large EV release from U875°"™" cells. The results are

presented as the mean = SD ((f) n = 3; (d) n = 2).

we also employed flow cytometry to compare EV's that
sediment at 10,000 x g from HUVEC and Ug7EGFRVII
cells. Large EVs were collected in the same volume of
filtered PBS (200 pl) and processed for flow analysis.
The analysis of events >1 um normalized per time
units, in seconds, showed that U87°CF®M glioma
cells released a significantly higher number of large
EVs compared to HUVEC cells (p < 0.04; Figure 2(f)).

Large and small EVs from serum of glioma-bearing
xenograft models contain EGFRvIll mRNA

Xenograft mouse models were used to study small and
large EVs released from tumours in vivo. Nude mice
were injected subcutaneously in both flanks with
U7ECFRVIIL (o (Figure 3(a)). Tumours were allowed
to grow for 1 month. Blood was collected while mice
were under deep anaesthesia, and serum samples were

used to isolate both large and small EVs. We observed
a significantly higher amount of total RNA in large EV's
compared to small EVs (p < 0.05; Figure 3(b)), in line
with our previous observations [21]. Total RNA from
large and small EV subpopulations represent the total
extracellular RNA cargo isolated from 10,000 x g and
100,000 x g pellets, respectively (Figure 3(b)). Droplet
digital PCR analysis of EGFRVIII mRNA reveals com-
parable copy numbers in both large and small EVs
(Figure 3(c)).

Protein measurements of tumour biomarker using
uUNMR

We used a highly sensitive protein analytic technology,
micro-nuclear magnetic resonance ((NMR), that enables
rapid and sensitive biomarker detection from small
amounts of input EVs (1 pl of EV samples). The EVs
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Figure 3. Characterization of large and small EVs released from glioma-bearing mice.

(a) A representative mouse injected with human GBM U87ESFRV!!

cells at the time of sacrifice. Arrowheads indicate the site of injection of tumour

cells. (b) Total RNA quantification using Agilent Bioanalyzer RNA 6000 pico analysis demonstrated significantly higher total RNA from large EVs. (c)
EGFRvIIl mRNA quantification using droplet digital PCR demonstrated similar amounts of EGFRvIIl mRNA in both large and small EVs. The results are

presented as the mean = SD (n = 3; (c) n = 10).

are targeted with immunospecific MNP and detected by
miniature uNMR system [28,31,32]. The presence of
MNP-labelled EVs speeds up the decay of NMR signals,
as local magnetic fields from MNPs perturb coherent
relaxation of 'H spins [17,33,34] (Figure 4(a)). CD63
and a combined EGFR protein (EGFRwt + EGFRVIII)
levels were measured in large and small EVs from
U87PFRIL conditioned cell media. The results show
CD63 protein enrichment in small EVs in comparison
with large EVs (p < 0.01), whereas the levels of EGFR
protein (EGFRwt + EGFRVIII) in large EVs was signifi-
cantly higher than in small EVs (p < 0.04; Figure 4(b)).
We also measured the EGFR protein (EGFRwt +
EGFRVIII) levels in large and small EVs isolated from
the serum of U87°™!  glioma-bearing mice
(p < 0.00002; Figure 4(c)). The data, similar to the
U87EFRIL cel| derived EVs, showed significantly higher
levels of EGFR (EGFRwt + EGFRVIII) protein levels in
large EVs compared to small EV's (p < 0.00002). Ratios of
EGFR protein (EGFRwt + EGFRVIII) tumour marker
levels in large and small EV's from glioma cell lines (1.4)
and glioma-bearing xenograft models (1.5) were compar-
able (Figure 4(b,c)). This raises the possibility of the
presence of specific patterns of protein distribution in
large and small EVs.

Discussion

EVs are released from all cells in varying sizes and with
different contents. In this report, we aimed to characterize
two different subpopulations of EVs released from a cancer
cell line (GBM U87ESFRIY and normal non-cancer cell
line (HUVEC). We show that GBM cells release both large
and small EVs, while normal brain endothelial cells mostly
release small EVs. Prostate cancer cells were previously
described to release large EVs containing tumour-specific

biomarkers [20,21,23,24]. Studies in prostate cancer have
also shown that large EVs mediate intercellular transfer of
functional miRNA [22]. Several studies in the past decade
have shown that small EVs mediate transfer of several
bioactive molecules including miRNA [11,35,36], indicat-
ing that they may play an important role in tumour pro-
gression and spreading malignancy [37]. Considering the
heterogeneity in the EV subpopulations, our study explores
the small and large EV subfractions in the context of size
distribution, mRNA and protein content.

Our findings indicate that the canonical EGFR biomar-
ker and the deleted variant III (EGFRvIII) mRNA and
proteins are also readily detected in both subpopulations
of EVs secreted from GBM U875 cells. Interestingly,
the EGFRVIII mRNA levels were comparable in large and
small EVs isolated from U875 cells, while large EVs
has higher levels of EGFR protein (EGFRwt + EGFRVIII)
compared to small EVs. These in vitro findings were con-
sistent with the in vivo findings, where analysis of EGFRVIII
mRNA and proteins from large and small EVs derived
from the serum of glioma-bearing xenograft models,
showed similar levels of EGFRVIII mRNA in both EV
subpopulations and higher levels of EGFR protein
(EGFRwt + EGFRVIII) in large EVs. This suggests that
both large and small EVs are relevant for biomarker studies
and should be included when analysing circulating biomar-
kers, particularly in cancer. It is important to ensure that
biofluid collection protocols are inclusive of the large EV's
found in the circulation as they may increase the number of
tumour-specific signals that often times may be too low to
detect, with consequent increase in the signal-to-back-
ground ratio and lead to more robust biomarker assays.

We also used micro-nuclear magnetic resonance, an
advanced technology with high sensitivity and robust
specificity to detect tumour protein markers from low
levels of protein input. Our study combines the analysis
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Figure 4. Protein quantification of large and small EVs released from glioma cells and glioma-bearing mice.
(a) Diagnostic micro-nuclear magnetic resonance (UNMR) for large and small EV protein quantification. (b) UNMR protein analysis of CD63 and EGFR

(wt and vlll) protein expression levels in large and small EVs isolated from U8

7ECFRVIL calls, shows enrichment of CD63 in small EVs and enrichment

of EGFR (wt and vlll) protein levels in large EVs. (c) uNMR protein analysis of EGFR (wt and vlll) protein expression levels in large and small EVs
isolated from serum of U87°™*" glioma-bearing mice shows higher levels of EGFR (wt and vlll) protein in large EVs. (Note: EGFR antibody detects
both wt and mutant protein.) The results are presented as the mean + SD (n = 3).

of RNA and protein, in two distinct subpopulations of
EVs which are relevant in tumours. We find compar-
able levels of the EGFRVIII mRNA in both populations
in vitro and in vivo studies and hence both large and
small EVs are a good representative signature of the
parent tumour cells. In contrast, large EVs showed
higher levels of EGFR protein (EGFRwt + EGFRVIII)
compared to small EVs in both in vitro and in vivo
studies, suggesting that more emphasis should be
placed in studying large EV protein cargo. We and
others have previously shown that mRNA and protein
markers are found in small EVs [11,38-42] and large
EVs [12,19-22] but this is the first study that compares
the levels of the same tumour marker at the mRNA and
protein levels in both these EV subpopulations, using

complementary technologies. Large EVs, by definition
enclose larger volume of mRNA and protein cargo,
therefore, it is highly likely that copy numbers of
mRNA of interest may be higher in a single large EV
as compared to a small EV and future studies will
address this hypothesis. We also found similar ratios
of protein tumour marker in large and small EVs from
cell lines (1.4) and serum samples from xenograft
models injected with human GBM cells (1.5) suggest-
ing that there may be a specific pattern of protein
distribution in large and small EVs. It is important to
note that membrane debris that sediment with large
EVs could be a confounding factor for the higher
protein amounts that were detected in the large EVs
in both glioma cells and glioma-bearing mice.



Our study aims to understand the differences in EV
mRNA and protein cargo in large and small EVs from
glioma cells in vitro and in vivo. Understanding differ-
ences in RNA cargo and protein content in EV sub-
populations will help gain insights into the EV
subfractions that are the best representative of the
primary tumour at diagnosis as well as over time.
These general insights into the heterogeneity of EV
subpopulations and their cargoes are pivotal in increas-
ing the utility of EVs as circulating biomarkers.
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